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ABSTRACT

Hydrodynamics Forces and Moments on KVLCC2 Hull,
with Drift Angle and Rudder Angle Influences

By Mohammed Ramzi Chahbi

The KVLCC2 hull is second variant with more U-shaystern frame lines of a Very Large
Crude Carrier; it was designed at the KRISO (KoResearch Institute for Ships and Ocean
Engineering), now MOERI (Maritime and Ocean Engiime Research Institute) around 1997, to be
used as a test case for CFD predictions.

The aim of this thesis was to compute the resistapowering and manoeuvring performances
of the KVLCC2 hull using two numerical tools

At the initial design stage, preliminary hydrodynesnperformances of KVLCC2 hull were
carried out using AVEVA -TRIBON ID code to estimatsistance with empirical formulas (Holtrop
and Mennen), the powering and also optimum hydradyos performance of the propeller. The
manoeuvring performances (turning circle manoeuwigezag manoeuvre and spiral manoeuvre) were
compared with IMO criteria. Preliminary HydrodynasiPerformance (PHP) codes, developed at
University of Galati, were used to determine theéder hydrodynamic and rudder cavitation risk.

SHIPFLOW Code was utilized to apply Computationalid- Dynamic (CFD) techniques in
order to compute the flow around the KVLCC2 bar# &umodel scale (1/58) and the still water ship
resistance. The numerical computation was carrigidvath two methods: Potential flow theory
combined with Boundary layer theory based on noedr free surface boundary conditions and
Viscous flow theory in order to solve the RANS (Relgds averaged Navier-Stokes) equations. A grid
of 1.9 million of cells was used in the domain @frputation. These two numerical results were
compared to validate with the experimental redutisi MOERI, for the range of Froude number from
Fn=0.101 to Fn=0.147 (Fn=0.142 represent the desgigad).

The second CFD analysis, is the flow around the KZR bare hull with drift anglp influence
(static drift, = 0°, 2°, 4°, 6°, 8°, 10° and 12°). The calculat were done in deep water, at Froude
number Fn=0.142 and Reynolds number Re=3.7*hGhe same domain of a grid of 1.9 million cells
The numerical results of the non-dimensional hygnadanics forces X, Y and yaw moment N in
horizontal plane are compared to validate with expental results from towing tank PMM test
(INSEAN) at model scale (1/45.714).

The last CFD analysis is the flow around the KVLCR# appended, with drift angle and
rudder angle influences (static drift and ruddesjh rudder anglé = -40°,-30°, -20°, -10°, 0°, 10°,
20°, 30°, 40°, the drift angle being the same. Tdtal number of grid is 2 million cells. The non-
dimensional hydrodynamics forces X, Y and yaw moniéin horizontal plane are determined.

One may conclude that the CAD-CAE and CFD codesy i@ used in naval
architecture applications, in order to predictithgistance and propulsion performances and to
optimize the shape of the hull. Also, the hydrodyits forces and moment acting on the ship
model in horizontal plane may be evaluated, fofed#nt rudder angle and drift angle, with
CFD instruments.

Keywords KVLCC2; CAD-CAE tools; CFD-SHIPFLOW,; Resistanclktanoeuvring; Static Drift;
Static Rudder and Drift; MOERI; INSEAN
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1. INTRODUCTION

For a successful design, the evaluation of the Bijpodynamics performances is very
important, beginning at the initial design stagewsdver, the main prediction methods are:
theoretical mathematical models and empirical fdamwsed by the CAD-CAE instruments,
numerical simulation, also known as ComputatioaidFDynamics (CFD) and experimental
fluid dynamics (EFD) on the ship model in the Hydiypamics Laboratories (towing tank,
manoeuvring and seakeeping basin, offshore basimitation tunnel and aerodynamic
tunnel).

Nowadays, the scientific researchers are focusedgemeration and validation of
different CAD-CAE or CFD codes, capable to investiigthe hydrodynamics performance of
the ship (ship resistance and powering, manoeuitsalsieakeeping, etc.).

The CAD-CAE and CFD codes are rapidly improvedyrider to be applied not only for
straight forward towing conditions (ship resistaacel powering problem), but also to solve
the behaviour of the ship in oblique towing coratis (manoeuvring problem) or in real sea
conditions (seakeeping problem) . The use of CACEGHRd CFD instruments has become a
real procedure, beginning with developing of a rsép design.

In order to validate the CAD-CAE and CFD codes, eradhull forms such as the
tanker KVLCC2, the container ship KCS, the surfeombatant DTMB 5415, etc., were used
as test cases. A large experimental benchmark wasnarized by the International Towing
Tank Conference (ITTC) and provides a good oppdstuio explore the flow phenomena
around modern hull forms. Also, the experimentalhs may be used to validate CAD-CAE
and CFD codes results, both for inviscid and viscibow calculations. The validation is thus
expected to reveal the differences between numeedod experimental results. As a
consequence, new versions of the computer codes hmagevelop in order to obtain a
satisfactory correlation.

KVLCC2 (KRISO Very Large Crude Carrier) is the moskevant to the current study.
The main objective was to investigate the resiganpowering and manoeuvring
performances of this ship. Two numerical instrureenith specific methods were used in
order to determine the hydrodynamics performand€\ifCC2:

* Preliminary theoretical prediction method basedtlba mathematical models and
empirical formulae carried out in AVEVA-Tribon M3/stem, which is a specialized
software for the initial ship design, comprisingetiull surface definition and

production level fairing capacities;

Master Thesis developed at "Dunarea de Jos" UrnfyersGalati
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e CFD method with SHIPFLOW code used in the initialpsdesign; the knowledge of
the surface ship, of the flow and the pressurel figluseful both in the study of the
main aspects of the new hull forms and for theqraerbnces evaluation.

The structure of the present thesis is describdddanded in six chapters, as follows:

Chapter 1, dedicated to introduction;

Chapter 2, for preliminary estimation of the hydrodynamiosrformance of the KVLCC2
ship, carried out by using the mathematical moadélthe CAD-CAE tools for initial ship
design (AVEVA-Tribon ID code and PHP-Preliminary ditgdynamics Performance code,
developed at University of Galati); the followingrformances were estimated:

» Ship resistance, optimum hydrodynamics charactesisf the propeller and powering
performances, using the regression analysis metioaisAVEVA-Tribon ID code;

* Rudder hydrodynamics and rudder cavitation riskhenbasis of PHP code, including
maximum hydrodynamic torque related to the rudaés, avhich is used to select the
optimum suitable steering gear;

* Manoeuvring performances using AVEVA-Tribon ID fturg circle, Zig-Zag, and
Spiral manoeuvre characteristics), which were casgpavith IMO criteria.

Chapter 3, for CFD analysis of the flow around KVLCC2 bardlhin order to perform:

» still water ship resistance;

* the numerical computations was carried out in pgakflow theory combined with
boundary layer theory, taking non-linear free stefand in viscous flow theory were
done with undisturbed water surface, i.e. neglgdtme generation of the wave;

* the two computational results were compared taladdi with the experimental results
obtained from MOERI at model scale (1 :58);

Chapter 4, for CFD computations (on the basis of viscougvftbeory) of the hydrodynamic
forces and moments of KVLCC2model, in the obliglevf for static drift angle, in deep
water condition; the numerical results were vabdatvith the experimental results from
INSEAN at model scale (1:45.714);

Chapter 5, for CFD computation in viscous flow theory of thgdhodynamic forces and
moments of KVLCC2model, with deflected rudder atatis drift angle; the hydrodynamic
forces and moments may be used to determine thesnmah hydrodynamics derivatives,
from manoeuvring mathematical model,

Chapter 6, dedicated to conclusion and future recommendations.
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2. PRELIMINARY HYDRODYNAMICS PERFORMANCES
2.1 AVEVA (Tribon M3) system

The TRIBON M3 is a naval architecture program oradiy developed by Kockum
Computer Systems (KCS) for designing commercial aadal vessels. KCS was spun off
from Kockums shipyards as an independent compaitgr, fenamed Tribon Systems, which
was in turn acquired by AVEVA in 2004.

The TRIBON M3 system is based on the use of a Rtddformation Model (PIM) database,
which has been to handle in an efficient way adligie details of the ship (structural and outfit
objects, etc.) found in shipbuilding industry. Taekmtabases are used to depict a 3D model of
ship. The informations in the database contairthaltechnical data that is needed to define
the final product. It addresses all phases in #&gh and production process. Information
from one stage can be used in the next stageypdist of drawing and reports can be derived
from the model.

The preliminary hydrodynamics performances (Rescda Powering, Propeller and
Manoeuvring) of the KVLCC2 hull were carried ouingsthe TRIBON M3 initial design. It
comprises three basic elements:

» Geometric modeling facility

* Hydrostatics performance calculation routines

* Hydrodynamic analysis programs.

Tribon initial design contains three separate buegrated systems for geometry (hull)
modeling:

» Tribon Form module: is a modeling program based on the specific paemset
providing the users with the ability to rapidly geate the body line plan.

» Tribon Lines module: is used for fairing of a hull form generated withbon form;
or directly from offset data.

» Tribon Surface & Compartment module: is used by the designer to rapidly define
the transverse bulkheads, the longitudinal bulkkemad the decks, which are then
used to define the ship compartmentation for uskitmonCalc & Hydro module.

Hydrostatics and hydrodynamic performances are @otieTribonCalc & Hydro module;
it comprises separate tools for analyzing:

» Hydrostatics
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» Resistance and powering:module incorporates empirically methods in order to
predict the ship resistance, the propeller perfoicaaand the powering requirements.
» Manoeuvring: module predicts the ship manoeuvring charactesistising semi-
empirical formulae, for the following tests: turgicircle, zig-zag, spiral and stopping.
Before to predict hydrodynamics performances of K12, using TribonCalc& Hydro
module, KVLCC2 hull has to be design. The procestescribed as follow.

a. Project creation Module

In this module we create a new Tribon M3 Initiasdm project (named KVLCC2) using
project tool. This module creates and manages @@gojé project is established to represent a
proposed tender or investigation and so many cokasign variants; with input initial values
for hull form including length, draught, displacemheblock coefficient, beam, etc., (see

Figure 1)

[EVLCC2 1 Desien Defanlts

Frame Table i Unis | Faceter
Ship Details Paticulars | PorallelMidbody |  fes

Length B [ 320 Faoikea [ 0
LenghOversl  [327.38  msecifoor [ 0
Beam W Bige Radius Iw_-
Depth at CL | 26 Rekedikes [ O
Draft | 20.8 SenOwetey | 55
Sumerlozd Dt | 20,8 SemOvetans | 1.88
Beam Overhang I—U Max. 7 Point |725

Min. Z Pornt [0

Figure 1 Input Initial Value

b. Tribon Lines Module

The main objective of this module is to creatediné¢ ship shape form and to fair a hull form

by means of a series of orthogonal and 3d spaceesugenerated from offset data. A
BRITFAIR FILE (BRI), will be input to the system iheés module.

* BRITFAIR File (BRI) generation:
Taking from hull surface of KVLCC2.iniges file [1f number of 20 sections are created
between aft perpendicular and forward perpendicuheiuding the section at the transom
stern and another section at the end of bulbous bow
Then points are generated in all sections, to lcavedinates (y, z) of these points, which they
are input inTribon M3 Edit Britfair.
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* Tribon Lines Module:

Here the import of the body lines plan (BRITFAIReJito the Tribon Lines Module, to make
more fairing body lines if it's necessary(see FeyBy).

DBEaCXd0rt+£0HATE~ 7800000 250

O
o

‘i'!‘

slsm;

KVLCC2.iges
sections and poi

) Y] Bl ) ] S 0 ] st Bl | a3

CWsersiramziDeskiopKVLECZ oK.

—‘J:w ™ Meghbours.
G i 7T
- 'Mi //"I J
Sl e T /i Tribon M3
= N A A Edit Britfair
ey A\ A0 wE

2630 154400

3480 187300 e
sam e
s1s0 20000 ol
sss0 208400 i
&Ti0 21300 - il
24 :
Town 225800 L
sesm 233800 san
arim 262100 -—wll
go0 251000 Trans
85it0 28000K W‘m:
oo %000« |
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L
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PP B BLXARY # U ¢ $wll UYNDEN

®]aq OEE 99 Wy ¥45% 000 pgD
d

Figure 2. Workflow of Tribon Lines module

c. Tribon Surface & Compartment Module

After opened Tribon Surface & Compartment modué (Bigure 3), offset data was used. In

order to carry out the detailed analysis in TribalfHydro, the envelope is set up, it is
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therefore useful to obtain the basis informationwall as releasing the Calculation Geometry
of the profile points and deck edge points are geed.

TRIBONTS | x

-
CAVD BARE pop JOA
500@ %% & 0s0d00 BFLD

pg bl #8379 HE B%F H+04|9

"3

Figure 3.Tribon M3 Surface & Compartment Module

d. Tribon M3 Calc& Hydro Module :
Tribon M3 Calc& Hydro offers the ship designer amgehensive toolkit of Naval

Architectural assessment routines including theuwation of hydrostatics, tank calibration,
loading conditions, intact and damage stabilitytical KG, longitudinal strength, freeboard,
tonnage and launching.
Concerning KVLCC2, we apply only the hydrostatiosl @ectional area.

* Hydrostatics
Start the module Tribon M3 Calc & Hydro with cregfinew designs using the output file
from the previous module (General Particulars FI&PF and Calculation Geometry from
Tribon M3 Surface and Compartment) as input.
In order to produce the hydrostatics calculatiorpafticulars were done in no trim and heel
conditions. The results will be presented in grepbwn as hydrostatic curves (Figure 4) and
table (see APPENDIX Al).
The particulars that are calculated are as follgplstted against different variation of the
draft moulded:

* The displacementA

* The longitudinal centre of buoyancy - LCB

e The vertical centre of buoyancy - VCB

* The waterplane area - WPA

* The longitudinal centre of flotation - LCF

* The height of the longitudinal metacentre - KML
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* The height of the transverse metacentre - KMT

* The wetted surface area - WSA

* The tonnes per centimetre immersion - TPC

* The moment to change trim one centimetre — MTC
The range of moulded draft is from 0.5 — 21 m witle increment of 0.5 m have been
introduced. Additionally, the design draft (20.8 hgs been implemented as additional input
draft. The pivot point along the x-axis has beeoselm to be at the amidship, at the distance
of 160 m from the aft perpendicular.
From the results given in (APPENDEX Al), the cagéints of hull form can be calculated at
the design draft (20.8 m):

The block coefficientCy is determining as follows:

Cp=—o 1
B LeBeT @)

Cy = 0.805

The waterplane area coefficient is obtained withftillowing formulae:

_ WPA
W™ L«B

(2)

Cw = 0.897

20
o

!

DD ~\1HH~—4“‘%/?J/—*?*’

B O0007000—0—0100—0—0—0lo0 o

T T T T T T
50000 100000 150000 200000 250000 300000
—{F+ Displacement

T T
120 130 140 150 160
—— TPC

T T T T
2000 2500 3000 3500
—O— MTC

T T
160 162 164 166 168 170 172 174 176
—/~LcB L+ LcF

T T
100 200 300 400
—/— KMT —— VvCB

Figure 4. Hydrostatic curves of KVLCC2
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The hydrostatic static curves (Figure 4) looks ecitr the displacement curve increase
proportional with dratft.

+ Sectional Area Curves

The sectional area is calculated in order to devBlonjean diagram, where we can obtain the
transverse sectional area curves (from section witimber -0.125 to 10.25). The aft
perpendicular is at section 0 and the forward petellar is at section 10, which means the
midship section is at section 5.
The sectional area are represented and calculatedifferent waterline height (draft). The
range is from 0 to 21 m, including the design d2&fi8 m.
The results are shown in the following Figure 5
From the table in (APPENDIX A2), the section (area)s extract at a midship at design draft
(20.8 m):

Ay = 1203.60 m?

After that the midship section coefficiefy; is described by:

Ay
= 3
Cn = 5 3)
Finally the prismatic coefficient, can be evaluated by the ratio betwé€gandC,,:
Cp
Cp= o (4)

The resultsC, = 0.807 , Cy, = 0.997

-

- OO — |

B A A Ay |

~< s s D s Onares Nanares

~ R
ST s
. e - ~ I:‘:"A‘ — - H H — =

1 amrars D 100 - 2mrares <4 awrares 1 amnas 1 s
spares

V- econatres

Distance from Origin - metres

Figure 5. Sectional Area (Bonjean curves) of KVLCC2
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2.2 Ship resistance and powering
2.2.1 Ship resistance

The prediction resistance of KVLCC2 is executediitbon M3 Calc& Hydro module,
providing different empirical methods to estimdte ship resistance.
Holtrop and Mennen method [2] was used to compuerésistance of bare hull KVLCC2.
This method is based on statistical regressionyaisalof experiments for 191 models
available at the Netherlands Ship Model Basin (MWRIAccuracy is claimed to be
satisfactory for preliminary design work for 95% thie cases as long as the range of hull

parameters is in limitations as shown in the Tdble

Table 1. KVLCC2 in Limitation of the method

Holtrop and Mennen method KVLCC2
Fn<0.24 0.141
Cp<0.85 0.807

<L/B<7.1 5.517
24<B/T<3.2 2.788

The KVLCC2 hull parameters are in range of limias of Holtrop and Mennen method.
According this method the bare hull KVLCC2 resistis calculated using formulae with the
total resistance being subdivided as follows:

Rrotar = Re(1+ k) + Ry + Rg + Rrg + Ry (5)

Where:

Ry : Frictional resistance according to the ITTC 19&ddel-ship correlation line.

(1 + k,) : Form factor describing the viscous resistancihetull form in relation t®g

Ry, : Wave-making and wave breaking resistance

R : Additional pressure resistance of the bulbous hear the water surface

Ry : Additional pressure resistance of immersed tanstern

R,: Ship-model correlation resistance.

The inputs inTribon M3 Calc& Hydro are: ship form (body shape coefficients), shipespe
V=13 — 17 knots with 0.5 knots increment, draftalbbinformation, and form coefficients
(see Table 2).
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Table 2. The inputs data in Tribon M3, Resistance

Draught aft 20.800 [m]

Draught fwd 20.800 [m]

Mean draught 20.800 [m]

Length aft of AP 5.500 [m]

Length fwd of FP  0.000 [m]

Transom area 13.820 [m? (1.146 % midship area)
Bulb area 174.03(m?] (14.426 % midship area)
Height of Centroid10.280 [m]

Displacement 318344tonnes]

Long. centre buoy10.823 [m] (3.382 % LPP fwd midships)
Wetted surface 27699 [m?

Half entrance angl69.950 [deg]

The form factor K is estimated using the Holtropd ddennen formula. The form factor
correction factor is applied to the value obtaifresin the formula. The default value for the
correction is 1.0 which applies no correction te Holtrop and Mennen estimate.

Form factor,k = 0.333

Table 3 Resistance Coefficients of KVLCC2

Speed Fn Rn Cf Cfx k Cw Ca Ct

kts /1009  *1073 *10"3 *1073 *10"3  *1073
13.000 0.118 1.832 1.422 0473 0.272 0.228 2.408
13,500 0.123 1902 1.415 0.471 0.275 0.228 2.402
14.000 0.127 1973 1.409 0469 0.279 0.228 2.398
14500 0.132 2.043 1403 0.467 0.286 0.228 2.397
15.000 0.137 2.114 1.398 0.465 0.296 0.228 2.399
15,500 0.141 2.184 1.392 0.464 0.311 0.228 2.406
16.000 0.146 2.255 1.387 0.462 0.332 0.228 2.421
16,500 0.150 2.325 1.382 0.460 0.358 0.228 2.441
17.000 0.155 2.396 1.377 0.459 0.391 0.228 2.467

Thus the resistances are calculated from the aesist coefficients using the following

formula:
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1
Ry =E*p*V2*WSA*CF

1
RW=E*p*V2*WSA*CW

. (6)
RA=E*p*V2*WSA*CA

1
RT=E*p*V2*WSA*CT

where:

p : sea water density [1.025 t/m3]

V: the ship speed

WSA: is the wetted surface area taking from hyaristresult [27699.27 m?]
C: specific resistance coefficients

Table 4. Resistances of KVLCC2

Speed Rf kRf Rw Ra Rt
[kts] [kN] [KN] [KN] [kN] [kN]
13 902.71 300.27 172.67 144.74 1528.65
13.5 968.70 322.44 188.26 156.09 1644.39
14 1037.36 345.30 205.41 167.86 1765.51
14.5 1108.05 368.82 225.87 180.07 1893.08
15 1181.55 393.01 250.17 192.70 2027.%7
15.5 1256.22 418.74 280.66 205.76 2171.32
16 1333.77 444.27 319.26 219.25 2328.09
16.5 1413.32 470.42 366.11 233.17 2496.32
17 1494.84 498.28 424.46 247.51 2678.13

2.2.2 Hydrodynamics characteristics of the propelle

The propeller of the KVLCC2 ship was designed by BRD. One fixed pitch propeller,
with right hand rotation was used.

In the same module Tribon M3 Calc& Hydro, poweririgol, we determine the

hydrodynamics performances of the propeller in opater using:

» Propeller series as Wageningen B-series is suitableormal merchant ships, whereas the
Gawn-Burrill series propellers are more appropriatethe higher loading conditions of
warships.

e The propulsion factors (wake fraction thrust deduction t and relative rotative effia@gn
nr) Obtained previously by Holtrop and Mennen emgpitic
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Reynolds Number correction methods can be used,obrteree methods, to correct the

propeller design for the actual Reynolds numbem.d378 correction was choosing among

the others (No correction, correction accordin@ustervald and Oossanen).

The input data for propeller design are given iblédb.

Table 5.Input data of Propeller design

Wageningen B-Series propeller

Fixed Pitch

Non-noise Reduced

Efficiency factor
Shaft height
Cavitation SF
Design speed
Diameter

Number of blades
Min. Effective BAR

Number of screws

1.000 -
5.800 [m]
1.000 -
15.5q6n]
9.860 [m]
4 -
0.430 -
1 -

Reynolds number correction using ITTC method

Three different ways are provided in Tribon M3pfaimize the propeller:

Given theship speedand RPM of the propeller mode, it determines the optimum

diameter, pitch and blade area ratio.

Given theship speedandthe diameter of the propellermode, it determines the optimum

RPM, pitch and blade area ratio.

Given thedelivered powerandRPM mode, it determines the optimum propeller diameter

pitch and blade area ratio.

According to the input data in propeller design, ah@ose th&iven ship speed & diameter

mode to optimize the propeller of KVLCC2 ship ain tresults were calculated after we

introduced the shaft height (the open water efficje the thrust coefficient, torque

coefficient, the local cavitation number, etc.) eldptimum results are presented in Table 6.
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Table 6 The optimum result of the Propeller

Diameter D 9.860 [m]

Pitch ratio 0.801

Effective BAR 0.516  (0.514 min)
Local Cavitation nd®.680

Thrust load. coeff. 0.216  (0.217 max)
Kt/J"2 0.993

Adv. coeff. J 0.443

Thrust coeff. Kt 0.195

Torque coeff. Kg = 0.0259

Open water eff. 0.532

The optimum RPM of the propeller can be calculatsidg the formulae:

Va Va

where]/ is the advanced coefficient afdis propeller diameter.
The speed advandg is determined from the ship speed V and the wed@ibno by:
Vy=V(1l—w)=155%0.5144 (1 — 0.336)
Vy =5294m/s
So the revolution speed of propeller is:

5204
"= 0443986

n=1212rps =72.72 RPM

The open water characteristics (the thrust coefficiKt, the torque coefficient Kq and

propeller efficiency eta0) of the KVLCC2's propelre given in Table 7 and Figure 7.
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Table 7.Propeller characteristics

J Kt Kq eta0
0.236 0.269 0.0330 0.306
0.287 0.252 0.0314 0.367
0.338 0.234 0.0297 0.425
0.390 0.215 0.0279 0.479
0.441 0.196 0.0259 0.530
0.492 0.175 0.0239 0.575
0.544 0.154 0.0217 0.614
0.595 0.132 0.0195 0.644
0.646 0.110 0.0171 0.663
0.698 0.087 0.0146 0.665
0.749 0.064 0.0119 0.638
0.801 0.040 0.0091 0.556

0.2 0.3 0.4 0.5 0.6

Kt — 10*Kq - Eta0

0.1

o
5
)
o

(%2}
-
=y
0
&)

al

-
©
=
Q
o

=
)
)

[®)
[
(&)
=
©
>

©

<

0.3

0.4

Advance Coefficient - J

0.6 0.7

Figure 6. Propeller characteristics

2.2.3 Brake power

After estimate the total resistance of KVLCC2 ahneé propulsion factors (wake fraction

o, thrust deduction t and relative rotative effi@gmg) using Holtrop & Mennen method, on

the basis of the propeller characteristics (opetemetficiency) the powering performance of

the ship is calculated.
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The main role of the propulsion system is to deligaough power to overcome the ship
resistance and to propel the ship at the requpedd (design speed).
The effective power, the delivered power and thak&mower must be calculated in order to

determine the propulsion power of the engine [3].

» Effective powerPg:
The effective power may be calculated using thatiat

where, R is the total resistanc#, is the ship speed and,, is thepower design margin

which is defined as a fraction of the resistanetafed to the predicted resistance) or effective

power estimate, which is increased to provide #eded margin.

- Mp=0.01 — 0.02 , prediction based on the self-prapalsest with final propeller in the
towing tank;

- Mp=0.03 — 0.06, prediction based on the self-propulgest with stock propeller in the
towing tank;

- Mp=0.07 — 0.08, prediction based on the resistarstartehe towing tank;

- Mp=0.10, for preliminary theoretical prognosis (HofirMennen, Guldhammer-Harvald,
Taylor, SSPA, etc.).

As the resistance of KVLCC2 was predicted with #mapirical formula from Holtrop —

Mennen method, so we tak,=0.10.

» Delivered PowePp,:

The delivered power is calculated with followingrfala:

Pg
Pp = 9
R — )
where:n, is The Quasi-propulsive efficiency (QPC) andis Number of propellers.
» Brake power at full rating (100 % MCR):
The brake power at full rating is calculated wighation:
P
; (10)

Fs =775*7IG*(1_M5)
where :
ns . The line shaft bearing efficiency, is taken ddu87
n¢e - The reduction gear efficiency is taken equaletduse the engine is low speed (rpm <
120).
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M : Thepower service margin:provide the added power needed in service tocovee the

added resistance from hull fouling, waves, windlishv water effects, etc. and is defined as
fraction of the MCR, usuallyfs = 0.15 — 0.25 , it was choose at the valQel5.

+ Brake power at service ratiig?

The brake power at service rating is calculateth wetation:

P
Pit =2 (11)

where,SRis the service rating of the main engiiig, is brake power at full rating (100 %
MCR). UsuallySR= 0.85 — 0.95 (corresponding to the service tatwetween 85% MCR —
95% MCR).In the computation SR was taking equaDi®

Finally the results of powering for KVLCC2 are umiction of ship speed (see Table 8 ).

Table 8. Speed - Powering of KVLCC2

Speed P, THDF WFT ETAR ETA0 OPC P,  RPM
kts (kW) t ® Nr Mo Np (kW)
13 11244.61 0.216 0.335 0.532 0.627 24168.161.01
13,5 12561.23 0.216 0.336 0.532 0.628 26954.993.3
14 13985.92 0.216 0.336 0.532 0.628 30012.28%5.61
145 15532.09 0.216 0.336 0.532 0.628 33330.18%7.93
15 17209.24 0.216 0.336 0.532 0.628 36929.170.29
15,5 19043.57 0.216 0.336 1 0.531 0.628 40865.39 72.7
16 21077.18 0.216 0.336 1 0.531 0.627 45301.4Z5.19
16.5 23306.52 0.216 0.337 1 0.529 0.626 50172.997.75
17 25761.65 0.216 0.337 1 0.528 0.624 55636.080.41

N
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Figure 7. Speed - Powering of KVLCC2
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2.3 Manoeuvring performances

The manoeuvring performances of KVLCC2 were exetuig Tribon M3 Calc&
Hydro module in the early design stage. Using naghaf semi-empirical formulae based on
mathematical models derived from regression armlgsidata sets for the following tests:
turning circle manoeuvre, zig-zag manoeuvre andakpnhanoeuvre with checking the
requirements of IMO criteria.

All the following manoeuvring tests have been perfed in a deep water conditions at the
design speed (V=15.5 knots)
The KVLCC2 ship was specified as merchant ship ;typgh the maximum speed for

merchant ship is 18 knots and it has to respecthadk limitations (see Table 9).

Table 9.KVLCC2 in Merchant ship limitations

Merchant Ship Limits Min Value Max Value KVLCC2
Ship :

Block coefficient (Cb) 0.48 0.85 0.805
Length/Beam (L/B) 4.0 8.0 5.517
Length/Draft (L/D) 13.66 40.11 15.384
Beam/Draft (B/T) 2.15 6.247 2.788
LCG from midship/Length -0.05 0.057 0.034
Draft [m] 0.67*Prop Diam - 20.8
Rudder :

No. of Rudders 1 4 1
Rudder Area/Length*Draft4;/LT) - 0.075 0.02
Rudder Height [m] 0.75*Prop Diam Mean draft-Trim 19
Aspect ratio 0.75 2.8 1.827
Rudder rate [deg/s] 1.0 7.0 2.34
Propeller :

Number of propellers 1 4 1
No. of Blades 3 5 4

The input data used in manoeuvring performancé&/aiCC2, are:

* General ship information (see Table 10)
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Table 10. General ship information

Length 320.00Qm]
Beam 58.00Qm]
Mean Draught 20.800pn]
Trim 0.0000[m]
Block coef. 0.8045

LCG from Aft Perp.  170.8230[m]

Bulb present

* Rudder information (see Table 11)

Table 11. Rudder information

No. of Rudders 1
Height 15.79(m]
Area 136.700m?]
Aspect ratio 1.827
Turn rate 2.340
Type Conventional
Distance from midships 160.006]
Distance to load waterline 5.030[m]

» Propeller information (see Table 12)

Table 12. General information of Propeller

No. of Propellers 1
No. of blades 4
Diameter 9.86(m]
Mean Pitch 7.89Tm]
Blade Area Ratio 0.516
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* Non-Dimensional Hydrodynamic Coefficient, (see EaliB) (calculated and all values
multiplied by 10e-5)

Table 13. Non-dimensional hydrodynamic coefficient

Yv -2282.740Nv  -855.549
Yr 531.074 Nr -374.578
Yvd -1566.940Nvd N/A

Yrd N/A Nrd -81.429

Stabd-1.88347

Xrr N/A Yr|r| 255.195 Nr|r|-221.340
Xwv  N/A Yv|v| -4423.240Nrrv 397.216
Xvr 1048.120 Yr|v| 2030.730 Nvvr -1216.120

2.3.1 Mathematical model

The Abkowitz nonlinear mathematical model of thégpsmanoeuvring was used [4],
which contains the equations of motion for a bodyimg with six degrees of freedom. We
consider the rigid body dynamics, with a right-hamh@¢oordinate system Oxyz on body (see
Figure 8):

The origin is fixed at the midship section;

The longitudinal x-axis, positive forward is sitedtin the centreline plane, usually parallel to
the keel or the still water plane;

The transverse y-axis, positive to starboard ipgrdicular to the plane of symmetry;

The vertical z-axis, positive downward is perpentiicto the still water plane.

d Is rudder angle.

B is drift angle of the ship.

v is the heading angle.

u is ship speed component in x-axis, v is ship dpeey-axis, and r is rate angle (angular

speed). With corresponding acceleratigm.
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0 Initial course X

Ship path

+
7~ \#,

Yo —— Yr

Figure 8. Coordinate system of the ship [4]

To analyse the ship motions with six degrees addoen the linear momentum theorem and
the angular momentum theorem may be used. Therlmementum theorem may be written

under this form:

N N o
Z Fi =Za(mi * U;) (12)

wheren; is the mass of the small particleFj,is the external force acting on the particle d an
v; is the speed.

Also, the angular momentum theorem may be writteteu this form:
N N d
Z(M*‘ﬁ'*ﬁz‘) =Zﬁ*a(mi* U;) (13)
i=1 i=1

where; is the body referenced radius vector ads the external moment acting on the
particle i.

If the ship speed in the origin#g and the angular speedas than the total speed has the
expression:

171'=170+6* T_'l' (14)

The equation (14) is replaced in equation (12)aeeh

N N
Zﬁi=z%(mi*(ﬁo+5* 7)) =mx %+—< Zml*n> (15)

If m = YN, myis the total mass of the ship and the centre aofityraector is noted withr;
is possible to note:
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N
i=1

The following conventions will be used:

Te=xg*l+yg*J+zg*k
To=u*xi+v*J+wxk
~ (16)
W=p*xl+q*J+rxk
F=X*T+Y*xJ+N=xk

The resulting three linear momentum are givenigeA{0)

du dq dr ) )
X=m[a+qw—rv+azg—Ey6+(qy6+rzg)p—(q +r )xG]

dv dr dp
Y=m [a+ ru—pw + X6~ % + (rzg + pxg)q — (r* + pz)yG] @an

aw dp dq ) )
Z=m|o-+pv—qut oy —Exﬁ(pxa +qye)r— (@ +q )ZG]

The definitions of the moments of inertia are rgpreged on the basis of following relations:

Ly Iy

<

1y,

zZZ

<

IXX
1=y I
sz

L

<

N
Ly = Zmi(Yiz + ZLZ)
i=1

N
I, = Zmi(xiz + ZL-Z)
i=1

N
Ly = ) miG + ) (18)
i=1
N
Ixy = Iyx = Emz XiYi
i=1
N
Ly = Iy = _Zmi XiZj
i=1
N

i=1
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For the case of the angular momentum theorem, dasiprocedure was applied and the

following motion equations were obtained:

dp dq oar
K == Lo + =0 Ly + 50 s + rq(l,; — Ly)
+(q% =191y, + pqly, — priy, + (19)
ow
+m [yG (01,“ +pv — qu) — ZG(—+ ru — pw)]
dp dq ar
M = alyx + alyy + alyz + pQ(Ixx - Izz)
+(T2 - pz)lxz + quxy - qplyz + (20)
ou ow
+m[zg(a +qw—rv)—xG( +pv—qu)]
dp aq Jar
N=olo =Ly + =l + pq(lyy — L) +
+(p2 - qz)lxy + prlyz - quxz + (21)

v
+m [xG (E +ru-— pw) yG( + qw — rv)]

If we considerr; = 0, the motion equations become with neglectireydross-inertia terms in

the horizontal plane x —y :

Y = (617 +ru— pw) (22)

ar
N = Elzz + PQ(Iyy — Iyy)

If we considerr; # 0, as the ship is symmetric about the x — z plaeehavey,; = 0, w=0,
g=0 and for further, neglecting the roll motionlignce p=0 and K=0, so the differential

equations of the motion in the horizontal planednee:

du
X = m(a—rv—r xG>

dv dr
Y —m(at +ru+ExG) (23)
V=g ()
= 5y lzz +mxg (o +1u
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where, X and Y are the hydrodynamics forces (swsg@y) and N is the vertical

hydrodynamic moment (yaw).

2.3.2 Standard manoeuvres and IMO Criteria

The standards for ship manoeuvrability should bedu® evaluate the manoeuvring
performance of ships.

It should be noted that the standards were develtgeships with traditional propulsion and

steering systems (e.g. shaft driven ships with eational rudders). Therefore, the standards

and methods for establishing compliance may beogeally reviewed and updated by the

International Maritime Organization, as appropridgking into account new technologies,

research and development, and the results of eqmeriwith the present standards.

The standards are based on the understanding itbamanoeuvrability of ships can be

evaluated from the characteristics of conventiomal manoeuvres. The following two

methods can be used to demonstrate complianceleise Standards [5]:

e Scale model tests and /or computer predictionsgusirathematical models can be
performed to predict compliance at the design sthagthis case full-scale trials should be
conducted to validate these results. The ship shtheén be considered to meet these
Standards regardless of full-scale trial resubltsept where the Administration determines
that the prediction efforts were substandard antifiership performance is in substantial
disagreement with these Standards

* The compliance with the Standards can be demoedtizsed on the results of the full-
scale trials conducted in accordance with the Statsd If a ship is found in substantial
disagreement with the Standards, then the Admatistr should take remedial action, as
appropriate.

> Application

The Standards should be applied to ships of alleugnd propulsion types, of 100 m in
length and over, and chemical tankers and gasecanegardless of the length.
The Standards should not be applied to high-spedtias defined in the relevant Code.

» Standards manoeuvres and associated terminology

Standards manoeuvres and associated terminologsatefined below [5]:
1. The test speed (V) used in the Standards is a syfesgdeast 90% of the ship’s speed
corresponding to 85% of the maximum engine output.
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. Turning circle manoeuvre is the manoeuvre to béopaed to both starboard and port
with 35° rudder angle or the maximum rudder anglempssible at the test speed,
following a steady approach with zero yaw rate.
. Advance is the distance travelled in the directbthe original course by the midship
point of a ship from the position at which the raddrder is given to the position at
which the heading has changed 90° from the origioatse.
. Tactical diameter is the distance travelled by mhidship point of a ship from the
position at which the rudder order is given to pgusition at which the heading has
changed 180° from the original course. It is meagun a direction perpendicular to
the original heading of the ship.
. Zig-zag test is the manoeuvre where a known amoiuinélm is applied alternately to
either side when a known heading deviation fromattginal heading is reached.
. The 10°/10° zig-zag test is performed by turnindder alternately by 10° to either
side following a heading deviation of 10° from tbeginal heading in accordance
with the following procedure:

i. After a steady approach with zero yaw rate, thedeands put over to 10° to

starboard or port (first execute);

ii. ~ When the heading has changed to 10° off the ofigirading, the rudder is
reversed to 10° port or starboard (second execane);

iii.  After the rudder has been turned to port/starbotrd, ship will continue
turning in the original direction with decreasingring rate. In response to the
rudder, the ship should then turn to port/starbodrtden the ship has reached
a heading of 10° to port/starboard of the origicalirse the rudder is again
reversed to 10° to starboard/port (third execute).

. The first overshoot angle is the additional headiegiation experienced in the zig-

zag test following the second execute.

. The second overshoot angle is the additional hgadiwiation experienced in the zig-

zag test following the third execute.

. The 20°/20° zig-zag test is performed using the@dore given in 6 above. Using 20°
rudder angles and 20° change of heading, insted0°ofudder angles and 10° change

of heading, respectively.

10. Full astern stopping test determines the trackired@ ship from the time an order for

full astern is given until the ship stops in theteva
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11.Track reach is the distance along the path desttiyethe midship point of a ship

measured from the position at which an order fdrdstern is given to the position at

which the ship stops in the water

» Conditions at which the standards apply

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

both port and starboard and at conditions specifeddw:

1.

Deep, unrestricted water;

2. Calm environment ;
3.
4. Steady approach at the test speed.

Full load (summer load line draught), even keeldibon; and

> Criteria

The manoeuvrability of the ship is considered fatisry if the following criteria (see Table

14) are complied with [5]:

1.

3.

Turning ability
The advance should not exceed 4.5 ship lengthsuft)the tactical diameter should

not exceed 5 ship lengths in the turning circle ogauvre.

. Initial turning ability

With the application of rudder 10° rudder angleptwt/starboard, the ship should not
have travelled more than 2.5 ship lengths by time tihe heading has changed by 10°
from the original heading.
Yaw-checking and course-keeping abilities
a. The value of the first overshoot angle is the 10®/zig-zag test should not
exceed:
e 10° if L/Vis less than 10s;
e 20°if L/Vis 30 s or more; and
* (5+1/2(L/V)) degrees, if L/V is 10s or more, bess than 30 s.
where L and V are expressed in m and m/s, resgdgtiv
b. The value of the second overshoot angle is thel@9%ig-zag test should not
exceed:
o« 25° ifL/Visless than 10 s;
e 40°,if L/V is 30 s or more; and
e (17.5+ 0.75(L/V))°, if LIV is 10 s or more, butsethan 30 s

Master Thesis developed at "Dunarea de Jos" UrnfyersGalati



Hydrodynamics Forces and Moments on KVLCC2 hull, 36
with Drift Angle and Rudder Angle Influences

c. The value of the first overshoot angle in 20°/2@fzag test should not exceed
25°.
4. Stopping ability
The track reach in the full astern stopping tesiuth not exceed 15 ship lengths.
However, this value may be modified by the Admi@agon where ships of large
displacement make this criterion impracticable, $hauld in no case exceed 20 ship

lengths.

Table 14. IMO Criteria

Ability Test Criteria
Turning ability Turning test with max. Advance < 4.5L
rudder angle Tactical diameter < 5.0L
Initial turning ability 10°/10° Zig-Zag Track reach< 2.5 ship length by the time that 10°

manoeuvring test  deviation is reached from the original heading in
execution of 10° rudder angle.

Y aw 10°/10° Zig-Zag 1) First overshoot angle

Checking manoeuvring test . 10°, if L/Vis less than 10 sec.

&Course - 20°, if L/V is 30 sec. or more.

Keeping - (5+1/2(L/V)) degrees, if L/V is 10 sec. or more
Ability but less than 30 sec.

(2) Second overshoot angle
- 25°, if L/V is less than 10 sec.
- 40°, if L/V is 30 sec. or more

- (17.5+0.75(L/V)) degrees, if L/V is 10 sec.
more but less than 30 sec.

20°/20° Zig-Zag First overshoot angle < 25°
manoeuvring test

Stopping Stopping Test Track reach < 15L
Ability Stopping distance (track reach) should not
exceed 20L

2.3.3 Hydrodynamics of the rudder

a. Rudder Design

Rudder is a hydrofoil pivoting on a vertical, pldcat ship’s stern behind propeller to
produce a transverse force and a steering momeant #e ship’s centre of gravity.
The type of rudder and its location and placemelative to the propeller and shape of stern

hull near is possible, in order to obtain significanfluence on rudder effectiveness and good
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ship controllability. The Figure 9 below shows thwjor rudder types available to the
designer.

o _.! e
lr-_._ -'-r-'-_ -
,,-”"f /:ﬁ:d -

¥

Simplex rudder Spade rudder  Semi-balanced Flap rudder
rudder

Figure 9.Types of the rudder [6]

The rudder of the KVLCC2 was designed by MOERIuitdcale and the geometry was given
in (IGES) file format [1]. The description of thedder is presented in Table 15.

Table 15. Design rudder of KVLCC2
Horn
273.3

136.7
2.34

The rudder type horn is semi-balanced rudder; adfiguide-head (horn) extends over the
upper part of the rudder, like in Figure 10. Thip& of rudder has the following properties
[6]:

» Decreased rudder bending moment compared to spdders

Reduce rudder effectiveness compared to spademudete steady turning circle, the
semi-balanced rudder produces only approximatelf tha transverse force than a
spade rudder of the same area (including the drdeeaudder horn). The reasons for
the reduced transverse force are:

» The horizontal gap between horn and rudder opene or large rudder angles.

Sometimes horizontal plates are attached at the &long the gap as a remedy for
this problem.
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» Unfavourable angle of attack for the rudder horn.
» Dragl/Lift ratio of the rudder about twice as highfar spade rudders.
The main geometric elements of the rudder of KVLG&GD (see Tablel6 and Fig. 10)

1 ; RES g Root

| Root Chord Cr ‘s thickness

tr

Axis of
gg revolution

(rudder

stock)

i ] | Mean
m | £ i | thickness
:
Mean Chord C g

Tip
thickness
te

Figure 10. The main geometric elements of the Rudde

Table 16. The main geometric elements of the Rudder

Mean Span, b (m) 15.79
Root Chord, Cr (m) 9.79
Tip Chord, Ct (m) 7.49
Mean Chord, C = ( Cr + Ct )/2 (m) 8.64
Taper ratio, TR = Ct/Cr 0.765
Root Thickness, tr (m) 1.76
Tip Thickness, tt (m) 1.35
Mean Thickness, t = (tr + tt )/2 (m) 1.555
Aspectratio,h=b/C 1.827
Relative Thickness, t/ C 0.18

The profile of the rudder is NACA 0018, where lasb digits (18) describe the relative
thicknesst,,,.,/C=0.18 in percent, wheng,,, is the maximum thickness of profile (aerofoil)

andcC is the mean chord. And (00) indicate the proBleymmetrical (no chamber).
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This type of profile (see Figure 11) usually isdise decrease rudder- side cavitation because
of the relative thickness.

Figure 11.Profile NACA 0018 of the rudder

The rudder cavitation and the hydrodynamics peréoroes was calculated using the
Preliminary Hydrodynamics Performance (PHP) progradeveloped at the Naval
Architecture Faculty of the “Dunarea de Jos”, Unsity of Galati (Romania), after designed
the rudder of KVLCC2 ship.

b. Rudder cavitation

Using PHP program, the rudder cavitation is inggd#, in the design stage of the ship,
on the basis of a theoretical method proposed Iy B383 [7], which may be applied for
immersed point of the rudder situated between @@® D, where D is the propeller diameter
and hO0 is the immersion of the point on the rudder.

The computation was performed for two inflow angleand the results static pressure,
dynamic pressure and total pressure are presanieabie 17.

On the basis of the total pressure (static pressudgnamic pressure) on the suction side, if
the resulting minimum pressure is negative or sijgpositive, the cavitation occurs only on
the side plating of the rudder. For propeller taghclockwise (the cavitation will occur on
starboard in the upper part of the rudder and amsjge in the lower part of the rudder
relative to the propeller axis.

Table 17. Result of rudder pressures

18 219.326 -45.218 174.108
21 219.326 -49.885 169.441

Concerning our results for two inflow angle the total pressure is positive that mean no
cavitation on sides of the designed rudder.
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c. KVLCC2 rudder Hydrodynamics

In order to calculate the hydrodynamic forces amdjues acting on the rudder, the
method proposed by Y.l. Voitkounski [8] was used RRIP program. In principle, the
hydrodynamic torques are calculated against thelewudtock, for ahead and astern ship
motion, the maximum value being adopted in orderdiculate the diameter and position of

the rudder stock and also to choose the steeriag ge

 The normal hydrodynamic ford® in ahead motion.

The normal component of the hydrodynamic forcengictin the ruddep, is calculated using
the relation:
P, =05xCh*p*v?g*Ag (24)

where :
vg | is the flow speed on the rudder
Ap :is the rudder area
p . is the water density
C, : 1s the normal hydrodynamic force coefficientetatined by taking account the correction
for the corrected attack angte,,

Cp = Cy % COSAor + Cx * SiNAcoy (25)
The results of hydrodynamic forc&s on the rudder in ahead ship motion (ship speedb\5=1
kts) with different inflow (attack) angle [deg,’] from 0° to 40° with 5° increment are

presented in Table 18 and Figurel2.

Table 1&, [kN] in ahead ship motion

Alfa o [deg] P, [KN]
0 0.000
5 1210.800
10 2446.644
15 3647.082
20 4523.790
25 5159.946
30 5431.297
35 5325.151
40 5225.625
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Figure 12P, [kN] in ahead ship motion

From the results we can see that the hydrodynamneef,, start from O at inflow angle=0°
and increase proportional with angleuntil it reach maximun®, =5431.297 kN at:=30°,

after that decrease slightly.

 The Hydrodynamic forc@,;, in astern motion.

The normal component of the hydrodynamic forcengcbn the ruddep,,, is calculated in
backwards (astern) ship motion for the attack anglg. by means of the relations:

Pop = 0.5 % Cpp * p % v?pp, * Ap (26)

wherepg, is the speed of the flow on the rudder, afjij is normal force coefficient
described as follow:

Cap = Cyp * COSAcor + Cyp * SINAcoy (27)

The similar results were obtained, in the asterrtionocase, when the ship speed was
considered 60% of speed at ahead motion, so V=8dénTable 19) and (Fig. 13).
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Table 19P,,;, [KN] in astern ship motion

0 0.000
5 438.549
10 731.160
15 970.246
20 1212.901
25 1441.227
30 1621.259
35 1609.611
40 1589.198
1,700
1,500 1 e
1,500 4 -
1,400 o
1,200
1,200 B
1,100 - = '
g
E 2010 4
=™ 00 - L
SO0
SO0 .
400 - '_-'
200 -
200 v
1004
B
=] = 10 15 20 25 =20 25 =0
alfa[deq]

Figure 13P,,; [kN] in astern ship motion

The form of the curve of normal hydrodynamic foRsg on the rudder in astern ship motion
is the same as the result in ahead ship motiontheutaximum force at angte=30° is very

smallP,;, = 1621.259 kN comparing with one at ahead ship motion.

 The Hydrodynamic torgue M in ahead motion

The hydrodynamic torque M towards the leading emfgbe rudder iscalculated with relation:
M=05xCh*xp*xvigxAg*C (28)
whereC,,is The corrected hydrodynamic torque (moment) d¢ciefit andc is The mean

chord of the rudder
The results of hydrodynamic torque M, in ahead shgtion, are presented in Table 20 and

Figure 14.
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0 0.000
1512.734
10 3500.278
15 6006.727
20 8598.752
25 10668.537
30 12494.372
35 16168.599
40 16623.036
17,000 s
15,000 - -
15,000 -
14,000 -
13,000 P
12,000 - e
11,000 Az
= 10,000 - o
z 9,000 A -—”
= 3,000 - .—
= 7 000
&, 000 o
S, 000 -
000 "
=, 000 3
1,000 - -
& a = 10 15 =0 =5 =20 a5 40
alfa[deqg]

Figure 14.M [kN.m] in ahead ship motion

According to the results in Table 20 and Figure th¢, hydrodynamic torque M in ahead
motion increase proportional with the angleintil the maximumM = 16623.036 kN.m at

a=40°.

* The Hydrodynamic torgue Min astern motion

The hydrodynamic torquid,, to the trailing edge of the rudder, in astern omis determined

using the relation:

My =0.5%Cpp*xp*xv2g, % Ag * C

and the results are presented in Table 21 and é-ifur

Master Thesis developed at "Dunarea de Jos" UrnfyersGalati




Hydrodynamics Forces and Moments on KVLCC2 hull, 44
with Drift Angle and Rudder Angle Influences

Table 21M, [kN.m] in astern ship motion

0 0.000
5 -1953.035
10 -2922.304
15 -3818.918
20 -4522.269
25 -5225.506
30 -5879.380
35 -5653.020
40 -6085.071
i '\‘.
-s00 | 4
-1,000 N
-1,500 - *
-Z, 000 - -
— 2,500 -
é -=,000 - .
Z =3, 51000
= b
-4,000 - ~
-4,500 - “-\
-5,000 M“'x__
-5, 500 -
Ry T-— = :
—5, 0000 -
0 5 10 15 =0 =5 =0 35 40
alfa[deqg]

Figure 15.M [kN.m] in astern ship motion

The hydrodynamic torque jVon the rudder in astern motion are decreasingegative with

the anglen, until the maximunMb = —6085.071 kN.m at anglen=40°.

* The hydrodynamic torque to the rudder stdckn ahead ship motion

The hydrodynamic torqui,. to the rudder stock is compute with the relation:
M, = B, * (e — dy) (30)
whered, is the distance from rudder stock to the leadidgee e is the distance from the

pressure centre to the leading edge.
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Concerning in astern ship motion, the hydrodynatmique to the trailing edge of the rudder
M, with the hydrodynamic forcB,; give the hydrodynamic torque to the rudder stigk in

astern motion, using the relation:

My, = (Mb — Fnp * df) * ky * ke (31)

withd is the distance from the rudder stock to theitrgiedge.

In order to determine the optimal distance from thdder stock to the leading edge,
(do)optim » the calculation are performed for five valuedtwd distancel, situated at 15% -
20% - 25% - 30% - 35% of the mean chord of the endd(d, = 1.296, 1.728, 2.160, 2.592,
and 3.024 m) . The result of the hydrodynamic tertputhe rudder stock is in function of the
inflow anglea. for these different distances of rudder stock(3edle 22) and (Fig. 16).

Table 22 The hydrodynamics torqud,.for differentd,

0.000 0.000 0.000 0.000 0.000

-56.462 -579.528 -1102.593 -1625.659 -2148.724
329.427 -7127.523 -1784.473 -2841.423 -3898.373
1280.109 -295.431 -1870.970 -3446.510 -5022.049
2735.921 781.644 -1172.633 -3126.910 -5081.187
3981.248 1752.151 -476.945 -2706.042 -4935.138
5455.411 3109.090 762.770 -1583.551 -3929.871
9267.203 6966.738 4666.272 2365.807 65.342

9850.625 7593.155 5335.685 3078.215 820.745

10,000 _——u
2,000 7
8,000
7,000
&,000
5,000
4,000
3,000

2,000

Mr [kNm]

1,000

01ps

-1,000
-2,000 =
-3,000
4,000 e .

5,000 P =

00 25 50 75 100 125 150 175 200 225 250 27.5 200 225 350 375 400
alfa [deg]

[®0.15% e02% #0325  03% =0.35%]

Figure 16. The hydrodynamics torgMe = f(«) for differentd,,
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From Figure 16 and Table 22, we took the maximum @mimum of the hydrodynamic
torqueM, to the rudder stock for each curve of the distadgeg(1.296, 1.728, 2.160, 2.592,
and 3.024 m). The results are presented in Table 23

Table 23M,.  ,—M, . for differentd,

do=1.296 m 9850.625 -56.462
do=1.728 m 7593.155 -727.523
dy=2.160 m 5335.685 -1870.970
dy=2.592m 3078.215 -3446.510
do =3.024 m 820.745 -5081.187

In order to determine the optimal position of thdder stock so that the torque on the stock is

minimal, the linear function of the maximumi

Tmax

and minimum-M, . of the
hydrodynamic torque to the rudder stock are presem function of the distance of the

rudder stocki, [m] graphically in Figure 17

10,000
9,500
9,000
8,500
8,000
7,500
7,000
6,500
&,000
5,500
5,000
4,500
2,000
3,500
32,000
2,500
2,000
1,500
1,000
S00

Mr [kNm]

13 14 15 16 1.7 18 19 =20 21 =22 23 24 25 26 27 28 29 30 3.1
do [m]

- Mr-max - Mr-min

Figure 17M,.  ,—M, . Curves ofin function ofl,

According to this Figure 17, the two lines - thexmaum M, and the minimum-M,
they intersect in the optimal point, where the getipn givesdy = 2.55 m.

Knowing the optimal value of the distance from thedder stock to the leading
edge(dy) optim, the optimum hydrodynamic torque to rudder staglcalculated for ahead

ship speed, by means of:
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(Mr)optim =ky* ky* Py x |€ - (do)optim| (32)
wherde;=1.2 is the safety coefficient for overloads, @nd=1.2 is the stock safety coefficient.

The final results of the optimum hydrodynamic taqun the rudder stock and the optimum
of the position of rudder stock in ahead ship moaod in astern ship motion are presented in
Table 24.

Table 24. Optimum results in ahead and in steimrsiotion

Ahead ship motion

Optimal distance from the rudder stock to the leadng edge(do) optim 2.550 m

Optimal hydrodynamic torque to the rudder stock (M,.) optim 4744.979 KN.m
Astern ship motion

Optimal distance from the rudder stock to the traiing edge(dy) optim -6.090 m

Optimal hydrodynamic torque to the rudder stock (M) optim 5173.003 kN.m

However the selection of the steering gear depend$e total hydrodynamic torque, which
is the sum of the maximum hydrodynamic torque wite supplementary torque due to
friction (see Table 25).

The maximum hydrodynamic torque is the comparisbithe two optimal hydrodynamic
torque to the rudder stock in ahead ship motion endstern ship motion, where the
hydrodynamic torque in astern motion is the maximum

The torque friction is among the rudder shaft. m iaitial approximation, it may be
considered that the friction moment may be equa@Q% of the value of the hydrodynamic

moment.

Table 25. Hydrodynamic torque of the rudder

Maximum hydrodynamic torque 5173.003 kN.m
Supplementary torque due to friction 1034.601 kN.m
Total hydrodynamic torque 6207.603 kN.m

Basing on the total hydrodynamic torque we selectthe commercial catalogue from
manufacturers of steering gear. The steering gelacted was Kawasaki E Series TYPE

FE32 see (Figure. 18) and the particulars of tfeiersng gear are presented in Table 26.
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Figure 18. Steering gear Kawasaki E Series TYPE2FE3

Table 26. Main Particulars of Kawasaki E Series EYHE32

Torque at max working 6720 KN * m
Rudder turning angle 70°
Rudder turning speed 65/28 °/s
Normal radius of tiller arm 1015 mm
Ram diameter 375 mm

The main dimensions are shown in Table 27 and Eig@ar

Table 27. Dimension of Kawasaki E Series TYPE FE32

A 3920 mm
B 1580 mm
C 375 mm
D 2100 mm
E 2100 mm

v
m
b

Figure 19. Dimensions of Kawasaki E Series TYPEZFE3
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2.3.4 Turning circle manoeuvre characteristics

The turning circle manoeuvre of KVLCC2 is performgdstarboard with 35° rudder
angle as the maximum rudder angle permissibleeat#sign speed (15.5 knots), where the

input data are showed in Table 28.

Table 28. Summary of turning circle

Ship name KVLCC2
Loading Condition New

Approach Speed 15.500 knots
Rudder Command Angld5.000 deg.
Water depth Deep

The rudder angle is executed following a steadyaggh with zero yaw rate. The essential
information obtained from this manoeuvre, tactdiameter, advance, and transfer (Figure20)
are given in a non-dimensional form, to compardWMO criteria (see Table 29). The most

important characteristics of the turning circle @gresented in Figure 21 and the turning

trajectory is depicted in Figure 22.

LR
= TACTICAL DIAMETER,,
Z | -
n T
e B0 © changs |
_ TRANSFER of h i
180 * change
of haading
s
g
W Drift angla
L : -—
’me‘“‘mm Distance
Approach Course

Figure 20.Definition of Turning Circle test [5]
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Table 29. The output of turning circle manoeuvre

TRIBON M3 IMO.
Criteria
ADVANCE/L AT 90 DEG 3.32 4.5
TRANSFER/L AT 90 DEG 1.80 -
MAX TACTICAL DIAM/L 3.88 5
STEADY TURNING DIAM/L 2.25 -
SPEED/APR. SPEED AT 360 DEGS 0.31 -
7 0
N -
g, J,’ <>\\<>\\<>
g/ oo
27 _ “3“’ \;<>\\<>\<>=—<>,
5 %ﬁ, <> SO ol
S
§a| AR
S 1 |
v F | gs] |
slo | B8
Al
3 =1 ‘ |
84 |
o] 200 T"TE‘A:C;OEC) ‘600

Figure 21.Turning characteristics of the KVLCC2
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Figure 22.Turning trajectory of the KVLCC2
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It can be observed from Table 28 and the Figurth@0the results obtained are lower than the
maximum values from IMO criteria requirement. Se tKVLCC2 ship has good course

keeping ability.
2.3.5 Zig-Zag manoeuvre characteristics

A zig-zag test should be initiated to starboard laegins by applying a 10° rudder angle
to an initially straight approach (“first executeThe rudder angle is then alternately shifted
to either side (port) after a specified deviatiooni the ship's original heading is reached 10°

("second execute" and following) (see Figure 23).

l]o', S (o)
i
STARBOARD it angte
Y Haading Angla
10 W /

A\ N/ "

PORT

i

Figure 23. Definition of Zig-Zag test [5]

The essential information to be obtained from the=sts is the overshoot angles, initial
turning time to second execute and the time to lch@w. The input data are showed in
Table 30.

Table 30. Input data of Zig-Zag (10°/10°) of KVLCC2

Ship name KVLCC2
Loading Condition New
Approach Speed 15.500 knots

Rudder Command Angle 10.000 deg.
Heading Check Angle 10.000 deg.
Water depth Deep

Master Thesis developed at "Dunarea de Jos" UrnfyersGalati



Hydrodynamics Forces and Moments on KVLCC2 hull, 52
with Drift Angle and Rudder Angle Influences

The result of the zig-zag (10°/10°) test is showedable 31 and is compared with the IMO

criteria requirement.

The IMO criteria are specified for Zig-Zag (10°/)Q&t first overshoot angle and second
overshoot angle, depending on the value of L/V, nehke [m] is the length between

perpendicular and V [m/s] is the design ship sp&éé.value is as follow:

L__ 30 o
vV 155+05144 0 S€¢

Table 31. The output results of Zig-Zag manoeuvre

TRIBON M3  IMO Criteria

1ST OVERSHOOT ANGLE 5.43 <20 DEG
2ND OVERSHOOT ANGLE 7.23 <40 DEG
PERIOD 388.00 - SEC
INITIAL TURNING TIME 70.00 - SEC

1.0

0.5

~O—-YIL —<} VIVAP
o0

0.5
—— Rudder Angle (deg) —>— Heading (deg)

-10

-1.0
-15

T T T T
0 100 200 300 400 500 600

Time (sec)

Figure 24. Zig-Zag (10°/10°) characteristics of Kk\_CC2
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2.3.6 Spiral manoeuvre characteristics

The spiral manoeuvre is performed to provide andhteck the directional stability of
the KVLCC2 ship. Where the yaw rate is versus rudahgle relationship, it has been carried

out for starboard and port sides in function ofdeidangles from Figure 25.

Rate of tum Rate of turn

STARBOARD STARBOARD
Curve obtained | _

from reversed

spiral / .

i Loop height
Rudder Angle \1& |
[

-

PORT STARBOARD

Rudder Angle

[
a b
Curve obtained
PORT STARBOARD from direct spiral | r

or eversed spiral
\\ |
' PORT

PORT Loop width

Figure 25. Definition of spiral test [5]

In spiral test, the ship is steered to obtain astant yaw rate and the mean rudder angle
required to produce this yaw rate is measured.rliider is deflected to about 35° starboard
and held until the rate of change of heading isstamt. The rudder angle is then decreased by
5° and again held until steady conditions of tugnirave been obtained, until 10° of rudder
angle. After 10° the rudder angle is decreasindp wihall angles until 0°, to start doing the
same to the port by increasing the rudder angle.ifiput data of the spiral test are presented

in Table 32.
Table 32. Summary the Reverse spiral of KVLCC2

Ship name KVLCC2

Loading ConditionrNew

Approach Speed 15.500 [knots]
Water depth Deep
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The evolution of the yaw rate in function of thedder angle, in dimensional form, was

obtained and presented in Table 33 and Figure2fetheurve.

Table 33. Output result (dimensional) of Spirahmeuvre

STARBORD PORT

Rudder Angle Yaw Rate Rudder Angle Yaw Rate
[deq] [deg/sec] [deq] [deg/sec]
0.00 0.00 0.00 0.00
1.16 0.06 -1.18 -0.06
2.69 0.12 -2.80 -0.13
4.66 0.18 -4.82 -0.19
7.14 0.24 -7.29 -0.25
10.20 0.29 -10.35 -0.30
15.00 0.34 -15.00 -0.35
20.00 0.37 -20.00 -0.38
25.00 0.39 -25.00 -0.40
30.00 0.39 -30.00 -0.40
35.00 0.40 -35.00 -0.40

— 0

—{}r (deg/sec) —>— U/Uo

T T T T T T T
-30 -20 -10 0 10 20 30

Rudder Angle (deg)

Figure 26 (Dimensional) Spiral manoeuvre of KVLCC2

According to the Figure 26, because of the red eusswithout hysteresis domain, the
KVLCC2 ship will be stable on route.
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3. CFD ANALYSIS OF THE FLOW AROUND THE KVLCC2 HULL

3.1 CFD — SHIPFLOW
The CFD analysis of the flow around the KVLCC2 hhids been employed

todetermine the ship hydrodynamic performances. 3inaulations have been performed
using the software FLOWTHECH SHIPFLOW v5.0. Thidtware is specialized for naval
applications. In order to analyze the flow aroumel thull, two approaches have been designed
in this software. These approaches are Global agprand Zonal approach. The simulation
in this work was based on a Global approach. Ireotd run SHIPFLOW code needs two

files, offset and command (see Figure 27).

SHIPFLOW
code

Offset file Command file

Figure 27. Workflow of SHIPFLOW

a. The offset file

The purpose of the offset file is to describe thergetry of the hull. This is done by a list
of coordinate values of points lying on the hulifage. A point is defined by its x, y and z
coordinates. A station is a set of points that diesdhe intersection between the hull and a
constant x plane. A group describes the shapepaEraof the hull. Typically one group is
used to describe the main part of the hull, théo btlie keel or the bossing. One or more
groups can be used to describe the main part diubeLabel name of an offset group used
to identify the group. In the same manner, evenptpoas a status flag that tells the program
how to treat the point (firs point of station, pioihat belongs to the station or end point of the
group).

The stations have been generated by sectioningutesurface with x constant planes.
Sections on the hull surface from bow to stern hibeen created. Each section has been
discretized by 70 points ordered from keel to déckull can be divided into several groups.
A hull can be divided into several groups. For KMEZ hull four groups has been created as

follows (see Figure 28):
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e Hullis H1GR group
* Bulbis FBGR group
* Overhang is OGRP group
* Bulbstern is ABGR group

y ///////////

Hull - HIGR : Bulb - FBGR

Bulbstern — ABGR Overhang — OGRP
Figure 28. The groups in the Offset file

b. The command file

The command file is used to instruct the code howh different modules and, on the other
hand, to define the general physical propertiethefproblem: initial ship position and speed,

onset flow, hull type, propeller geometry, fluidachcteristics and symmetry. It contains:

* The title
* Information of what modules (programs) should beceite

* Name of the offset file and the definition of th@ocdinate system used in the offset
file

» Definition of the groups in the offset file
» Ship speed, length scale and type of hull
The command file is used to run SHIPFLOW by medrsatepad++.
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The CFD process is divided in three steps (seeeT@): pre-processing, processing
and post-processing. For the pre-processing XME&HXGRID modules have been used.
XPAN, XBOUND and XCHAP modules have been employatiie processing and Tecplot
to visualize the output files.

Table 34. The SHIPFLOW process
PROCESSING

iy Boundary Layer PobT
PROCESSING  Potential Flow Theg’ry y Navier-Stokes | PROCESSING

XMESH Tecplot

GRID XPAN XBOUND XCHAP Spost

The methods and modules used to compute the Resastand Manoeuvring
performances are presented in Figure 29. Firstnabmation of the potential flow based on
Rankine source method and boundary layer methodisoous effects is used for a set of
preliminary computations in order to investigate thow around bare hull. In order to
perform preliminary ship resistance computatiomeg¢imodules have been used:

 XMESH is the panel generator for the potential fiomdule XPAN
» XPAN is the potential flow solver. It solves thew around three dimensional bodies
using surface singularity panel method and usiegiish generated by XMESH with
free surface flows using non-linear free surfacenaary condition.
« XBOUND is flow solver (processing), a program faint turbulent boundary layer
computations and it also capable to compute theknand transition boundary layer.
In the present work, the viscous flow methods haeen used in order to determine the
hydrodynamic forces on hull and on rudder for ddfe cases of drift and rudder angle.
Therefore, an understanding of the flow around dtezn part of ship is of great practical
interest. Viscous flow theory used in the thesisnpotes the solution using Reynolds
Averaged Navier Stokes equations solver (RANS Henga The solver computes the
incompressible RANS equations on structured ovpmapgrids using finite volume method
formulation, involving EASM turbulence model. ThéARS computation does not include
the propeller effect. RANS method has been usezbitopute the forces acting on ship hull
and rudder by simulating the oblique flow with stadlrift and rudder- static drift. The

computations have been performed by means of twaetan

* XGRID is pre-processing module who generates tlteuged for the viscous
computations in XCHAP

» XCHAP is the viscous flow method. It was executeddlve the Reynolds Averaged
Navier-Stokes (RANS) equations based on finite m&Ecode. Uses different
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turbulence models (EASM, &-BSL, k-w SST). This solver was used in a global

approach

SHIPFLOW

KVLCC2 Hull

Resistance Manoeuvring
I
. |

Viscous flow

Potential flow Viscous flow
method RANS method

(XPAN) (XCHAP)

Boundary Layer
theory

(XBOUND)

RANS method
(XCHAP)

7

Figure 29. Workflow of resistance and manoeuvrihéLCC2 in SHIPFLOW

3.2 Potential Flow

3.2.1 Mathematical model

Assumption is made that the ship hull advancelkenundisturbed water with a constant
velocityU,, . The potential flow assumption of inviscid andtational flow is made for the

steady flow around the hull. Equation field and faary conditions are expressed in terms of
velocity potential. The problem is numerically sedvmaking use of distribution of Rankine
sources on the boundary surface. Potential flowrthdetermines wave resistance component
of the total resistance and it is based on integratf the pressure acting on the ship hull
when it is moving through the water. The ship isafied in a coordinate system having its x-
axis parallel to the longitudinal direction, theayis to the direction of starboard and the z-
axis pointing upwards. Considering that the flowingiscid, which means that the fluid is
frictionless and it is irrotational, the governieguation of the flow is continuity equation.

The incompressibility of the fluid is generally assed in all physical modelling of
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phenomena in which fluid is water. Moreover, whiea flow is steady the pressure does not
depend on time and it is constant so its derivatwin respect to time is removed. The

continuity equation becomes:

—+—=+-==0 (33)

From mathematical point of view, if the flow is iseid, irrotational, and incompressible, a
scalar function named the velocity potent@lcan be defined. Thus, velocity vector can be
expressed as a gradient of velocity potential:

U:B_qovza_qowza_qa OI’V:D¢ (34)

ox  ay 0z
In the end, by introducing the velocity (34) inteetcontinuity equation (33) the Laplace
equation is obtained:
2 2 2
0p 09 0¢_
ox> oy* 0z°

Laplace equation is linear and solutions can besoposed. The Panel Method described in

0 or O’p=0 (35)

[8]is used for finding solutions to the Laplace atjon.
Bernoulli equation shows that pressure, kinetiaogynand, potential energy must be constant

along streamline.

pu’
+
P

+pgh=C (36)

One can consider the total velocity potential asii@ of double model velocity potential and

the perturbation velocity potential due to presevicieee surface:
P=B+ R, (37)

Boundary Conditions for Potential Flow Method

Boundary conditions on the hull

The velocity potential is subject to the severahditons on the hull and free-surface
boundaries. First boundary condition imposed on lih# surface requires that no fluid

particle penetrate the hull surface:

99

38
an (38)
Upstream disturbance by a moving ship vanishesfiaiti:

limde=U (39)
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Boundary conditions on the free surface

Kinematic boundary condition is the mathematicaihfolation of the physical condition that
a particle at the surface should remain at theasaréll the time and it can be expressed as:

dpoh dgpoh 0
_¢_+_¢_—_¢:O (40)

Ox 0x 0yody 0z

The other condition to be satisfied on the fred¢am@ comes from the fact that the pressure on
the free surface must be equal to the atmospheggspre, which we assume that is constant.

This condition is derived from Bernoulli equation

2 2 2
h+0.5((a—¢J + 02 +(a_¢j ~U.%=0 (41)
0x oy 0z
Upstream disturbance by a moving ship vanishesfiaitiy:
lim|Dgl=0 (42)

Finally, the radiation condition must be imposedfgeced) to avoid upstream waves. The
radiation condition cannot be described by an eraathematical expression, which means
that it has to be enforced by numerical schemes.

In the end, forces an moments, including wave t@st® are computed by integrating

pressure over the ship hull as follow:

Rw:—”p@ds Tz”p n ds M'I':Hp NEE R (43)

Limitations are in wave breaking, forming spraysvesl as viscous interaction on wave
making. All theoretical mathematic derivations héeen referenced from [8], [9]. Boundary
layer theory is used to assist potential flow vatimputing friction coefficient to compute the
total resistance. It has capabilities of simulatgtigeamlines as well as limiting streamlines
(show the flow direction at the hull surface) aralcalation with free surface. Method is
accurate over main part of the hull and capturassition from laminar to turbulent flow. The
theory usually fails to compute complicated flowsls as regions around stern of the ship. In
the aft part, usually there are developed turbupdgr@nomena, which cannot be captured by
this methodology. More theoretical methodology abdoundary layer theory can be
found10].
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3.2.2 Panelization
The panelization has been done by XMESH modulesfop hull and free surface.
The calculation are done for surface domain of 0stip length upstream, 2.5 ship length

downstream, the width of the free surface is Oifg Ength (see Figure 30).

- 075L 0 L 251

LT hull

free surface

- 0.7L

Figure 30. Domain of computation in Potential flow

The panelization of the hull surface was done B@DY command. This is used to
specify the panels. The number of panels dependseoaurvature of hull surface and to use
stretching function towards regions of the highvaiure at the bow and the stern of hull.
Stretch function number 5 it was applied for stadion Hull group (see Figure 31). The
stretching function options are: 0 — uniform distition; 1 — hyberbolic tangent stretching,
one end specified; 2 — exponential stretching, end specified; 3 — hyberbolic sine
stretching, one end specified; 4 — geometric dtiet; one end specified; 5 — hyperbolic

tangent stretching with spacing specified at twdsen

0

(8]

9]

th

Figure 31. Different stretch function for statiamspoints
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The panels on the hull surface were created byostiand points for each offset
group (Hull, Bulb, Bulb stern and Overhang) as shawthe Table 35. The hull is discretized
using 2858 panels. The hull panelization has beews in Figure 32.

Table 35.Panelization of body

Stations Points
Hull 100 25
Bulb 8 22
Bulbstern 5 8
Overhang 10 14
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Figure 32.Panelization of Body

The panelization of free surface it was executeddFR¥ZE command to specify panels
on the free surface. Experience with the methodvahihat a minimum of 25-30 panels per
unit length are necessary to obtain a solution wigives a good representation of wave
pattern. Moreover, stretching functions must be aised for cluster the panels towards the
regions where it is expected to develop wave crésis numbers of panels on the free surface
are determined by the Froude number and domainrdiiies. Considering the computational
time and the accuracy of the solution, 25 panetslde®en chosen for transversal directions.
The total number of panels in free surface and k{bdi}) is equal to 15314. The free surface
panelization is presented in Figure 33.
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Figure 33.Free Surface panelization

3.2.3 Potential Flow Computation

Potential flow method (XPAN) and Boundary layer dhe (XBOUND) has been
employed to simulate free-surface flow around tMLEC2 bare hull model. The scale of the
model has been chosen 1:58 for validation purpdsethis case the following dimensions

were used.,, = 5.5172 mandl' = 0.3586 mwhere, L, is the length between perpendicular

andT is the model draft. Numerical results obtainedenbgen compared with experimental
data by MOERI [1] for a range of speed from 0.7d3.10807 m/s, which corresponds to Fn
between 0.101 and 0.147. The model speed of 1.047conmresponds to the full scale ship
speed of 15.5 Kn. A set of 8 non-linear free-szegfaomputation has been carry out in order
to investigate the flow around KVLCC model and atsodetermine the ship resistance
coefficients as skin friction coefficienGr and wave cut resistance coefficie@yrcw was
computed by mean of boundary layer momentum integethod along streamlines of the
hull traced from a potential flow computatiofiyrywc Was computed from transverse wave
cuts by analyzing the wave patterns. The wave @thod approximates the wave elevation
in each wave cut by the sum of a series of elerharaaes. With the first requirement is to
respect the location of the wave cuts in regionretiee wave pattern is relatively smooth
(first wave cut not to be too close to the stemg second requirement is that wave cuts cover
at least one in wavelength[11]. The computed resuk presented in Table 36.
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Table 36. Resistance coefficients in Potential flow

V (m/s) Fn Cr Cwrwc
0.743 0.101 3.57E-03 4.01E-06
0.8105 0.110 3.52E-03 9.17E-06

0.8781 0.119 3.47E-03 1.50E-05
0.9456 0.129 3.42E-03 2.60E-05
0.9794 0.133 3.40E-03 2.99E-05
1.0132 0.138 3.38E-03 3.85E-05
1.0469 0.142 3.36E-03 4.42E-05
1.0807 0.147 3.34E-03 5.55E-05

64

The resistance coefficients obtained by computimg flow around KVLCC hull are
compared with the experimental results obtainethfdOERI. The comparison is done for

wave resistance coefficient, friction resistancefficient and the total resistance coefficient

a. Wave resistance coefficient

The numerical transverse wave cut resistance coattiCy ¢ IS compared with the
experimental wave resistance coefficient (see Ei@drand Table 37). Significant differences

may be observed.

Table 37. Comparison the wave €ty With the experimertly,

Fn Cwwavecut (Potential) CwEXxp Error (%)
0.101 4.01E-06 1.59E-05 -74.80%
0.110 9.17E-06 3.63E-05 -14.72%
0.119 1.50E-05 5.73E-05 -73.84%
0.129 2.60E-05 7.18E-05 -63.80%
0.133 2.99E-05 8.15E-05 -63.29%
0.138 3.85E-05 9.02E-05 -57.37%
0.142 4.42E-05 9.88E-05 -55.23%
0.147 5.55E-05 1.10E-04 -49.63%

"EMSHIP Erasmus Mundus Master Course, period afysteptember 2010 — February 2014



P 65

Mohammed Ramzi Chahbi

Wave resistance coefficient
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Figure 34. Comparison the wave €yt cWith the experimenty,

b. Frictional resistance coefficient

The skin friction resistance coefficient computeithviooundary layer theory is compared

with the friction resistance coefficient determinieg ITTC 1957. The results presented in

Table 38 and Figure 35 shown a good agreement batgldn friction resistance coefficient

computed be boundary layer theory and one compayd@TC 1957 formula.

Table 38. Comparison @ (ITTC1957) andCr (Boundary layer)

Fn CrBoundary layer Cr(ITTC 1957) Error (%)
0.101 3.57E-03 3.52E-03 1.28%
0.110 3.52E-03 3.47E-03 1.44%
0.119 3.47E-03 3.42E-03 1.59%
0.129 3.42E-03 3.37E-03 1.57%
0.133 3.40E-03 3.35E-03 1.57%
0.138 3.38E-03 3.33E-03 1.66%
0.142 3.36E-03 3.31E-03 1.64%
0.147 3.34E-03 3.29E-03 1.59%
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Friction resistance coefficient
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c. Total resistance coefficient

Figure 35. Comparison @ (ITTC1957) andCr (Boundary layer)

The total resistance coefficient from MOERI expegithis compared with the total resistance

coefficient of the potential flow, which was calatéd by the following relation:

Cr=01+ k)Hughes—Prohaska * Cp + Cyrwe

where (1+k) is 1.2135 ar@+ is computed by boundary layer theory.

(44)

The results of comparison are presented in TablarD plotted in Figure 36, function of

Froude number. The experimental and potential (FHBAV) values of the total resistance

coefficient decrease proportional with the incregsof Froude number.

correlation between numerical and experimentalltesoay be observe.

Table 39. Comparison @&y Potential and’y Exp

Fn Cr Potential Cr Exp Error (%)
0.101 4.34E-03 4.29E-03 1.00%
0.110 4.28E-03 4.24E-03 0.79%
0.119 4.23E-03 4.20E-03 0.56%
0.129 4.18E-03 4.16E-03 0.44%
0.133 4.16E-03 4.14E-03 0.29%
0.138 4.14E-03 4.13E-03 0.37%
0.142 4.12E-03 4.11E-03 0.27%
0.147 4.11E-03 4.10E-03 0.21%

A satisfactory
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Figure 36. Comparison @& Potential and’y Exp
3.2.4 Numerical study of the free surface potentikw

The potential flow computation around KVLCC2 hubishbeen performed not only to
determine the ship resistance, but also to invastighe hydrodynamic parameters of the
flow. In order to investigate the features of thew around the KVLCC2 hull, the pressure

contours on the hull, wave pattern and wave prafiteg the waterline has been plotted.

a. Pressure distribution on hull

The pressure contours on the hull are presentEdjures 37 and 38.

I —"

cp 04030201 0 0102030405 0607087089

) o O R |

cp -04-03-02-01 0 01 02 03 04 05 0607 08 09

Figure 37. Pressure contour for design speed VZIn'4
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The pressure distribution on the hull for modelexpé = 1.047 m/s, corresponding to design
speed at full scale (V=15.5 Kn), has been plotte&igure 37. The pressure is increased on
the bow part at the waterline, because of the bigfinance angle (60°). A medium pressure
distribution may be observed at the aft part ofgshg. The Figure 38 present the comparison
of pressure contour at design model sp€ed 1.047 m/s with other speedg £ 0.743m/s,
0.8781m/s and 0.9794 m/s).

V=1.047 m/s ( Fn =0.142) V =0.743 m/s (Fn = 0.101)

V=1.047 m/s ( Fn =0.142) V= 0.8781 m/s (Fr0419)

V=1.047 m/s (Fn =0.142) V =0.9794 m/s (Er0.133)
Figure 38. Comparison between design speed anel dtiner speed of model

According to the Figure 38, the pressure at boweia®e proportionally with increasing the

model speed.

"EMSHIP Erasmus Mundus Master Course, period afysteptember 2010 — February 2014



P 69 Mohammed Ramzi Chahbi

b. Wave pattern

When a ship advances in calm water, it generat@esvan the disturbed air — water interface
(free surface). The ship has to supply energy nantisly to the generated wave system
following the ship. The generated waves can beddiliinto transverse and divergent wave
components depending on the wave-propagating dhirecf{12]. The transverse wave
components have the crest line normal to the Xetloe with the phase velocity similar to
the ship speed, while the divergent wave comporanetdocated at the edge of the so-called
Kelvin triangle with the shorter wavelength andvsto phase velocity (SNAME 1967). The
Figure 39 shows the wave pattern at design speethdél V= 1.047 m/s corresponding to a
Froude number of 0.142.

Figure 39. Wave pattern at Design model speed \A7hls

From Figure 39 one can see that the free surfasaigdn is high, both at the bow and aft part
of the model, because of the high pressure. Theewaattern (free surface elevation
represented on starboard)\at 1.047 m/s has been compared with wave pattesmatiest
speed of model V = 0.743 m/s, plotted in portside (see Figure 40)e wave patterns
generated at the design moWet 1.047 m/s are double than the case at the mpdebsv =
0.743 m/s .
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V=0.743 m/s

V =1.047 m/s

—

Figure 40. Wave pattern for V=1.047 m/s and V=0.i48.

e Comparison with the Experimental

Wave pattern around KVLCC2 obtained in SHIPFLOWhwpiotential flow solver (see
Figure 41) is compared with the wave pattern meabur the experimental (see Figure 42)

[12]. One can see that the non-dimensional wavghthés almost the same, in the both cases.
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0.8

Figure 41. Wave pattern around KVLCC2 in SHIPFLOW
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Figure 42. Measured wave pattern around KVLCC2 Erpental [12]
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c. Wave profile along the waterline

The wave profile for the model spe¥d- 1.047 m/s is depicted in Figure 43.

0.0

0.00g

0.006

1
o
(o]
o
V]
L L

Figure 43. Wave profile along the waterline at \G4. m/s

Figure 43 reveals two peaks of high elevation eéfsurface, as follows:

» At the bow : H/L = 0.00866 so the height of wave elevatibr 0.0477 m
» At the transom : H/L =0.00552 so the height of wave elevatidsr 0.0304 m.

We can see the influence of the bulbous bow. Theevetevation is decreased along the ship,
after the bulbous bow. Modern commercial ships havbulbous bow to reduce wave

generation around the bow region. The waves gestetay the bulbous bow under the free
surface interact with the waves generated neaddiseggn waterline. It is believed that wave

resistance can be reduced if the bow bulb is prpperated. [12]

The effect of model speeds on wave elevation isvshia details in Figure 44 and Table 7.
The wave profile comparison between design speddspeeds of 0.743 m/s, 0.8781 m/s and

0.9794 m/s is presented in Figure 44.
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Figure 44. Comparison of wave profile at desigrespather three speeds

Also, the wave profile comparison between bulboms Bnd transom stern is shown in Table
40. According to the (Figure 44 and Table 40) weenbe that the wave profile (elevation)
increase with the model speed, both for the bullbmys and transom.
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Table 40. Wave profile (elevation) at bulbous aratisom for different model speeds

H/L H (m) H/L H (m)
V =0.743 m/s 0.00419 0.023 0.00263 0.014
V = 0.8781 m/s 0.006 0.033 0.00376 0.02
V = 0.9794 m/s 0.0076 0.042 0.00483 0.026
V = 1.047 m/s 0.00866 0.047 0.00552 0.03

* Comparison with the experimental test

The result of wave profile along the hull surfacetained from potential flow
computations (see Figure 46) is compared with thesewprofile measured from the
experimental (Figure 45) towing tank tests perfainhy Korea Research Institute of Ships
and Ocean Engineering (KRISO) [12] at the sameesitio 1/58 of the model and at the

same model spead= 1.047 m/s.
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Figure 45. Wave profile of KVLCC2 from ExperimenfaP]
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Figure 46. Wave Profile from Potential flow - SHIEBW
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In the Figure 45 the value X= -0.5 represent fodvaerpendicular and X= 0.5 represent aft
perpendicular. In the Figure 46, the forward pedianar is at X/L=0 and the aft at X/L=1.
The comparison shows that the two results curvesha same. That means the result of wave

profile along hull surface from potential flow ialidated by the experimental result.
3.3 Viscous Flow

3.3.1 Mathematical model

Viscous flow theory is second alternative of inigation ship resistance in the software
SHIPFLOW. Using RANS (Reynolds-Averaged Navier-&®k equations larger boundary
layers can be handled and turbulent flows in thikear@gion around stern part of the hull can

be captured.

3.3.2 Governing Equations

The Navier-Stokes equations can be solved numbritel resolving all scales for
turbulent flows, which requires extremely denselgtio resolve the smallest turbulent length
scales. In the present model, the continuity equagiates that mass is conserved:

ia_p+% = O

oot ox (45)

Only incompressible flow is considered in the préstudy. That means that the changes in

density are negligible. Then the continuity equatan be written:

o, _
x (46)
The Navier-Stokes equations of motion can be wriittethe following form:
oy, ou,u) dg;
| + = + —
Pa TP T (47)
whereg; is the total stress and for a Newtonian fluid barwritten as:
_ 1
g, =-Pg, +2F’(SJ _gsxkdu') (48)
wheres; is the strain-rate defined as following:
S :1 % +%
bo2lox,  ox (49)
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S.in (16) is zero for incompressible flow

_E(auk +aukJ:auk 0

%= ox,  0x, ) 0Ox

(50)

The RANS equations can be derived from (47) byttspdj the instant velocity components
U, and the instant pressui,in time mean velocity, , and pressureg, and time fluctuating
velocity u’, U, =U, +u =u +u and fluctuating pressure,p,P=P+p =p+p .

Following some simple mathematic manipulations,tilme averaged continuity equation and

N-S equation for incompressible flow can be writtesrfollows:

a_g

x
o OuU*ryy) g 100, 0f (34 3y
ot X pOx  0X 0x 0x

3.3.3 Turbulence Modeling

(51)

In an EASM model, the Reynolds stress componemeaplicitly determined from the
tensor functions of the velocity gradients, turlntlkinetic energy, and turbulent length scale.
These models have the advantage explicit solutidheoReynolds stresses, at each iteration.
The model is relatively complex and assumes thavective effects are negligible. In this
approach, the EASM model approximates the predistiof a full Reynolds stress closure
model, which is an approximation in itself. The Bsimesq assumption

P, = b (S—: +Z—L:;J +§pk5u- (52)
is a linear eddy viscosity model. Since it is ae#in model it sometimes fails to give
satisfactory results and to improve this, nonlineams can be added. The Explicit Algebraic
Stress Model (EASM) is such a model that includeslinear terms. The Reynolds stress

tensor is then given by

pﬁj:%ﬂkﬁu ~H (% +aa( S W- iWkiE))_ 3a4Eiik 3 8?13 " %nﬁj )
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whereas the turbulent viscosity by :max(—kcr1 ()2%5(} Herea,,3",a,,a,,3, are

numerical coefficients of the model, whif¢, is the rotation-rate.

3.3.4 Boundary conditions

A boundary fitted coordinate systemis employed to allow a more accurate
formulation of the boundary conditions, which regsitheno-slip condition for the velocity
the hull surface, &leumann-type conditionfor the pressure, while for k ang Dirichlet
conditions are used. Thezero-gradient Neumann conditions are imposed for all the
variables in the symmetry plane. At the upstredm, dncoming flow velocity is supposed
constant, as k anad are, whereas the pressure is extrapolated witb-g@adient. At the
downstream, the velocity, k and are extrapolated with zero-gradient, while the aiyic
pressure has the zero value. Boundary conditioaed ts describe the problem are given in
Table 41 and Figure 47.

Table 41. Boundary conditions for the domain

No slip Slip Inflow ‘ Outflow ‘
u u =0 Uirlzo,g—;;zo u = Constan g_;;:
p :72= 66—2: :72: 0=0
k k=0 ;—::B:O k = Constan 66_:‘(3:0
w w=f(u,...) S—ZZO w= Constan :—ZZO
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OUTFLOW

Figure 47.Boundary condition of the domain

3.3.5 Domain of Computation and Grid

For complex geometries such as a ship hull, thet ggneration is a very complicated
and time consuming task to accomplish. In the ptegarticular case of the tanker hull, both
port and starboard sides are included in the soldomain to simulate the asymmetric flows.
In Figure 48, XSTART, XFPU, XFPD, XAPU, XAPD and XIP represent x — coordinates
non-dimensionalized by Lpp. This parameters defireedimensions of the domain and the
areas where the grid lines are clustered on x titrgcas fallow: XSTART is x — coordinate
of the inflow of the computation; XFPU is the x eotdinate of the change in stretching of
the bow region upstream of the FP (forward perparidr); XFPD is the x — coordinate of the
change in stretching of the bow region downstre&mhe FP; XAPU is the x — coordinate of
the change in stretching of the stern region upstref the AP (aft perpendicular); XAPD is
the x — coordinate of the change in stretchindhefdtern region downstream of the AP; END
is X — coordinate of the end of the grid and dom@he parameters that have been utilized in

the viscous flow computations around KVLCC are preed in Table 42.
NW NA NM ~NF NU

XEND XAPD XAPU XFPD XFPU XSTART

Figure 48. x - plane distribution
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Table 42. The x - coordinates of the domain grid

XSTART XFPU XFPD XAPU XAPD XEND
-0.5 -0.1 0.2 0.8 1.2 2.5

Finally, the domain of the computation is showrrigure 49.The domain covers 0.5 ship length
upstream of the bow, 3 ship lengths out from tlie sind bottom of the hull, and 1.5 ship length
downstream of the stern. A no slip boundary coaditvas enforced at the hull surface, where the firs

grid point from the body surface was located atiadoy+=1 for turbulence modeling considerations.

Figure 49Computational domain

NU, NF, NM, NA and NW are the grid parameters whilgiine the number of planes
in the longitudinal direction, as follow: NU is nier of 15 planes in the longitudinal
direction between coordinates XSTART and XFPU; MFnumber of30 planes in the
longitudinal direction between coordinates XFPU &#PD; NM is number of50 planes in
the longitudinal direction between coordinates XFid XAPU; NA is number 60 of planes
in the longitudinal direction between coordinate8PXJ and XAPD; NW is number 30 of
planes in the longitudinal direction between cooatits XAPD and XEND. The values of the
grid parameters have been chosen in order to ged@er balance between accuracy of the
result and CPU resources. The parameters usednputation are presented in Table 43. The

resulted grid, shown in Figure 50, a cylindrical maéblock structured grid of about 1.9
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million cells has been generated to cover the emomputational domain. Finer grids are

generated in the areas of interest that may retpeiter resolution.

Table 43. Number of planes in longitudinal direatio

NU NF NM NA NW
15 30 50 60 30
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Figure 50. Grid of the domain of computation

3.3.3 Viscous Flow Computation

SHIPFLOW RANS solver, XCHAP has been employed touate viscous flow
around the KVLCC2 bare hull model. The global chteastics of the flow aCk, Cpy
(viscous pressure resistance coefficient) a@gd (viscous resistance coefficient) has been

computed. The results are tabulated in Table 44.

Table 44. Resistance coefficients in viscous flow

V (m/s) Fn Cr Cpy Cy
0.743 0.101 3.28E-03 1.12E-03 4.40E-03
0.8105 0.110 3.24E-03 1.11E-03 4.34E-03
0.8781 0.119 3.20E-03 1.09E-03 4.29E-03
0.9456 0.129 3.16E-03 1.09E-03 4.25E-03
0.9794 0.133 3.15E-03 1.08E-03 4.22E-03
1.0132 0.138 3.13E-03 1.07E-03 4.20E-03
1.0469 0.142 3.11E-03 1.07E-03 4.18E-03
1.0807 0.147 3.10E-03 1.07E-03 4.16E-03

a. Frictional resistance coefficient
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The skin friction resistance coefficient computgdd©CHARP is compared with the friction
resistance coefficient determined by ITTC 1957pas can see in Table 45 and Figure 51.

They linearly decrease with increasing of Froudenber.

Table 45. Comparison @y (Viscous flow) andCy (ITTC 1957)

Fn Cr(Viscous flow) Cr(ITTC 1957) Error (%)
0.101 3.28E-03 3.52E-03 -6.86%
0.110 3.24E-03 3.47E-03 -6.60%
0.119 3.20E-03 3.42E-03 -6.37%
0.129 3.16E-03 3.37E-03 -6.21%
0.133 3.15E-03 3.35E-03 -6.08%
0.138 3.13E-03 3.33E-03 -5.97%
0.142 3.11E-03 3.31E-03 -5.89%
0.147 3.10E-03 3.29E-03 -5.80%
4.00E-03
¥ 3.75E-03 ¢ Cf(TTC1957) |-
()
S —f—Cf (Viscous flow)
& 3.50£-03 @& *
§ 3'25E'O3l.>'.\.\._ e
B 3.00E-03
[7,]
N
c 2.75E-03
K=l
©
= 2.50E-03
0.100 0.110 0.120 0.130 0.140 0.150
Froude number Fn

Figure 51. Comparison @& (Viscous flow) andCg(ITTC 1957)

b. Viscous resistance coefficient
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The viscous resistance coefficient computed byowiscflow method in SHIPFLOW is
compared with the viscous resistance coefficiemmnfexperimental results, determined by the

following relation:
Cvexp = (L + k) * Crrre 1957 (54)

The results are presented in Table 46 and Figur@®2 numerical and experimental viscous

resistance coefficients decrease with increasirfgafide number.

Table 46.Comparison betwe€p (Viscous flow) andCy Exp

Fn Cy (Viscous flow) Cy, Exp Error (%)
0.101 4.40E-03 4.28E-03 2.89%
0.110 4.34E-03 4.21E-03 3.20%
0.119 4.29E-03 4.15E-03 3.52%
0.129 4.25E-03 4.09E-03 3.85%
0.133 4.22E-03 4.06E-03 3.95%
0.138 4.20E-03 4.04E-03 4.08%
0.142 4.18E-03 4.01E-03 4.21%
0.147 4.16E-03 3.99E-03 4.34%
4.50E-03
‘q&; 4.40E-03 - & Cv, Exp s
;g .\.\ == Cv (Viscous flow)
& 4.30E-03
8 * \
(8]
@ 4.20E-03 » \.\l-—
8
© 4.10E-03
e
v 4.00E-03 LA
3
S 3.90E-03
3.80E-03
0.100 0.110 0.120 0.130 0.140 0.150

Froude number Fn

Figure 52. Comparison betweé€p(Viscous flow) andCyExp

c. Total resistance coefficient
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The total resistance coefficient in viscous flomthoel was calculated by the relation:
Cr(Viscous flow) = Cy(Viscous flow) + Cyyryc(Potential flow) (55)

All the viscous flow computations have been perfednin double model conditions,
which there is no free surface elevation. In ortdedetermine the total resistance, the wave
cut resistaOnce coefficient from the potential fl@sult has been taken in account. Resistance
coefficient obtained as mentioned before is congpavéh the total resistance coefficient
from experiments, as it can be seen in Table 47Fagre 53. The difference is about 3%,

where the computed values are bigger than the iexpetal.

Table 47.Comparison betweer @iscous flow) and €(Exp)

Fn CT (Viscous flow) CT Exp Error (%)
0.101 4.41E-03 4.29E-03 2.60%
0.110 4.35E-03 4.24E-03 2.54%
0.119 4.31E-03 4.20E-03 2.47%
0.129 4.27E-03 4.16E-03 2.68%
0.133 4.25E-03 4.14E-03 2.63%
0.138 4.24E-03 4,13E-03 2.74%
0.142 4.23E-03 4.11E-03 2.78%
0.147 4.22E-03 4.,10E-03 2.89%
4.50E-03

£ 4.30E-03 ¢ —

& * o *

g 4.10E-03 * ¢

(8]

)

[8)

§ 3.90E-03 & CTExp

3 == CT (Viscous flow)

1]

= 3.70E-03

2

3.50E-03
0.100 0.110 0.120 0.130 0.140 0.150
Froude number

Figure 53. Comparison betweenr @iscous flow) and €(Exp)
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4. CFD ANALYSIS OF THE FLOW AROUND THE KVLCC2 HULL
WITH DRIFT ANGLE

4.1 Modeling conditions

In the present chapter, XCHAP solver based on RANShod has been used to
simulate the flow around the KVLCC2 bare hull modglset of seven computations have
been carry out in order to determine hydrodynamoicd acting on the hull. This is well
known as static drift test. The computations hagenbperformed for a range of drift angle
from p=0° top=12° with an increment of 2°.The hydrodynamic ferceefficients targeted by
the static drift test are longitudinal force coeitfnt, X', lateral force coefficient Y’ and yaw
moment coefficient N'.

In SHIPFLOW the attack inflow angle is taken asi{pos value to the portside with is
specified a commanasfl( flow=[a]), which is corresponds to the drift an@l@ositive to the
starboard, as indicated in Figure 54.

Figure 54. The drift anglp

The grid used for the flow computations is the same (1.9 million cells) which has been
generated for the ship resistance simulations iIAEFER 3.

To validate CFD results, the hydrodynamics forcesfficients X', Y’ and moment N’ are
compared with the experimental results conductedirsfituto Nazionale Per Studi Ed
Esperienze Di Architettura Navale (INSEAN) for t88MMAN 2008 Worshop [14], Fabbri
et al. [13]. The PMM tests of this model were cartdd by INSEAN in deep water with scale
factor of the model (1/45.714), at Froude number=Fb42 and Reynolds number
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Re=3.7*1¢ .The measurement of the forces and moments iml\st@aft motion has been
measured for drift anglp=0,3°, 0.5°, 0.9°, 1°, 1.8°, 2°, 4° and 6° and hasn reported in

[15]. The main dimensions of this model ship at B¥$I are shown in the Table 48.

Table 48. Characteristics of the model

Full SCALE INSEAN

1 45.714

320.0 7.000

325.5 7.1204

58 1.2688

20.8 0.4550
27194 13.0129

4.2 Hydrodynamics Forces and moments with drift anig influence

The coefficients of the hydrodynamics forces X’, ahd yaw moment N’ from the
experimental PMM test (INSEAN) [15], (see Table4® in function of the drift angle. The
experimental results were taken in the absolutaeglbecause of the difference of the sign
convention and of the coordinate systems of theahbdll, in order to easily compare the

both results.

Table49. The coefficients of the Hydrodynamics ésrand moment from INSEAN

Exp INSEAN
Drift B (°) X' % N’
0.3 0.017 0.001 0
0.5 0.016 0.0025 0.001
0.9 0.031 0.019 0.01
1 0.016 0.003 0.002
1.8 0.019 0.009 0.005
2 0.015 0.008 0.005
4 0.016 0.015 0.011
6 0.017 0.024 0.017
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Shipflow prints the results in non-dimensional forming FMREF command. The force
coefficients are: non-dimensional pressure forégsYg) and yaw momentN;) and non-
dimensional friction forceXs,Yy) and yaw momeni{;).

The non-dimensionalization of pressure and frictiorces and moment is done according

with following expressions:

Xp
X, =
05xp*U?xLpp*T
Y! = Yp
P 05+xp*xU2+Lpp=T
I Np
NP_ 2
0.5%p*U? x Lpp* =T
(56)
¥ = Xr
= 2
05*xp*U?*Lpp*T
b Y
- 2
05+xp*U?xLpp*T

Ny
N} =
7 05%xp*U2xLpp*+T

where:

pis freshwater density [1000 kg/m3];

Uis model speed [m/s];

Lppis length between perpendicular of the model [m];

Tis the draft of the model [m].

The coefficients of the total hydrodynamic forces X and moment N’ has been calculated

as sum of the pressure component and the frictmraponent as follow:

X' =Xp+X'f
Y =Y'p+Y'f (57)
N' =Np+N'f

4.2.1 Longitudinal hydrodynamic force coefficient' X

The non-dimensional force X’ represent the surgedacting on the model in the x-
direction forward of the ship. SHIPFLOW gave thenstbmensional pressure forcg’ »and
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non — dimensional friction force fYin negative value. The sum of these components
determines the total non-dimensional force X’ (¥able 50).

The comparison of the non-dimensional force X' cated by author and measured at
INSEAN are compared in Figure 55.

Table 50. The non-dimensional force X’ with drifighe influence

0.035 ‘ ‘
< 003 . ® * X (Exp INSEAN) |
(O]
e == X' (SHIPFLOW)
S 0.025
g
o 0.02 — —— ]
i Cve ann S SRR I
C
2 0015 ¢
=
S o001
pd
0.005
0
0 2 4 6 8 10 12
Drift angle 3 (°)

Figure 55.Comparison of non-dimensional force Xhpated and measured

The numerical and experimental values of the nanedsional force X' start to be closer for
drift anglep> 2°. However, the experimental values have sigaift fluctuations in the range

of the small drift angle (betwedgh = 0.3° - 1.8°), probably caused by some experiaient
errors.
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4.2.2 Lateral hydrodynamic force coefficient Y’

The non-dimensional force Y’ represents the swagefon y-direction (in starboard).
SHIPFLOW code computes the non-dimensional valdehe pressure force Y’p, friction
force Y’f and total force Y’ (calculated as the soirthe pressure and friction components) as
function of the drift anglg. The hydrodynamic coefficients have been comptdge@d range
of drift anglesp between 0° and 12°, as one can see in TableHigure 56the comparison

between of computed non-dimensional force Y’ angbeexnental result (INSEAN) is

depicted.
Table 51. The non-dimensional forces Y’with drifigde influence
Y'p Y'f Y
0 0 0
0.0076 0.0003 0.0079
0.0155 0.0005 0.0161
0.0263 0.0008 0.0270
0.0400 0.0010 0.0410
0.0561 0.0012 0.0573
0.0728 0.0015 0.0743
0.08
| |
007 @ Y'(Exp INSEAN) /i
> , /
8 006 ~@—Y' (SHIPFLOW)
8 /
= 005
c
2 0.04
%2}
5 0.03
g o
® o002 & /
Z 0.
(@)
< 001 /
0 I"’/f'
0 2 6 8 10 12
Drift angle 8 (°)

Figure 56. Comparison of non-dimensional force dfnputed and measured INSEAN
At drift anglep = 0O there is no lateral force, which means thatrtbn-dimensional force Y'=

0.
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The same fluctuation of the experimental valueshmnbserved, at the small drift angles. For
drift angle p>2° the experimental and SHIPFLOW values are swysegh The non-
dimensional force Y’ increases with the drift angle

4.2.3 Yaw hydrodynamic moment coefficient N’

The non-dimensional hydrodynamic moment N’ représére yaw moment acting on
the ship. The results obtained in SHIPFLOW are diomensional moment pressurg’ fdnd
non-dimensional moment frictionyNTotal non-dimensional moment N’ is calculatedtias
sum of the two components (pressure and frictibhgse results are presented in Table 52as
function of the drift anglg. Figure 57 shows the comparison of computed noredsional

total yaw moment N’ and the experiment measurerfiBl 8EAN)as function of drift angle.

Table 52. The non-dimensional moment N’ with daifigle influence

N'f
0.00 0.00 0.00
0.0051 2.54E-05 0.0051
0.0106 4.84E-05 0.0106
0.0154 6.83E-05 0.0155
0.0197 8.11E-05 0.0198
0.0236 9.10E-05 0.0237
0.0273 1.25E-04 0.0275

0.03
! o
£ 0.025
(]
e
g 0.02
©
S 0.015
‘B
S ¢ N'(Exp INSEAN)
0.01 ¢ s
% ~@—N' (SHIPFLOW)
S 0.005
Z
0
0 2 4 6 8 10 12
Drift angle 3 (°)

Figure 57. Comparison of non-dimensional yaw monirdomputed and measured
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According to the Figure 57, a satisfactory agredrbetween the numerical and experimental
values of the non-dimensional yaw moment N’ maybgerved, especially for drift andle
2°. Also, the total moment increases with drift l@ngThe same fluctuation of the

experimental values can be observed, at the smifiladgles.

4.3 Numerical study of the flow with drift angle irfluence

The present chapter depicts the numerical intragpeof the incident flow developed
around the hull without rudder in the presence givan drift angle. An accurate image of the
flow pattern developed in the stern area can be&tpby analyzing the flow behavior in the
propeller plane, for all considered cases. Thel adkcity has been investigated in order to
study the influence of the drift angle on the flpnopeller plane, which it is positioned at
x/L=0.9825. The axial velocity contours has beesitpt for all drift angles casef € 0°, 2°,
4°, 6°, 8°, 10° and 12°). The evolution of vortistiluctures in the propeller plane is revealed
in Figures 58 - 64.

Welocin

Figure 58. Axial velocity at x/L=0.9825 with driinglep = 0°

"EMSHIP Erasmus Mundus Master Course, period afysteptember 2010 — February 2014



P91 Mohammed Ramzi Chahbi

Figure 60. Axial velocity at x/L=0.9825 with dridinglepy = 4°
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Figure 61. Axial velocity at x/L=0.9825 with dridinglep = 6°

Figure 62. Axial velocity at x/L=0.9825 with driinglepy = 8°
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Figure 64. Axial velocity at x/L = 0.9825 with dréinglepy = 12°

4.3.1 Comparison axial velocity with the experimaht

The axial velocity contours computed in the pragetilane have been plotted for angle of
B = 0° andp = 12° in order to be compared with experimentauliefrom [13], [14], as

follows:
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a. Atthe drift angle g = 0°
The axial velocity contours measured from experitalest drift angled = 0° are presented in

Figure 65 and the CFD results in Figure 66.

0
i : ¥Lpp=0.9825 _ prop. plane o
EFD/Lee et al. (2003 ﬁ_—:,/%@/

— 05

-0.02

2/Lpp

-0.04

-0.08 . X ! 1 . 0.06 0.08

Figure 65. Axial velocity at x/Lpp=0.9825 from Expeental withp = 0° (right panel) [17].

1.4
1.5 06

Welocity X

Lpp

—

3 -0.05

-0.1

0000000000~
B RV S e I e (e

0.05

-0.05 8]
y/Lpp

Figure 66. Axial velocity at x/Lpp=0.9825 from SHHIEOW with § = 0°
Two stern bilge vortices can be observed on thk biotes of the symmetry plane. The
comparison based on the Figure 65 and Figure 66shgaod agreement between measured

and computed results. The case Viith 0° is represented as the axial advance velotitige

propeller, in order to determine the wake fractiaxctor.
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b. Atthe drift angle g = 12°

The anglep=12° has been the maximum drift angle used in tR® @nalysis of the flow
around the KVLCC2 hull. The axial velocity contoureeasured at drift anglg = 12° are

presented in Figure 67 and the CFD results arectibin Figure 68.

0

-0.02

S 004

0.06 -

04 006 008 0.1 012 014 046 018
yLpp

0.08

004 002 0 002 0

Figure 67. Axial velocity at x/Lpp=0.9825 from Exprental af} = 12° [17]

0.05
Welooity
& 11
g 0 1
-_ 0.9
N 0.3
07
-0.05 0.6
05
04
03
-0.1 02
01
0
01
-0.15
-0.05 0 0.05 0.1 0.15 0.2
y/Lpp

Figure 68. Axial velocity at x/Lpp=0.9825 from SHIPOW atfp =12°

The comparison of the Figures67 and Figure68 redetilat flow behavior seems to be the

same, in both numerical and experimental analysis.
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5. CFD ANALYSIS OF THE FLOW AROUND THE KVLCC2 HULL
WITH DRIFT ANGLE AND RUDDER ANGLE

5.1 Modeling conditions

In the present chapter XCHAP has been employedirtalate the static drift
maneuvering test for hull with deflected rudderr Each drift angle case that was analyzed
for bear hull, nine simulations have been perforfoedudder anglé from 40° to -40° with
of incrementofl0° (static rudder & drift tests).Whéhe rudder is deflected in starboard,
positive angles are considered. The KVLCC2moddlesisal/45.714. The computation has
been performed in infinite water depth, at Froudenber Fn=0.142 and Reynolds number
Re=3.7*10.

The XCHAP solver can handle overlapping grids. Aimbary fitted structured grid
have been generated around the rudder. Thus, théting composite overleaping grid
consists of almost 2.1 million cells. The rudderface grid is depicted in Figure 69.

b L

1

T

LN

Figure 69. Grid of the rudder

5.2 Hydrodynamics forces and moments with drift antg and rudder angle

influences

5.2.1Longitudinal hydrodynamic force coefficient X’

Non-dimensional longitudinal forceX;, resulted from the computations for each drift
angle § = 0°, 2°, 4°, 6°, 8°, 10° and 12°) and each ruddwgle § = -40°,-30°, -20°, -10°, 0°,
10°, 20°, 30°, 40°) have been tabulated in Tablels@ study of the influences of the rudder
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angle and drift angle, on the longitudinal non-dnsienal forceX’ may be performed using
the Figure 70.

Table 53. Non-dimensional longitudinal force Xthlwdrift and rudder influences

p=0° p=2° p=4° Pp=6° p=8 p=10° p=12°

0.0226  0.0230 0.0250 0.0280 0.0298 0.0301 0.0300
0.0214 0.0217 0.0233 0.0256 0.0270 0.0272 0.0274
0.0201 0.0204 0.0213 0.0227 0.0238 0.0243 0.0243
0.0191 0.0192 0.0197 0.0206 0.0214 0.0218 0.0219
0.0188 0.0189 0.0192 0.0196 0.0200 0.0201 0.0203
0.0191 0.0191 0.0195 0.0200 0.0203 0.0202 0.0203
0.0201 0.0201 0.0203 0.0211 0.0217 0.0215 0.0213
0.0214 0.0213 0.0216 0.0228 0.0239 0.0234 0.0230

0.0226 0.0226  0.0230 0.0244 0.0251 0.0251 0.0254

Non - dimensional X'

-40 -30 -20 -10 0 10 20 30 40
Port 6(°) Starbord

Figure 70. The non-dimensional longitudinal forcenith drift and rudder angles influences
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The non-dimensional longitudinal foré€ increases with the increasing of the drift

anglep and rudder anglg, in the analyzed domain. The values of drift arfigéee positive at

starboard. The non—dimensional longitudinal foxtas bigger when the rudder is deflected
to portside than when the rudder is deflected adostard, for significant drift anglé & 4°).

For example, at drift anglg = 12° the non-dimensional longitudinal forceXis=0.03 where
the rudder anglé = - 40° andX’=0.0254 where the rudder angle 40°. The influence of the

rudder angle is significant when the drift anglenisreased.

5.2.2 Lateral hydrodynamic force coefficient Y’

The results obtained for the non-dimensional laterae Y’ are presented in Table 54

and Figure 71, for the drift and rudder angles moaed above.

Table 54. Non-dimensional lateral foreewith drift and rudder angles influences

p=0°
0.0095
0.0093
0.0083
0.0059
0.0000
-0.0059
-0.0083
-0.0093

-0.0095

p=2°
0.0186
0.0183
0.0168
0.0144
0.0088
0.0027
-0.0010
-0.0011

-0.0006

p=4° p=6° p=8 p=10" p=12°

0.0298 0.0455 0.0615 0.0779  0.0943

0.0300 0.0460 0.0623 0.0781 0.0951

0.0279 0.0426 0.0588 0.0756  0.0920

0.0243 0.0378 0.0534 0.0702 0.0869

0.0177 0.0295 0.0443 0.0614 0.0790

0.0111 0.0212 0.0348 0.0515 0.0696

0.0075 0.0156 0.0276 0.0436  0.0630

0.0065 0.0147 0.0258 0.0421 0.0606

0.0074 0.0154 0.0269 0.0420 0.0593
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0.1000
=—p =0°
> 0.0800 —u=p =2°
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() > — Qo
£ >b—9(;\\ p=5
S 0.0400 — N —o—p=10°
< o
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0.0200
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-0.0200
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Figure 71. The non-dimensional lateral force Yhadtift and rudder influences

For different drift anglg3, the non—dimensional lateral force Y’ increasesmvithe
rudder angle is deflected from the maximum stardb@&= 40°) to the maximum portsidé (
= - 40°). The drift angle is positive to starboard. At the drift angbe= 0°, the non-
dimensional lateral force Y’ has symmetric valuedien the rudder is deflected to the
starboard and to portside.

5.2.3 Yaw hydrodynamic moment coefficient N’

The influence of the rudder angle and the driftlangn the non—dimensional yaw
momentN’ are presented in Table 55 and Figure72.
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Table55. Non-dimensional yaw moment N' with driflaudder angles influences

-0.0043

-0.0043

-0.0038

-0.0026

0.0000

0.0026

0.0038

0.0043

0.0043

0.0003

0.0004

0.0011

0.0022

0.0048

0.0075

0.0092

0.0093

0.0091

p=4° PB=6° p=8 p=10° p=12°

0.0043 0.0070 0.0103 0.0142 0.0183

0.0042 0.0068 0.0100 0.0141 0.0180

0.0052 0.0084 0.0116 0.0153 0.0193

0.0069 0.0106 0.0141 0.0178 0.0217

0.0099 0.0144 0.0183 0.0217 0.0252

0.0129 0.0181 0.0225 0.0261 0.0295

0.0146  0.0207 0.0258 0.0297  0.0325

0.0150 0.0211 0.0266 0.0304 0.0336

0.0147 0.0207 0.0260 0.0304 0.0342

0.0360

=—p =0°

0.0300

0.0240

=i =2°
=i=f =4°

0.0180

=>&=f =6°

== = 8°

=0-f = 10°
e = 12°

Non - dimensional moment N'

20 30

4 (°) Starboard

Figure 72 The non-dimensional yaw moment N' with drift andder angles influences
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For a given rudder angle, the increase of the dnfile generates the increase of the
non—dimensional yaw moment N'. For a given drifglan the non—dimensional yaw moment
N’ is increased when the rudder is deflected fromrmaximum angle at portsidg £ -40°) to
the maximum angle at starboaftl£ 40°). It is the opposite of the non-dimensioladtral
force Y'.At the drift anglel = 0°, the non-dimensional yaw moment N’has symineilues,
when the rudder is deflected to the starboard amwdbitside.

5.3 Numerical study of the flow with drift angle ard rudder angle influences

Viscous free-surface flow calculations provide ataded insight into the
hydrodynamics phenomena, allowing the user to spieot the flow characteristics as
pressure distribution, axial velocity contourswyldetachment and also help to understand the
physical phenomena. In the following, two sets k#sgure distribution on rudder have been
plotted, in order to perform a systematically amealgf the physical phenomena.

For the first set of results, the 0° rudder anglé drift angle ofp = 0°, 4°, 8° and 12°
have been considered (the ship was deflected ibcsted, the incident flow acts on portside).
The cases analyzed have been presented in Figuih&3ressure distributions for starboard
side (SB) and port side (PS) of the rudder have ldepicted for each combination of rudder
and drift angles in Figure 74. Analyzing the pldttesults one can clearly see that portside of

the rudder is the pressure side and starboardtimaiside, as it is expected.

Figure 73. Cases analyzed (without rudder deflagtio
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Suction side(SB)
Drift angle 4° at rudder angte= 0°
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Drift angle 12° at rudder angbe= 0°
Figure 74. Pressure distribution on rudder
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For the second study, two rudder angle; -30° (in port side) and 30° (in starboard)
and the same drift angles, as in the previous fse¢sullts, has been considered (see Figure
75). First, the pressure distributions for stardoand port side of the rudder have been
depicted for each combination of drift angles amed rudder angle, of -30° in port side, as
shown in Figure 76. On the other hand, when tlessure distribution has been plotted for
the case of deflected rudder equal with 30° inbstard, the starboard side of the rudder

becomes pressure side (see Figure 77).

Figure 75. Cases analyzed (including rudder dedeyt

&

Suction side (SB) Pressure side (PS)
Drift angle 0° at rudder angte= -30°

Suction side (SB) Pressure side(PS)
Drift angle 4° at rudder angte= -30°
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Figure 76. Pressure distribution on deflected rudtdeort side

S

Suction side(PS) Pressure side(SB)
Drift angle 0° at rudder angte= 30°

Suction side(PS) Pressure side(SB)
Drift angle 4° at rudder angte= 30°
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L.

Pressure

Suction side(PS) Pressure side(SB)
Drift angle 12° at rudder angée= 30°
Figure 77. Pressure distribution on deflected rudtdstarboard

The Figure 78 presents the comparison betweenyseeststribution on the suction
side corresponding to the -30° and 30°rudder arghally, in the same manner, the pressure

side is compared in Figure 79.
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Suction side(SB)
Drift angle 0° at rudder angte= -30°

Suction side (SB)
Drift angle 4° at rudder angEe= -30°

Suction side (SB)
Drift angle 12° at rudder angbe= -30°
Figure 78. Pressure distribution on suction siddefrudder

Suction side (PS)
Drift angle 0° at rudder angte= 30°
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Drift angle 4° at rudder angte= 30°

Suction side (PS)
Drift angle 8° at rudder angte= 30°
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Pressure side(PS)
Drift angle 0° at rudder angte= -30°
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Pressure side(SB)
Drift angle 8° at rudder angEe: 30°
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Pressure side (SB)

Drift angle 12° at rudder angée= 30°

Figure 79. Pressure distribution on pressure dideduer
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One may note that, in the case of fixed rudderefgigures 76 and 77),if the drift
angle is increased, the pressure difference (omutider) between the pressure side and the
suction side is increased. As a consequence, titralldydrodynamic forces will increase.

In the case of each fixed drift angle in starolp the pressure distribution on the suction
side (Figure 78) and pressure side (Figure 79nhefdeflected rudder witt86° (n portside)
will be greater than the case of the deflected enadth 30° (in starboard).

Also, the same pressure distribution may be olesefar the following cases, which
means that the CFD results are according with phl/phenomena:

- Rudder anglé =0° and drift angl@ = 0°, on the rudder sides (Figure 74);
- Drift anglep = 0°, rudder anglé =30° and drift angl§ = 0°, rudder anglé =-30° on

the suction side of the rudder (Figure 78);

- Drift anglep = 0°, rudder anglé =30° and drift angl@ = 0°, rudder anglé =-30° on

the pressure side of the rudder (Figure 79).
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6. CONCLUSION

The objective of this master thesis (describedChapter 1) was to predict and to

validate the hydrodynamics performance (resistaposyering and manoeuvring) of the

KVLCC2 ship in the initial design stage. It wasroed out with two different tools:

CAD-CAE (AVEVA-Tribon ID code and®HP code, performed in Chapter 2);

CFD (SHIPFLOW code, used in the Chapters 3-5).

The main conclusions detached from the chapterscaled to the hydrodynamics

analysis are presented in the following.

Chapter 2

AVEVA-Tribon ID code calculations was performedewaluate the total resistance of
the ship KVLCC2 at design speed, using Holtrop avdnnen method. The
parameters of KVLCC2 ship are in the range of katndns of this method. Thus, the
brake power was determined in order to select e and propulsion power of the
engine, suitable for the KVLCC2 ship. Also, the ioptm hydrodynamic
characteristics of the propeller were calculatedopen water condition, using
Wageningen B-Series.

By means of PHP (Preliminary Hydrodynamics Perforoes) code, the
hydrodynamics of the rudder (including the maximtomue related to the rudder
axis) were performed, in order to select the stgegear used to provide the rudder
deflection from one side to the other side, at mmaxn ship speed. Also, the
preliminary checking of the cavitations risk wasfpemed, using Brix’ method.

The analysis of the standard manoeuvring testsitgrcircle manoeuvre, Zig-Zag
manoeuvre and spiral manoeuvre) of KVLCC2 ship aév@ good course keeping
stability on route and satisfactory manoeuvringgrenances ,the IMO criteria being
fulfilled.

Chapter 3

The numerical results of potential flow resistamoenputations were carried out by

Shipflow and validated by the experimental datanfrOERI. The error of the
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comparison is less than 1%. Also, a satisfactorgergent was obtained by comparing
the numerical wave pattern with experiment results.

* Also, the analysis of the flow around the hull weesformed based on viscous flow
theory. The numerical results were validated with MOERI experimental results.
The error of the comparison was less than 3% aaddsults could be more accurate

with more refining the computational grid.

Chapter 4
* The non-dimensional hydrodynamics forces X’, Y’ arah-dimensional yaw moment
N’ of the bare hull model were predicted, using BHLOW code, by simulating the
oblique flow (typical for manoeuvres of the ship)ith different static drift angle,
between 0-12 degrees and the increment equal witbigPees. The numerical results
obtained are in a good agreement with the expetahaesults providing from
INSEAN.
* Also, the comparison of the numerical axial velpan the propeller plane with

experimental results from INSEAN reveals a goodeaiation.

Chapter 5

* The hydrodynamics forces and moment acting on hife model in horizontal plane
were computed for different rudder and drift angl&e numerical results were
checked with the diagrams and tables obtained erb#isis of the experimental tests
with MARINER model, described in references [18].( CHISLETT & J. STROM-
TEJSEN). Even if KVLCC2 and MARINER are differegpes of ships, the evolution
of the non-dimensional forces and moment actingdrizontal plane in function of

drift and rudder angles is similar, the forms af thagrams being correlated.

On the basis of the numerical analysis performed mientioned CAD-CAE and CFD
codes, one may conclude that these codes may beirusaval architecture applications, in
order to predict the resistance and propulsiongperdnces and to optimize the shape of the
hull. Also, the hydrodynamics forces and momentngcbn the ship model in horizontal
plane may be evaluated, for different rudder aaglé drift angle, with CFD instruments. As
a consequence, the static hydrodynamics derivatigesl in the nonlinear mathematical
models of the ship manoeuvring may be calculatedhe basis of the CFD results.
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The future work recommendation is to continue this analysis and to determine the
hydrodynamics derivatives from the non-dimensidoates and yaw moment acting on the
ship model in horizontal plane, obtained in the teraghesis. These hydrodynamics
derivatives can be implemented in the differergigiations of the ship motion in horizontal
plane, in order to simulate the standard manoeuwfeshe ship and to evaluate the

manoeuvrability performances in still water.
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APPENDIX

APPENDIX Al Hydrostatic calculation of KVLCC2

LCB VCB
(m) _(m)

Draft Displt
(m (©

WPA
(m"2)

LCF
(m)

KML
(m)

KMT
(m)

WSA
(m"2)

TPC MTC
(t‘cmjt-m/cm)

0.50 5496.97

1.00 11593.40
1.50 17997.12
2.00 24607.63
2.50 31372.49

3.00 38260.30
3.50 45255.30
4.00 52339.27
4.50 59501.20
5.00 66733.79

5.50 74031.45
6.00 81389.27
6.50 88804.55 176.268.388
7.00 96279.10 176.2(3.649
7.50 103809.2376.1363.910

8.00 111387.0876.0664.171
8.50 119006.73.75.9924.432
9.00 126665.4875.9154.694
9.50 134364.8975.8314.955
10.00142105.36175.7385.216

10.50149884.36175.6335.477
11.00157700.69175.5155.738
11.50165555.85175.3856.000
12.00173449.63175.2416.262
12.50181380.89175.0846.524

13.00189348.42174.9156.786
13.50197350.96174.7347.048
14.00205388.38174.5407.310
14.50213462.24174.3337.572
15.00221574.38174.1137.835

15.50229725.44173.8808.098
16.00237915.31173.6358.362
16.50246143.24173.3798.625
17.00254407.39173.1098.889
17.50262705.79172.8289.153

177.500.258
177.168518
176.951L779
176.82D.040
176.745301

176.66I.562
176.59P.823
176.522.084
176.471.345
176.418605

176.365.866
176.313127

11479.0377.1039018.795434.79011532.02117.661549.21
12246.9876.6804947.730230.65312388.92125.531792.34
12714.3876.4973468.076158.69412987.50130.321950.04
13066.2276.4842690.305122.13513494.61133.932068.01
13324.9976.3772211.31299.178

13550.5876.2381887.85983.924
13740.2276.1421650.87072.970
13901.1276.0891468.10964.747
14045.4276.0271323.86458.385
14177.5175.9401207.21753.337

14299.5475.8321110.59649.253
14412.5375.7421028.86545.904

14526.57175.598960.598
14640.9875.402902.615
14741.9075.201851.108

14828.4175.003804.784
14905.5074.827763.197
14983.1974.591726.884
15063.3274.294695.079
15142.5373.947666.497

15214.4873.493639.864
15288.9873.010616.062
15365.1972.495594.824
15439.4271.949575.499
15511.4471.373557.729

15580.9370.761541.245
15648.3470.113525.946
15717.7169.426512.010
15790.5968.699499.395
15866.6367.944487.989

15942.4967.173477.549
16017.8066.368467.869
16090.5065.524458.653
16159.1864.650449.737
16224.4463.763441.140

43.135
40.818
38.794

37.002
35.423
34.046
32.848
31.802

30.875
30.066
29.350
28.704
28.123

27.602
27.135
26.724
26.367
26.057

25.776
25.526
25.304
25.108
24.935

13944.9836.582166.67

14370.2938.892255.32
14775.4840.842332.13
15164.4242.492397.83
15544.3343.972457.25
15918.1345.322512.13

16286.7846.572562.71
16651.2447.732608.88
17014.3248.902656.40
17378.1150.072704.74
17739.7151.102748.34

18098.851.992786.81
18456.05H2.782821.81
18815.(3%3.582858.64
19174.3(64.402897.77
19534.3165.212936.61

19894.1155.952971.40
20255.6%6.713007.76
20620.357.493046.35
20987.458.253085.44
21356.2658.993124.32

21726.9469.703162.47
22098.380.403200.16
22472.99%1.113239.36
22850.861.853280.80
23231.79%2.633324.68

23615.2863.413370.15
24001.2454.183416.37
24389.83%54.933461.60
24780.6465.633504.84
25172.9656.303546.41
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Draft
(m)

Dispt LCB VCB WPA LCF KML KMT WSA TPC MTC
(t) m m 2) @m (m (m (m2) (Ucmjt-m/cm)

18.00271037.36172.5369.418 16289.1862.881433.032 24.787 25566.1156.963587.98
18.50279402.66172.2349.682 16357.61162.042425.704 24.666 25958.9%7.673632.42
19.00287805.65171.9269.947 16434.21161.343419.550 24.565 26345.968.453683.94
19.50296246.37171.61610.21216503.82160.758413.183 24.478 26727.9%69.163730.58
20.00304720.83171.30710.47716566.42160.287406.639 24.404 27104.689.813772.46

20.50313226.30171.00310.74316625.16159.931400.155 24.344 27477.3570.413811.69
20.80318343.7€170.82510.90216659.21159.767396.334 24.315 27699.27170.763834.37
21.00321761.18170.70511.00816680.92159.675393.776 24.299 27846.450.983848.74

APPENDIX A2 Sectional area calculation of KVLCC2

WL
ST

0.00 1.00 2.00

3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

-0.125 0.0000.000 0.000

0.000
0.250
0.500
0.750
1.000
1.500
2.000
2.500
3.000
3.500
4.000
5.000
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.250
9.500
9.750

0.00(0.000 0.000
0.00(0.000 0.000
0.0001.318 5.034
0.0001.925 8.908
0.0006.982 17.598
0.00013.56031.697
0.00(0.88147.471
0.00(29.45865.820
0.0040.14586.498

0.000 0.000 0.000 0.000 0.000 0.000 000.00.000

0.000 0.000 0.000 0.000 0.000 0.000 000.00.000

0.000 0.000 0.000 0.000 0.000 0.000 800.12.099

9.663 14.944 20.335 25.433 30.207 34.38.305 42.049
16.839 25.960 35.801 45.729 55.718 166.36.591 86.970
29.600 42.790 56.593 70.951 86.018.926118.791137.159
52.148 74.495 98.346 123.719%1.134180.494212.370246.862
77.590 110.87147.051185.679226.663269.833315.092362.146
106.45@50.452197.031245.853296.499348.581402.059456.438
136.138.87.688241.063295.562351.039407.467464.396521.664

0.00(49.121102.870158.206214.435271.206328.472386.235444.293502.353560.412
0.00(65.364112.714170.538228.437286.367344.329402.321460.321518.321576.321
0.00(65.699113.242171.202229.202287.202345.202403.202461.202519.202577.202
0.00(65.699113.242171.202229.202287.202345.202403.202461.202519.202577.202
0.00(65.709113.261171.221229.225287.233345.247403.265461.281519.292577.298
0.00(65.699113.242171.202229.202287.202345.202403.202461.202519.202577.202
0.00062.974109.148166.285223.771281.425339.243397.225455.279513.323571.357

0.00(46.17397.288
0.00(88.05582.061
0.00(26.76860.449
0.00015.15639.567
0.00011.71730.480
0.00(L.510 8.826

10.0000.0000.000
10.1250.0000.000
10.2500.0000.000

1.373
0.000
0.000

150.25204.883260.673316.929373.647430.801488.117545.520
129.472478.797229.724281.991334.914388.458442.595497.089
98.222 138.60881.270225.447271.037317.717365.086413.141
68.655 100.84B35.514172.177210.732250.526291.086332.341
53.222 78.934 106.9386.950168.439201.283234.958269.382
20.223 34.550 51.127 69.918 89.703 2851.34.373158.347
5.769 12.337 20.741 30.781 42.079 B4.88.536 81.111
0.000 0.000 0.000 0.441 3.314 8.038 12%4.20.996
0.000 0.000 0.000 0.000 0.000 0.000000.00.019
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WL
ST

11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.009.00

20.00

-0.1250.000 0.000 0.000 0.000 0.000

0.000
0.250
0.500
0.750
1.000
1.500
2.000
2.500
3.000
3.500
4.000
5.000
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.250
9.500
9.750

0.000 0.000 0.000 412.1 10.001

0.000 0.000 0.000 0.000 0.000 0.000 0.000062.2 11.015 24.740

4740 7.252 9.341 11.252 13.722 18.931 29.236%:53
46.087 50.610 56.601 64.578 76.459 93.312.913440.402
98.368 112.43P28.735148.488172.091199.492230.013263.229
157.21A.79.756205.365234.648267.101302.372340.185379.991
284.053823.763365.828409.904455.787503.216551.901601.786
410.94461.165512.687565.399618.951673.319728.394783.948
511.56%67.425623.766680.468737.533794.865852.354909.999
579.273%37.121695.013752.945810.915868.899926.889984.885

551.88%06.978662.310717.803773.457829.267885.199941.244
461.71%10.574559.716609.109658.669708.392758.284808.383
374.11%116.190458.550501.072543.664586.410629.214672.046
304.345339.613375.176410.850446.569482.320518.049553.748
182.60@206.983231.618256.296280.540304.541327.981349.123

10.00094.826 108.50321.893134.652146.485156.643164.311168.978
10.12528.201 35.304 41.815 46.812 49.036 49.527 49.99482561
10.2500.625 0.803 0.803 0.803 0.803 0.803 0.803 0.803 030.8 0.803

64.042

168.877
298.518
421.574
652.534
839.973
967.781

86.817
199.768
335.650
464.361
704.092
896.407
1025.630

1042.878100.850
618.47576.509734.514792.487850.433908.389966.3611024.3501082.3461140.332
634.321692.321750.321808.321866.321924.321982.3211040.3211098.3211156.321
635.20593.202751.202809.202867.202925.202983.2021041.2021099.2021157.202
635.20593.202751.202809.202867.202925.202983.2021041.2021099.2021157.202
635.29%93.298751.298809.298867.299925.299983.2981041.2991099.2991157.298
635.20593.202751.202809.202867.202925.202983.2021041.2021099.2021157.202
629.38®87.392745.394803.385861.368919.352977.3421035.3381093.3381151.344
603.00%60.569718.148775.744833.356890.976948.5961006.2161063.8361121.476

997.405
858.696
715.079
589.463
367.913
171.254
54.186

1053.674
909.225
758.256
625.272
386.007
172.343
54.186
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wL  20.80 21.00
ST

-0.12519.641 22.410
0.000 38.356 42.057
0.250 106.894 112.094
0.500 225.769 232.446
0.750 366.352 374.141
1.000 499.409 508.271
1.500 745.853 756.336
2.000 941.736 953.093
2.500 1071.952083.539
3.000 1147.211158.799
3.500 1186.713198.308
4.000 1202.721214.321
5.000 1203.6021215.202
6.000 1203.602215.202
6.500 1203.699215.298
7.000 1203.604215.202
7.500 1197.753209.355
8.000 1167.603179.136
8.500 1098.764110.047
9.000 949.833 960.011
9.250 792.930 801.649
9.500 653.988 661.180
9.750 401.126 405.065
10.000172.589 172.629
10.12554.186 54.186
10.2500.803 0.803
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