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Nomenclatures

Minimum oscillation value in simulation
Maximum oscillation value in simulation
Wave encounter period

General parameter uncertainty
General parameter error

Distance of the first point from the solid wall
Cross-diffusion in the K — w model.
Gravity vector

Vorticity magnitude

Frictional Resistance coefficient
Residual Resistance coefficient

Value of fitted function in verification process
Total resistance coefficient

Correction factor

Average absolute error

Factor of safety

Unity vector whose components vanish, except for the component j
Second invariant Q criterion

Frictional Resistance

Residual Resistance

Grid convergence ratio

Time step convergence ratio

Total resistance

Convergence ratio

Simulation benchmark

Total stress tensor

Corrected uncertainty

Corrected validation uncertainty
Velocity vector

Far field velocity

Data uncertainty

Grid uncertainty

Iteration uncertainty

Simulation uncertainty

Modeling uncertainty

Numerical uncertainty

Time step uncertainty

Validation uncertainty

Required level of uncertainty

Volume fraction for fluid i

Wave encounter frequency

Wave frequency

Unit normal vector directed outward
Far field pressure

Grid order of accuracy

Time step order of accuracy
Atmospheric pressure



Simulation order of accuracy
Grid refinement ratio

General verification ratio
Non-dimensional distance from the wall
Wave initial phase angle

Data error

Grid error

Iteration error

Richardson Extrapolation error
Simulation error

Modeling error

Numerical error

Estimated value with sign and magnitude of the numerical error

Time step error

Kronecker (delta) operator
Average relative error
Incident wave height
Turbulent eddy viscosity
Mass density of air

Mass density of water

Tangential force on the free-surface in water
Tangential force on the free-surface in water

Viscous stress tensor
Mean viscous stress tensor

Pressure jump at the free-surface interface

Cell size in x-direction

Cell size in y-direction

Cell size in z-direction

Wave amplitude

Propeller disk area

Expanded blade area

Beam of the ship

Added resistance in waves coefficient
Block coefficient

Heave force coefficient

Mid-ship section coefficient

Pitch moment coefficient

Calm water total resistance coefficient
Total resistance coefficient in waves
Measured value in tank test

Depth of the ship

Propeller hub diameter

Propeller diameter

Froude number

Helicity

Wave height

Propeller advance coefficient

Wave number

Propeller torque coefficient
Propeller thrust coefficient
Longitudinal center of buoyancy
Length between perpendicular



Lref Reference length
i General representation for grid density, i=1:n, finest grids i=1, coarsest grid i=n

1] Roll angle

Do Initial roll angle

Om mean decay roll value
Q Propeller torque

RAO  Response Amplitude Operator

Re Reynolds number

S Simulation value computed based on CFD
So Wetted surface area of the ship without appendages
SFC  Shear Force Correction

Sr Wetted surface area of the rudder

T Draft of the ship

T Simulation time

T Propeller thrust

T Wave period

t Simulation time

TF Response Transfer Function

U Ship Speed, axial flow velocity in x-direction
\% Axial flow velocity in y-direction

W Axial flow velocity in x-direction

Xce Longitudinal position of C.0.G

Z Number of propeller blades

Zce Vertical position of C.0.G

A Ship displacement

AD Roll angle decrement

At Simulation time step

¢ Absolute free-surface elevation

A Wave length

w Specific dissipation rate of turbulent frequency
w Wave circular frequency

E Absolute error

K Kinetic energy

P(t) Fourier transform parameter

S Control surface in fluid governing equation
1% Control volume in fluid governing equation
c Volume fraction coefficient

n Propeller rotation rate

p Pressure field

u Fluid velocity in x-direction

v Fluid velocity in y-direction

w Fluid velocity in z-direction

D() Divergence operator

4 Volume of displacement

B Modeling coefficient for k-w turbulence model
y Surface tension

£ Turbulent energy dissipation

&% Relative error

U Viscosity

p Mass density of fluid

1) Sinkage

T Trim






Abbreviations

A.P.
ABKV
AIAA
ALE
ASM
AW
BEM
BKV
BSV
CAD
CFD
CFL
CMT
CPU
DARPA
DDES
DES
DHRL
DNS
DOF
DTMB
DTRC
DW
EASM
EEDI
EEO
EFD
ESD
F.P.
FBKV
G2K
GD
GHG
HMRI
HPC
HSVA
IDB
IDDES
IIHR
IMO
INSEAN
ITTC
JBC
KCS
KRISO
KVLCC
LBM
LDV
LES
LIF

Aft Perpendicular

Aft-Body Keel Vortices

American Institute of Aeronautics and Astronautics
Lagrangian-Eulerian

Algebraic Stress Model

Active Wall

Boundary Element Method

Bilge Keel Vortices

Bottom-Shaft Vortices

Computer Aided Design

Computational Fluid Dynamic
Courant—Friedrichs—Lewy number

Circular Motion Test

Central Processing Unit

Defense Advanced Research Projects Agency
Delayed Detached Eddy Simulation

Detached Eddy Simulation

Dynamic Hybrid RANS/LES

Direct Numerical Simulation

Degrees of Freedom

David Taylor Model Basin

David Taylor Research Center

Disabled Wall

Explicit Algebraic Stress Model

Energy Efficiency Design Index

Energy Efficiency Operational Indicator
Experimental Fluid Dynamic

Energy Saving Devices

Forward Perpendicular

Fore-Body Keel Vortices

Gothenburg 2000 Workshop on Computational Ship Hydrodynamics
General Domain

Green-House Gases

Hyundai Maritime Research Institute

High Performance Computing

Hamburgische Schiffbau-Versuchsanstalt (Hamburg Ship Model Basin)
International Data Base

Improved Delayed Detached Eddy Simulation
lowa Institute of Hydraulic Research

International Maritime Organization

Istituto Nazionale per Studi Ed Esperienze di Architettura Navale
International Towing Tank Conference

Japan Bulk Carrier

KRISO Container Ship

Korea Research Institute of Ships and Ocean Engineering
KRISO Very Large Crude Carrier

Lattice Boltzmann Method

Laser Doppler Velocimetry

Large Eddy Simulation

Laser Induced Fluorescence



MAC Marker-And-Cell
MARIN Maritime Research Institute of Netherlands

MEPC Marine Environment Protection Committee

MOERI Maritime and Ocean Engineering Research Institute
NMRI National Maritime Research Institute

NSE Navier-Stokes Equations

NSWC Naval Surface Warfare Center (Carderock Division)
NTNU Norwegian University of Science and Technology
ONRT Office of Naval Research Tumblehome

ou Osaka University

PISO Pressure-Implicit with Splitting of Operators

PIV Particle Image Velocimetry

PMM Planar Motion Mechanism

POW Propeller Open Water

PTV Particle Tracking Velocimetry

RANS Reynolds-Averaged Navier-Stokes
RANSE Reynolds-Averaged Navier-Stokes Equations

RAO Response Amplitude Operator
RE Richardson Extrapolation
RSM Reynolds Stress Model

RTV Rudder Tip Vortices

SDhV Sonar Dome vortices

SIMMAN  Workshop on Verification and Validation of Ship Manoeuvring
Simulation Methods

SIMPLE  Semi-Implicit method for Pressure-Linked Equations

SPIV Stereo Particle Image Velocimetry

SST k-w  k-w Shear Stress Transport turbulence model

SV Shaft Vortices

TKE Turbulent Kinetic Energy
URANSE Unsteady Reynolds-Averaged Navier-Stokes Equations
VLM Vortex Lattice Method

VOF Volume Of Fluid

Vi



List of Figures

Figure 1.1

Figure 1.2
Figure 2.1

Figure 3.1
Figure 3.2
Figure 3.3

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Figure 4.6
Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Classification of methods used in viscous computational
hydrodynamics
The development of CFD in ship hydrodynamics

General CFD process

Sources of errors in CFD results
Geometrically similar grid for a simple cube configuration
Geometrically similar grids for the JBC ship model

JBC model geometry highlighting stern, fore, duct, propeller and
rudder

Computational domain, dimensions and boundary conditions
Computational grid, showing: (a) JBC with ESD, (b) duct and strut, (c)
free-surface refinement, (d) fore and (e) stern comparison between
fine and coarse grids

Computed total resistance coefficient C; with: (a) JBC w/o. ESD, (b)
JBC w. ESD and (c) Richardson Extrapolation error

Computed free-surface at T=30 s, showing: (a) free-surface
configuration, (b) mass fraction, (c) CFD vs. EFD for the free-surface
topology, (d, e and f) CFD vs. EFD for wave profile at the hull, at
distances y/Lpp=0.1043 and y/Lep =0.19, respectively

PIV measuring sections

EFD and CFD results for the axial velocity contours computed at
T=30s for ship without ESD at section S2 using different turbulence
models

Section S4 EFD and CFD results for the axial velocity contours
computed at T=30s for ship without ESD using different turbulence
models

Section S7 EFD and CFD results for the axial velocity contours
computed at T=30s for ship without ESD using different turbulence
models

Comparison between the streamwise velocity contours measured and
computed at T=30 s using EASM turbulence model for ship with ESD
for sections S2, S4 and S7

Workshop data for the second invariant iso-surface Q*=25 colored by
helicity and the corresponding CFD results computed at T=30 s using
EASM model

KVLCC2 model geometry highlighting propeller and rudder
Discretization grid for ship with; simplified rudder (left) and actual
rudder (right)

Obtained results for ship without rudder: (a) Computed total resistance
coefficient C; compared to the EFD, (b) estimated error as a function
of grid density

Vii

Pg.

12
36

37
47
48

50
51
53
56

57

58
59

59

60

60

61

62

64

64



Figure 4.15
Figure 4.16
Figure 4.17

Figure 4.18
Figure 4.19

Figure 4.20
Figure 4.21

Figure 4.22
Figure 4.23

Figure 4.24
Figure 4.25
Figure 4.26
Figure 4.27

Figure 4.28
Figure 4.29

Figure 4.30
Figure 4.31
Figure 4.32

Figure 4.33
Figure 4.34

Figure 4.35
Figure 4.36

Figure 5.1
Figure 5.2
Figure 5.3

Figure 5.4

CFD results compared to EFD showing: (a) total resistance coefficient
Cr (b) sinkage ¢ and (c) trim ¢

Free-surface topology (left), and wave cuts at y/Lp,=-0.0964 and -
0.1581(right)

CFD vs. EFD streamwise velocity contours at sections: x/L,,=0.85 and
0.9825

Velocity and TKE contours in the wake

Second invariant iso-surface Q*=25 colored by non-dimensional
helicity

DTMB model geometry viewing: front, profile, bottom and rear
Computational grids showing: (a) Fine and coarse grids, (b) free-
surface refinement and (c) a forward section

Total resistance results based on the grid density

Total resistance error computed for Fr=0.28 based on the wall
treatment approach

Free-surface profile (left), and wave cuts at y/L,,=0.082 and
y/Lpp=0.172 (right)

CFD vs. EFD streamwise velocity contours at different sections
Discretization grid highlighting the appendages refinement
Resistance results for the fully appended ship and hull components
individually

Free-surface profiles for bare and appended hull

Comparison between bare and appended hull for axial velocity
contours (U) and Turbulent Kinetic Energy (TKE)

Second invariant iso-surface Q*=10 colored by non-dimensional
helicity bottom view: (a) Bare hull, (b) appended hull, and (c)
appended hull profile

Ship model and the towing carriage arrangement

Free-surface topology at ship extremities during the test: bow (left),
stern (right)

Extrapolated data of the UGAL — Model compared to INSEAN — Model
Wave pattern for active tank walls domain showing wave reflection at
the wall

Wave elevation diagram: (a) general domain, (b) active walls domain
The numerically predicted against the measured free-surface profile at
model extremities

Simulation domain dimensions and boundary conditions in x-z and y-z
view

Discretization grids for the finest grid illustrating blades grid and
refinement zone

Thrust coefficient Kr, torque coefficient Ko and propeller open water
efficiency n curves compared to EFD data

Pressure distribution on the suction and pressure sides of the propeller
at different advance ratios J: a) J=0.7, a) J=0.5, a) J=0.3 and a) J=0.1

viii

65

66

66

67
67

68
70

71
72

73
74
75
76

77
79

80

82

84

85
87

88
88

91

92

93

93



Figure 5.5
Figure 5.6

Figure 5.7
Figure 5.8

Figure 5.9

Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20
Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25

Figure 5.26
Figure 5.27

Figure 6.1
Figure 6.2

Axial flow velocity, pressure distribution, turbulent viscosity and TKE in
the propeller wake for J=0.3 and J=0.6

Vortical structure of the wake flow computed at T=5 sec. for: (a) J=0.3,
(b) J=0.6

Longitudinal cut in the vortical structure of the wake flow at J=0.6
Computational domain and boundary conditions for self-propulsion
simulation

Sliding grid arrangement for JBC without ESD (left) and with ESD
(right)

Grid arrangement for: actuator disk(left) and sliding grid (right)
approches

CFD results for nominal (a and b) and effective (c and d) velocity
contours computed for ship without and with ESD, respectively, using
actuator disk method

Results interpolation to predict the propeller revolution rate
Comparison between the streamwise velocity contours measured and
ship without ESD for sections S4 and S7

Comparison between the streamwise velocity contours for ship without
ESD and the second invariant Q=50 for ship with and without rudder,
computed using DES turbulence model

Mesh arrangement of the fine grid

Open water propeller performance curves CFD results against EFD
data

Vorticity at J=0.2: (a) vector form, (b) magnitude, (c) trajectory and (d)
vortex cores

Second invariant computed for J=0.2 based on different turbulence
models for iso-surface=500

Flow characteristics computed for J=0.2 based on DDES turbulence
model

Second invariant computed for J=0.4 based on different turbulence
models for iso-surface=250

Flow characteristics computed for J=0.4 based on DDES turbulence
model

Second invariant computed for J=0.6 based on different turbulence
models for iso-surface=125

Flow characteristics computed for J=0.6 based on DDES turbulence
model

Grid geometry for actuator disk approach (top) and fully discretized
propeller (bottom) highlighting the propeller and rudder

Prediction of the self-propulsion point using interpolation method
Streamwise velocity contours comparison between CFD and EFD
Vortices formation in the wake showing the profile and bottom view

Domain geometry, dimensions and boundary conditions
Grid configuration showing: stern, bow, longitudinal section free-surface
top view

94

95

95
96

97

98

100

101

102

103

105

106

106

107

107

108

108

109

109

111

112

113
113

117
118



Figure 6.3
Figure 6.4
Figure 6.5

Figure 6.6

Figure 6.7
Figure 6.8

Figure 6.9

Figure 6.10
Figure 6.11
Figure 6.12

Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16

Figure 6.17
Figure 6.18
Figure 6.19

Figure 6.20
Figure 6.21

Figure 6.22

Figure 6.23
Figure 6.24
Figure 6.25

Figure 6.26
Figure 6.27
Figure 6.28

Figure 6.29
Figure 6.30
Figure 6.31
Figure 6.32

Figure 6.33

Resistance Cr, Heave Cy and Pitch Cw coefficients compared to EFD
Grid resolution effect on the total resistance coefficient

Comparison between the time history of the total resistance based on
wave steepness for Ak = 0.025, 0.050 and 0.075

Schematic diagram for the quartering wave instants corresponding to
the encountering moment with the F.P. of the ship

Computed free-surface at four wave quarters compared EFD

Wave visualisation at the bow and stern of the ship for Ak=0.075 at
different encountering instants

Wave profile and mass fraction for Ak=0.075 when the peak and trough
encounter F.P., from left to right, respectively

Relative velocity contours at x/Lpp=0.935 and t t/T=0 compared to EFD
Streamwise velocity contours for different wave steepness

Total resistance coefficient Crw computed based on grid convergence
study for C1

Heave response computed based on the grid convergence study for C1
Pitch response computed based on the grid convergence study for C1
Added resistance in wave schematic representation

Unsteady signal of the total resistance time history at A=1.0 Ly, and
A=1.25 Lyp

RAO for: (a) heave and (b) pitch compared to EFD data [87] at cases2~8
Relative wave elevation computed for free and fixed ship conditions
Free surface profile and mass fraction computed for case Cl1 at
Fr=0.41

Hull wave interaction at t/T=0 and t/T=0.5
Relative velocity contours at x/Lpp=0.935 and t/T=0 compared to EFD

Axial velocity contours computed at equal distances Ax=0.1L,p, and
second invariant iso-surface=50 at a random momewnt during
simulation

Vortices formation in wave at t/T=0 and 0.5 compared to calm water
Simulation domain and boundary conditions

Finest grid discretization, spotting: (a) 3D hull; (b): longitudinal section;
(c,d): lateral section depicting the refinement boxes around the hull and
bilge keels; (e): the free-surface refinement section top view

Time history for roll simulation at altered initial roll angles

Fitted decay curves for computed results compared to EFD data

Time history for roll decay based on: (a) grid & (b) time step
convergence tests
Free-surface topology recorded in the second roll period at the

four quarters in case of initial roll angle @y=10 and Fr=0.28

Time history for roll decay curves corresponding to various ship speeds
Computed free-surface at the 6™ roll for various ship speeds
Computed and measured velocity contours at x/Lp,=0.675 for the
second roll period instances: (a) t/T=0.5; (b): t/T=0.75

Vortices formations during the roll period quarters showing: (a) ship
bottom, (b, ¢) starboard port sides, respectively for t/T=0

X

119
120
120

121

121
122

122

123
123
126

127
128
129
130

130
132
132

133
133

134

133
136
137

139
140
141

142
143
143
144

145



Figure 6.34

Figure A.1
Figure A.2

Figure A.3
Figure A.4
Figure A.5

(a): U contours, (b): TKE contours and (c): Q*=25 second invariant
visualized at section x/Lpp=0.675 at 8 segments of the roll period

Main components of the ship hydrodynamics computational methods
Hierarchy of turbulence models based on physical modeling and
computational cost

Most popular turbulence models used in CFD applications

Height function for a 2D open interface

Interface representation using MAC method

Xi

147

169
171

176
179
180



List of Tables

Table 3.1

Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 4.10
Table 4.11
Table 4.12
Table 4.13
Table 4.14
Table 4.15

Table 4.16
Table 4.17
Table 4.18

Table 4.19

Table 4.20

Table 4.21
Table 4.22
Table 4.23
Table 4.24

Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5

Table 5.6

Table 5.7
Table 5.8
Table 5.9
Table 5.10

Table 5.11

Table 6.1
Table 6.2
Table 6.3

Geometrically similar grids parameters for a cube

Principal particulars of ship and duct

Boundary conditions for open boundaries and solid walls

Computational grids

Cr results computed at T=30s Compared to EFD data

Sinkage and trim results computed at T=30s Compared to EFD data
Grid convergence parameters for total ship resistance Coefficient Cr
Validation data for total ship resistance Coefficient Cr

Principal particulars of ship and rudder

Computational cases and corresponding ship speed parameters
Computational grids for ship with and without rudder

Grid convergence parameters for total ship resistance Coefficient Cr
DTMB ship models and full scale characteristics

Computational cases and corresponding ship speed parameters
Computational grids for ship based on the wall treatment modeling
Verification and validation parameters for total ship resistance in the wall
modeled case

Sinkage and trim results

Computational grids for ship based on the wall treatment modeling
Total resistance computed for the appended hull and appendages drag
force

Total resistance coefficient Cr computed for the bare hull component
compared to EFD data

Sinkage and trim values computed for the fully appended hull compared
to the measured value

Test cases and corresponding ship speed parameters

Measured total resistance and corresponding resistance coefficients
Extrapolated data from the UGAL model to the INSEAN model scale
Total resistance comparison between CFD and EFD results

Principal characteristics and parameters of the JBC propeller

POW simulation cases and flow parameters

Computational grids

Number of grid cells based on simulation conditions and grid density
Self-propulsion results for ship with and without ESD based on actuator
disk method

Self-propulsion coefficient for ship with and without ESD using sliding grid
method

Self-propulsion results for ship with and without rudder

Principal particulars of KVLCC2 E698 propeller model

Computational grids for the self-propulsion simulation

Thrust and torque coefficients computed using the actuator disk method
compared to the EFD data extracted

Interpolation of the propeller rotation based on resistance and thrust
results

Simulation conditions and corresponding wave parameters
Computed versus measured Cr, Cy, Cy coefficients
Simulation cases parameters and corresponding grid density

xii

Pg.
47

50
52
53
54
54
55
55
62
63
64
65
69
69
70
71

72
75
75

76
77

81
82
84
86

90
91
92
97
99

101

102
104
110
111

112

117
119
124



Table 6.4

Table 6.5

Table 6.6
Table 6.7
Table 6.8
Table 6.9
Table 6.10
Table 6.11
Table 6.12
Table 6.13
Table 6.14

Table 6.15
Table 6.16
Table 6.17

Table 7.1

Grid convergence parameter for the total resistance coefficient in wave
Crwc

Time step convergence parameter for the total resistance coefficient in
wave Cry.1

Grid convergence parameter for the heave response

Time step convergence parameter for the heave response

Grid convergence parameter for the pitch response

Time step convergence parameter for the pitch response

Validation parameter for resistance in wave, heave and pitch in C1
Added resistance in waves for cases C2~C8

Heave and pitch responses in at different Ak from C9

Grid arrangement for the grid convergence study

Computed results for roll amplitudes compared to EFD data and
corresponding average and mean values for decay fitting curves

Grid convergence study parameters

Time step convergence study parameters

Results for validation test

Ship performance contribution in the present study

Xiii

126

126

127
127
128
128
129
130
131
138
140

141
141
141

154



Table of Contents

Yo [0 1V [=To [o [ 1T o £ SSPPPPPRRRN i
N[0T L= Tl F= LN =N i
F Y o] o] =)V = [0 1RSSR %
IS A T T (=P Vi
IS A =1 ][RR Xii
Table Of CONIENTS ... Xiv
L3 07= T 1 (= o T TTTTTTRRTRRRRRON 1
T oo [8 Tox 1o o RO PP PPPPPPPPPPPP 1
YT 1)Y= 1T o PP 1
1.2 BACKGIOUND ...ttt 2
1.3 LILETAIUIE REVIEW ....eeeeieieiieeeiieteeeeeeteeeeeseeeeseeseesesssssseesssssss s nnnnnnnnen 4
I T A S (T 1) = Lol P PP PRPPPPPPPN 5
S T o Y o101 £ 1o o PSS PRPOt 12
T B =T Y <Y<Y o1 = USSPt 16
S B Yo =T U =T o g N 19
1.4 SCOPE ANU ODJECTIVES. ...ttt bbb bbb bbb nnnnnnes 20
1.5 SErUCLUIE Of the BOOK ... . ueiieiiiiiiiiiiiiiiieiiieitieeeteeeeeeeeeeeeeeeeeeeseeeesseessessssssssesssssssssssssssnnnnnnes 22
(O T o] =1 o | PRSP 25
MathematiCal MOGEI ..........cooiiiiiiee e e e e e e et r e e e e e e e eaeanen s 25
2.1 GOVErNING EQUALIONS .....couiiiiiii i e e e e ettt e e e e e e e e aarea s 26
2.2 Turbulent ClOSUIre EQUALIONS ..........uuuiiiiiiiiiiiiiii e eeeneeeennee 27
2.2.1 Menter Two-Equation Model kK — @ SST [110]...ccccuiiieiiiieeeeieee ettt e 28
2.2.2 Explicit Algebraic Stress Model (EASM) [110] ...eeeeiiiiieeeiiee et eecieee et e e et e e eevaee e senaeeeea 29
2.3 BOUNAAIY CONUITIONS ...ttt 31
Yo ] 1o =T To AV Y o 1o TN 1011 I U UUR RSN 32
T U] o = ol RS 32

0] 71011 oYU RT 33

The TUrBUIENCE IMOME ..ccneiiiiiii ittt ettt e s be e e s abeesabe e s sateesabaeenaras 33

2.4 CFD PrOCESS ..cetuuiiitiitit e ettt e et e e et e e e e et e e e ettt e e e eet e e e e et s e eeeeb e aeeetnaeeeetnaeaeees 34
L4 g T o] (=] o | 1 PSR 37
Verification and Validation .............uuuoiiiiiii e e e e e e e e e e e aaane 37



3.1 Verification and Validation CONCEPL.......cciiiiiiiiieiiiiee e e e 38

3.2 Verification MethodOolOgy .......cooooiiieeeeeeeee e 40
[terative UNCErtainty @Nd EITOIS ..ouuiii e ettt et ree e e st e e e s e e e e e atae e e esraeeeearaeeeennreeas 41
Convergence UNCErtainty @Nd EITOIS ....iiiiciiieiiieeeeeiee et e e et e e st e e s sbeee e s ssbteeesssbeeeesssseaeessnnes 42

3.2.1 Generalized Richardson Extrapolation (RE) .......c.cceeeiieeiiieriiieecieeeeeeesteeeieeesveesreesveeesvne e 43
3.2.2 Estimating Errors and Uncertainties with Correction Factor ........cccccevvvvieiiiviieeciiiee e, 44
3.2.3 Estimating Uncertainties with Factor of Safety.......cccccvciiiiicciiie e 45

3.3 Validation MethodOlOgY ........ccooiiiuiiiiiiiie e e e e e e r e e e 45

3.4 Unstructured Grid Generation for Verification and Validation Studies....................cceee.. 46

(O T T o] =] g Y PP 49

Ship ReSIStanCe PerfOrMANCE ..........uuuuiiiiiiiiiiiiiii bbb ebnebeneenneeee 49

4.1 Japan Bulk Carrier (JBC)......ccoiiiiiiiiiei e ee i e e e e e e e e e e et e e e e e e e e an e e e 50

O N g = Y T o T T [ 4T o T USSR 51
4.1.2 Domain & Boundary CoONAitioNS......cc.uuiieiciiiiiiiiie ettt esree et e e s ree e s nree e s snreeeesnreeas 51
S @o Yo o o] U] =Y [o o F=1 € o o 3PP UPP 52
4.1.4 SIMUIGTION STFAatEEY cuvveiiiiiiiie ettt e et e e e st e e e st e e e e s abaeeesnbeeeesnbeeesanareeas 53
4.1.5 Resistance and MOLioN RESUILS ......coiiiiiiiiieiieiieeceee ettt e 54
4.1.6 Free-Surface RESUILS.......couiiieieee ettt ettt st bbb 56
4.1.7 LOCAI FIOW RESUIES ettt 57
4.2 KRISO Very Large Crude Carrier (KVLCC2) ....coooiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 62
oy N g - Y T o o Lo [ 4T o USSR 63
4.2.2 Domain & Boundary ConditioNS.......cccuuiiiieeii it e e sseerere e e e e e e enrar e e e e e s e e e anrnees 63
/0 e W @oY 0 o 1U] =Y o] o F=1 N € o To 3 USSR 63
4.2.4 Resistance and MOTION RESUILS .......ooueriiiiiiiieierceeeeeeeiee st 64
4.2.5 Free-Surface RESUILS........ocuiiiiieeie ettt s 66
4.2.6 LOCAI FIOW RESUILS ..ttt sttt et ettt st et b e 66
4.3 David Taylor Model Basin (DTMB) Surface Combatant ...............cccccceeeeiiiiiiiiiiiiiiiene e, 68
4.3.1 Bare HUll SRIP MO ....cio ettt et e e e abe e e e e aba e e e s atae e s enbreeeenranas 69
e Y o =1 AV £ @ T o o [ PSR 69
4.3.1.2 Domain & Boundary CoONAitioNS......c.ueiiiiciiiieiiiiiieeeiiee ettt e e estre e e s sare e e ssaaeeeeas 69
0 I N 0o Y0 o oW L = o o F=1 I € o o L3RR 70
4.3.1.4 Resistance and MOtion RESUIES .....cc.eeiiiieriiieiiie et 70
4.3.1.5 Free-Surface RESUITS .....c...eiiiiiiiiieiecere ettt s s s e 73



O T L 3 e Yot | I 2 [ 1Y =LY U 73

4.3.2 Appended HUll Ship MOGEL....co ittt e bee e s e e s e e e e s areeas 74
e A N Y o =1 AV £ e T o [ o I PSRN 74
4.3.2.2 Domain & Boundary CoONAitioNS......c.ueeiiiciiiiieciiiie ettt et e e eerre e e aae e e eaaaeeeeas 74
4.3.2.3 CompPUtatioNal GridS ...cccccuiieeeeiiiie ettt et e e e e e e e e et e e e s raa e e e e nnreeeeas 74
4.3.2.4 Resistance and MoOtion RESUILS .....cc.eeruiiriiiiiiiieeeee e 75
4.3.2.5 Free-Surface RESUILS .....cocuii ittt ettt st st sb e et e s esree e saree s 77
4.3.2.6 LOCAI FIOW RESUILS .cneviiiiieeiie ettt ettt ettt ettt s bt e e s e ebee e sateesnaeesaree s 77

e 0 B o (oY= g =T a1 = I I = PRSP 81
T8 T A ot oY= T =T AT =] A U o N 81
4.3.3.2 Resistance MeasUrEMENTS .....cc.viiiiiiiiiiiiteeee e 82
4.3.3.3 Free-Surface MEasSUIrEMENTS ......c.ceiiiiiirieeie ettt st sttt esbe e st e st s e e beenes 83
4.3.3.4 Measurements Validation .........cciiiiiiiiiiiieeiee ettt ettt 84
e . o 01 2 D I Y o o] o Y- ol o PP 85

M BIDEET Ve 89
Ship Propulsion PerfOrManCe..........cooi it e e e e aaaaa s 89
5.1 Propulsion Performance of the JBC..............uuiiiiiiiiiiiiii e 90

5.1.1 Propulsion Performance in Open Waterl ........cuuiiieciieeeeiiieeeccieee e ecrte e et e e ssteee e e saeee e sensaeeaean 90
5.1.1.1 ANalysis CONAITIONS....ccciiuiiiiiciiiee ettt et e et e e e et e e e e e tteeeesbteeeeeseeeeeesraeaeennes 90
5.1.1.2 Domain & Boundary CONditioNS........cccccuieiiiiiieiiiieee ettt e e e svee e e e srreeeeeanes 91
5.1.1.3 ComMpPutationNal Grids .....c.ueiiiiciiiieiiiieeceieeecciree ettt e et e e st e e e e sate e e s sbteeessbeeeessseneeesnnes 91
5.1.1.4 SIMUIGtION SErateBY .veeiieiiiieiiiiiie ettt e e et e e st e e e ebre e e e s bee e e e srraeeeeanes 92
5.1.1.5 Thrust and TOrque RESUILS ........ceiciiiiiiiiee ettt e et e e e e aee e e e e rr e e e e eanes 92
5.1.1.6 WaKE FIOW ANAIYSIS ..eeeieriiieeciiiie ettt ettt e e e et e e e et e e e e e bte e e e snaeeeeenraeaeeanes 94

5.1.2 Self-Propulsion SIMUIATION ........ceiieiiee ettt e et e e et e e s eara e e e esaaaeeeensaeeaean 96
5.1.2.1 ANalysis CONAITIONS...ccciicuiiiiiiiiiie ettt et e e et e e e st e e e e sbteeessbaeeessanraeeesanes 96
5.1.2.2 Domain & Boundary CoNditioNS........cccccuieiiiiiiiiiiieieeccieeeesreee st e st e e s svee e e s svreeeeeanes 96
5.1.2.3 Computational GridsS .....cccuuiiiiiiee et e e e e e e e e e e e e e a e e e e e e e eeans 97
5.1.2.4 SIMUIGtION SEratEEY cooeeiiieiiiieie e e e e e e e e e e e e e rareaaeeeeans 97
5.1.2.5 Self-Propulsion RESUILS ......cccccuiiie ettt ettt ee e e e e tte e e e et e e e e etteeeeeneeeaeeanes 98

5.2 Propulsion Performance of the KVLCC2 ........ooiiiiiiiiieeeccee sttt vae e e 104
5.2.1 Propulsion Performance in Open Water ........cccciiieiiiiiieciiiee e sciree e e ssare e s esavee e 104
5.2.1.1 ANalysis CONAITIONS....cccicuiiiiiiiiie et e et e e s saar e e e esnta e e e ssntaeeeesnnaeeeean 104



5.2.1.2 Domain & Boundary CoNditioNS.........ccccuiiiiiiiiieeiiiiie et e ectree e esvre e e e sare e e s saaee e 104

I B N e g YoYU - 1A 1o o - | I ] o o [ USSR 105
5.2.1.4 SIMUIGtION SErateBY ..veiiiiiiieiiiiee et e st e e s e e e s nabae e e e erreaeean 105
5.2.1.5 Thrust and Torque RESUILS ........ccoeiiiiiiiiiie ettt et e e e enaee e 105
5.2.1.6 LOCAl FIOW RESUIES ...eeiiiieieeieeeee ettt sttt e s s 106
5.2.2 Self-Propulsion PErformMance .........cuueieiciiee ettt e e et ee e e e atae e e e areeas 110
5.2.2.1 ANalysis CONAITIONS....cciicuiiiiiiiiie ettt e st e e s satre e e ssnbaeeessabaeesssnnneeeens 110
5.2.2.2 Domain & Boundary CoONditioNS.........coccuiiiiiiiiieiiiiieeeeiiiee e sciree e ssire e ssrre e e ssrae e s ssneeeeens 110
5.2.2.3 ComMPUtatioNal Grids ....ccuuveeiiciiieieiiiee ettt srre e e st e e e s stae e e ssabeeeessabaeeessnnreeeeas 110
5.2.2.4 SIMUIQtION SEratEY «.veeeeviiieieciiee ettt e e et e e e et e e e e eata e e e entaeeesantaeeeennnraeaean 110
5.2.2.5 Thrust and Torque RESUILS ........coocciiiiieeiiie et e e e e e e e eraee e 111
5.2.2.6 LOCAI FIOW RESUILS ...ttt sttt et et s s 112
CAPTET VI e 115
Ship Seakeeping PerformMancCe...........oouuiiiii it 115
6.1 Seakeeping Performance in Regular Head Waves............ccccoeeieeeiiiiiiiiiiiee e, 116
6.1.1 Seakeeping in Wave Diffraction Condition.........ccoecuiiiiiiiiiiiiiiec et 116
L 0 Y F= 1 A2 @ T Vo Nl o L 116
6.1.1.2 Domain & Boundary CoNditioNS.........ccccuiiiieciiieeiiiiie e cciee et e e crre e e e saae e e e sraee e 117
Lo I e o Yo TU - A o g = | N T o LU 118

o I Y [ o 10| oY o I A 1 = =Y USSR 119
6.1.1.5 Resistance, Forces and Moments RESUILS ..........oovvviveiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 119
6.1.1.6 Free-Surface RESUIES......c.cociiiiieiierte ettt s 120
Lo I A e Yor=Y I o VY o T =T [ ot T ISR 123
6.1.2 Seakeeping in Wave Radiation CoONAitioN ..........ceeeciiiieeiiiiiee et 124
Lo A N o F= 1 A2 @Y Vo Nl o LU 124
6.1.2.2 Domain & Boundary CoONditioNS.........ccccuiiiiiiiiieiiiiiie et cciree e scre e ssre e e saae e s s saaeeeeas 125
Lo B A ] o YoYU - Ao o = | I ] 4 o [ USSR 125
6.1.2.4 SIMUIGtION SErAtEEY coveeieiieeeee e e e e e e e e e e e e e e e b aa e e e e aeeaas 125
B.1.2.5 RESUIES ettt ettt e s e st e s e s ne e e s b e e ne e e ar e e s reeenaree s 125
6.2 Roll Decay Performance in Calm Waterl.........cocccuiiieeiiiiee ettt e et e et e e e e aree e e e areeas 136
6.2.1 SIMUIAtioN CONDITIONS ...eeiutieiieieetierte ettt st s et ere e b e sneesane e 136
6.2.2 Domain & Boundary CONAitiONS......ccuuviiieiiiieicciiie ettt e st e e esar e e e e saae e e esaareeeens 136
6.2.3 ComMPULALIONA] GIIAS ..vviiiiiiiieiciiie e e e et e e et e e e sata e e e ssntaeeeesnnaeeeeas 137



6.2.4 SIMUIGLION STFAtEEY .uvvveeiiiiiie ettt et e et e e e st e e e s eatr e e e entaeeeestaeeeeansseeeean 138

6.2.5 ROI IMOTION RESUILS ..ottt ettt st ettt e s e e sae e e sab e sneeesaree s 138
6.2.6 Free-Surface ANAIYSIS ....ccuiiiiiiiiie ettt e e s st e e e s e e e e s e e e s ee e e e nareeas 141
6.2.7 Local Flow Analysis during ROl DamPing .....ccccuueiieiiiiiieeiieee ettt ivee e e e e e 144

(O T T o] (=1 Y | P 149
Conclusions, Contributions and Recommendations..............ccccceeiiiiiiiiiiiiicce e 149
% R 0] g ol [0 To [T g o T 2 U= 4 =V 150
FOr resistanCe PErfOrMANCE .....uii i ciiee it e st e e s sate e e e ssabee e e ssnraeeessssaeeessnseeeeeas 150
FOr propulsSion PEIfOIMANCE ....uiii i e s st e e s e e e e s snrae e e ssssaeeesnnsneeeeas 151
FOr SEakeeping PEIrfOIrMANCE ...uii ittt e e st e e e s sabe e e e ssabaeeessssaeeesnnsneeeean 152
7.2 Personal ContriDULIONS .........ouiiiiiiiii e 153
7.3 Recommendations and Future PerspectiveS ........ccoiveieiiiiiiiiiiii e 157
R ETEIEINICES ...ttt 159
F Y o] 01T a0 [ TS 169
Numerical Methods used in Ship Hydrodynamics AppliCationsS.................ueveviiiiiiiiiiiiiiiiinns 169
N I o 01V o= 1 1Y, o Yo F=1 T IS 170
ALLL FIOW MOGEING.....viieiiiiiee ettt e e st e e e sttt e e e sbteeessabteeeesnbeeeessasraeassnnes 170

A L2 TUrBUIENECE MOUBIING ..vviii ittt e e st e e s s bt e e e sbte e e e sbaeeessntaeassanes 170
A.1.2.1 Direct Numerical SImulation (DNS) ......ccocciiiiiiiieeeecee ettt e e vee e e 171
A.1.2.2 Large Eddy SImUlation (LES) ........eeeeouiiieeiiiee ettt e ttee e et e e e nrae e e 171
A.1.2.3 HYBFIA RANS/LES (HRL) cvevvereeeeeeeeeeeeeeeeeseeseeseeeseeseeeeseseeseseseseeseseesesessssssesssessssssassessannns 172
A.1.2.4 Reynolds-Averaged Navier Stokes (RANS) .....cc.eecieeiieeecie e e 173

A.2 Numerical MOEIING ......coooiiiiiiiii 176
A.2.1 REFEIENCE FIamIBS ...ueiiiiiiiiee ettt ettt ettt ettt e st sttt s b e be e s bt e sat e saeeeabeebeesbeesbeesneenas 176
A.2.2 SPatial DIiSCretizZatioN.....ccccuiii it e et e e ee e e e be e e e e be e e e enabe e e e e nrae e e eenraeas 176
A.2.3 Temporal DiSCretization .....c.ueeiiciiiee et ete e e e sbre e e e sbeee e e sbraeeeenes 177
A.2.4 Grid GENEIATION .eoveiiiiiiieiie ettt sttt ettt ettt st r e r e e saneeane s 178
A.2.5 INterface MOAEIING. ... .vveii e e e e e e bte e e e ebreeeesbaaeessbraeaeennes 178
A.2.6 VeloCity-Pressure COUPIING .......uuiiiiie ittt e e e e e et e e e e e e e eebaae e e e e e s e e snnraaneeeeeeeenas 181

XViii



