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Abstract

The added resistance in waves, which is an important component in the estimation of actual sea
performance of ships, is evaluated as the average value by short-term prediction methods. There is
a spectrum method as a method for estimating the added resistance in waves. As ship becomes
larger, the influence of short wavelength region increases, and it tends to have higher wave
steepness. According to linear theory, the added resistance in waves is proportional to square of the
wave height, but in reality, it deviates from linear theory and linear superposition principal cannot
be applied. Hence, a novel probabilistic method is established to account for non-linearities of
added resistance with respect to wave height in short-term sea conditions with the aim of
contributing to the accurate evaluation of ship safety and economy. We establish a method named
Probability Density Function (PDF) method for estimating the added resistance in irregular waves
using the joint occurrence probability distribution of wave height and period based on modified
Longuet-Higgins model and added resistance response in the frequency region. It is a method of
averaging the combination of crest and trough that ships encounter in irregular waves, which is
considered as one wave of the stationary regular waves, and the resulting added resistance is
combined stochastically based on the proposal by Hsu method. The non-linearity with respect to
wave height is empirically expressed as a "correction coefficient”, the relative ratio of nonlinearity
to linearity, which is obtained from the comparison of CFD data at few representative frequencies.
The comparison was made between the conventional spectrum method and PDF method. The
results of the proposed non-linear PDF method have a reasonable agreement in the acceptable
range of accuracy with results of RANSE based CFD numerical simulations and the experimental
model tests in long crested irregular head waves. Moreover, ships rarely travel in head waves in
actual seas as this condition encounter highest added resistance in waves. Thus, short term
predictions of added resistance in oblique waves with taking into account the wave steepness non-
linearity are obtained with PDF method to properly evaluate a hull form design and to get a
realistic idea of its behavior during the actual sailing. Obtained results are compared with the
spectrum method and is validated using direct estimation of added resistance using CFD in oblique
irregular waves. As a result, the proposed method is applicable for obtaining the added resistance in
irregular head and obligue waves having the non-linearity with respect to wave height with a scope
of further improvement in the method. Furthermore, in this paper, we have discussed the
multivariate joint probability occurrence of a single wave encountered under stationary sea
conditions and the ship's response to the wave and verification by numerical analysis. Chapter 7

and 8 summarize this study.

111



v



Acknowledgements

This thesis work is accomplished in the International Program of Maritime and Urban Engineering
of Osaka University, which is fully supported by the Japan International Cooperation Agency
(JICA) Innovative Asia program It is submitted in the fulfilment of the Doctor of Philosophy at the
Department of Naval Architecture and Ocean Engineering, Osaka University, Japan. | dedicated to

those who have supported me along the Ph.D. Journey.

First and foremost, | would like to thank from the bottom of my heart and show gratitude to my
supervisor, Professor Munehiko Minoura, whose expertise, perseverance, and vision made the
completion of this dissertation possible in the end and gave me the chance to pursue my doctoral
research under his supervision. | am indebted too much for his generosity and kindness during my
study. He guided me with some good research papers for deeper understanding of the topic. He
cared a lot about my research progress, the difficulties | faced and also helped in solving problem
with his innovative ideas and gave me additional time in our discussion meetings. His ideas and his
writing skills made me possible to publish good quality of research papers. | am so grateful to have
him as my supervisor. | also admire his support and continuous encouragement for participating in
the international conferences. | want to thank him for helping me complete the graduation
requirements on time and replying to my emails whenever | need him for discussion on my doubts.

Without his guidance and persistent help, this dissertation would not have been possible.

I would also like to give thanks to Professor Takahito lida as Assistant Professor, who kindly gave
constructive advice during laboratory meetings and helped me whenever | had any doubts. Further,
I would like to thank Mr. Idomoto San, working in Imabari shipbuilding who has guided me in the
initials days of learning the commercial software FINE/Marine used in my research. | would like to

thank Ms. Tamae Miyabe who helped me in the administrative things.

I would like to thank Sreenath Subramaniam with whom | had a lot of discussions regarding
research and job hunting. His motivation and constructive comments on my doubts were really
helpful. Also, I could participate in seminars with students from other majors to experience the
knowledge and inspiration gained from interdisciplinary learning in cross boundary seminars.
These seminars are organized under the International Program of Maritime and Urban Engineering

of Osaka University.



I am also indebted to all the lab mates who involved in my towing tank experiments conducted at
Osaka University tank facility. |1 am delighted to belong to a fantastic laboratory with enjoyment
and supporting members. | should appreciate considerably the positive atmosphere of pursuing a
doctorate study. For all lab members and university colleagues, | would like to thank for the lively
friendship. At the end of the foremost important, | am always indebted to my dearest parents, my
sister for constant support. | also thank Momoko Tsuji for her constant support and making my life
easier and full of fun in Japan. | sincerely thank everyone without exception.

June 2023, Osaka
Sahil Jawa

vi



Contents

Abstract i
Acknowledgements ii
List of Figures vii-x
List of Tables xi
Symbols xii-xv

Chapter 1 Literature review

11
1.2
1.3

[ FE T (o 010 o RSOSSNSO 2
Methodology FIOWCNAIT...........ccoiiiiii s 4
(@] 0TI (LSRR 6

Chapter 2 Motion free tank experiments

2.1
2.2
2.3
2.4
2.5

100 1ot T ] o USSR 9
Ship model and EXPErimMENt SEL UP ..c.veoveiieiieie ettt st sre e 9
Wave Generation and Experimental CONGItioN ............ccoovviiiiiieieiiisesese e 11
RESUILS @NT DISCUSSIONS. ... .c.viierieiieiiaiieiesie st sie e ettt st ste e seeseebessesbeseeseeneeneeneenennens 13
(O] Tod 111 o] 0 F SRS 15

Chapter 3 Correction coefficient due to wave height effect

3.1

3.2

3.3

3.4

35

INEFOTUCTION. ...ttt bbbttt 17
Why Computational Fluid Dynamics Method...........cocuoiriiiniiiieieee e 17
Numerical modeling in regular NEAd WaVES............cceiiiieie i 18
3.3.1  KCS hull type numerical simulation conditions.............ccooerviiiieneeiene e 25
3.3.2  RIOS hull type numerical CONGITIONS .........cccoiiiiiriieiieeeeee e 28
Numerical modeling in regular ObliqUE WaVES. ..........ccoiiiiiiiie e 30
3.4.1  Discussion of ship motions and resistance reSUltS..........ccocvevvveeieviesiene s 32
Characteristics of nonlinearity fOr Wave StEEPNESS .........civieerirreeiee e 35
3.5.1  Estimation of Correction coefficient in Head waves for KCS ..........ccccooeviiiiinnnnn 36

vil



3.5.2  Estimation of Correction coefficient in head and oblique for RIOS hull type............ 39
TN I 0] 3 Tod 18] T o SRS 41

Chapter 4 Direct estimation of added resistance in irregular waves using CFD method

4.1 INEFOAUCTION. ...ttt bbbt b bbb n et 43
4.2 Numerical modelling in irregular NEAN WAVES ............cciiiiiiriieieee e 43

4.2.1  Grid convergence study for irregular waves generation.............ccccocveveveiieereseennenne. 44

4.2.2  Overset and Adaptive grid teChNIQUE .........coveiiiiiiiiiecee e 47
4.3 Numerical SIMUIALION SELUP ...vvivveieiiecicie ittt s re et sne e 49
4.4 Numerical SIMUIALION TESUITS .........coiiiiiiiiiieee e 50
4.5 Numerical modelling in irregular Obligque BOW WaVES..........c.ccevieviiiiiie e 53
4.6 Numerical results in irregular ObliQUE WAVES .........ccecieiiiiicicie e e 54
A7 CONCIUSIONS. ...ttt bbbttt b bttt b bt e ne e 55

Chapter 5 Statistical model

5.1 INETOUUCTION. ...ttt ettt b bbbt n e e e 57
5.2  Theoretical BaCKGIrOUNG...........ciiiiiiiiiiite e 57
5.3 Definitions of wave-height and wave period for wave envelope approach..........c..ccccceevenee. 58
5.4  Statistics of wave height and wave period in the random Seas ............cccocvevirenereneneiennenn 60
5.4.1  Irregular wave time series model and associated StatiStiCS..........cccovvrvveviiiireriieeniene. 60
5.4.2  Gaussian distribution of wave components and their covariance............cccccceevevnnnne. 61
5.5 Joint probability density function of wave height and wave period ............ccccccevvvivieiiieenenn, 64
5.5.1  Probability density function of wave height............ccccooiiiiiiii 70
5.5.2  Probability density function of wave period ...........cccccovviviiiiiii e, 71
5.6 Modified Longuet-Higgins MOl ..........ccooiiiiiiiiiii e 72
5.6.1  Modification of wWave Period FaNGE .........couvviirirerieierie et 72
5.6.2  Improved Longuet -Higgins model by correction of the peak period............ccc......... 76
5.6.3  Longuet -Higgins model improved by distribution spread.............ccccocvvereieiieinnnnn. 81
5.7 CONCIUSIONS. ...ttt bbb bttt bbbt 85

Chapter 6 Joint probability density function of wave height and ship motion height

o TR A 101 0o 01 o o SRS 87
6.2 Theoretical DACKGIOUNG ..........ooiiiie ettt eas 87
6.3 Representation of encountering waves and ship motion and statistics on autocorrelation ..... 89
6.4 Probability of simultaneous occurrence of wave height and ship motion height. ................... 90

viil



6.5  NUMETICAI CAICUIALIONS ...ttt ettt e e e et e e e et e e e ab et e e ssb e e e e e rbaeeesaarees 92

SO0 ] o (o] [ U110 ] [T 95

Chapter 7 Short-term prediction of added resistance by statistical model

7.1 INEFOTUCTION. ..ottt bbbt b bbbt 97
7.2 Theoretical BaCKGrOUNG..........cc.oiviiiiiiiiiie i 97
7.3 Comparison of short-term prediction calculation reSults..........cc.ccovviveiiiicciiecc e 100

7.3.1  Short-term prediction of added resistance in head seas for KCS ..........ccccceevvvennene. 101

7.3.2  Short-term prediction of added resistance for RIOS containership in head seas...103

7.3.3  Validation of Short-term prediction results with experimental and CFD results in

long  Crested IrTEQUIAT WAVES.........ccccveiieiieiie ettt s 104

7.3.4  Validation of Short-term prediction of added resistance with CFD results in Oblique
DOW WAVES. ...ttt 106

S o Tod 11 [ TSRS 107

Chapter 8 General conclusions and recommendations

Appendix A

Appendix B

Bibliographies

X






2.1
2.2
2.3:
2.4:

2.5:
2.6:
2.7:
2.8

3.1
3.2
3.3
3.4:
3.5:
3.6:
3.7:
3.8:
3.9

3.11:
3.12:
3.13:

3.14:
3.15:

3.16:
3.17:
3.18:

List of Figures

Body plan of RIOS containership below waterline of full load condition------«--+-voevveneens 10
RIOS containership model at Osaka University Towing tank facility «««««-«-oooeverevienennnne. 10
Adjustment of the Radius 0f GYration -+« ««++eeeerrrueinri 11
Experimental set up in towing tank facility and its schematic view for motion free test for

MEASUFING FESISLANCE TN WAVES. ««+++xvxrrrrrsrrerte ettt 11
Measured experimental data in calm water CONditions -« -+« vvrvrvivinni 13
A comparison of target JONSWAP wave spectrum with measured wave spectrumat ------ 14
Time history of measured total resistance force in irregular Waves. «-« -« -ovvevevnieinnen, 15
Time history of measured encountered long-crested irregular Waves, «««««-««-x ovrvreeeanenn. 15
3D model of KCS (left) and RIOS containership (Right) «+-«««««sreeemrmeeinni, 19
Body plan of KCS (left) and RIOS containership (Right)-««««««eeeereemnmrminnnii. 20
Dimensions of computational domain and free surface refinement regions. -« «-««-+-eveeeenen 20

Meshed computational domain with refinement and boundary conditions for regular waves. 21
Mesh around bow and extra mesh refinement at shaft end and transom (Top and Bottom )-- 21
Order Of SOKES WAVE GENEIALION «+ -+ xrrrrrrrrrrrttrtttttttttttititit ittt 22
Computed velocity distribution on the propeller plane (x/L =0.98) in calm water --««--------- 23
Comparison of the nominal wave field in calm water. EFD and CFD by Wu et al. (2020) -- 24

Snapshot of spatial wave profile for wave calibration test and Simulated wave elevation for

model wave he|ght ..................................................................................... 25
Time history of total resistance in regular waves for symmetric KCS hull-+- -+« vvvvnnn 26
Free surface contour around hull in regu|ar MVAVES = v veremrnrnnnseaesnaaaeaanseaeasnanaeannnanns 27

The results of the CFD calculation of the non-dimensional added resistance coefficient in
regu|ar MVBIES + v+ v v v v nemmeaea e ta e e e te e e e e et e e e et 27
Non-dimensional added resistance coefficient in regular waves by CFD «--«-vvevveveennnnn. 27

Comparison of resistance in calm water obtained using CFD (port side) with experimental

FESUIES (FI1 == 0.25). e v rereeee ettt 28
Time history of total resistance in regular waves for symmetric RIOS hull-------- - evvvveeeen 29
Free surface contour around ship hull in regular Waves «------«-xvoveeniii 29

Comparison of CFD and experimental results in regular waves at Fn = 0.25 with theoretical

results obtained by potentia| based Method. -« cvrovrrrmrm 29

X1



3.19:

3.20:
3.21:

3.22:
3.23:
3.24:

3.25:
3.26:
3.27:
3.28:

3.29:
3.30:
3.31L:
3.32:

3.33:
3.34:

4.1:

4.2:
4.3:
4.4:
4.5:

4.6:
4.7:

4.8:
4.9:

Meshed computational domain with box refinement and boundary conditions for regular

ODIIGUE WAVES GENETALION. «+++++++ttrretttttttttttttttttt ittt 30
Schematic diagram of oblique wave encounter by the ship. -« roevreirin 31
CFD results of heave (¢3), pitch (8) and roll (¢) RAOs are compared with PF method. where

K 1S The WaVe NUMIDEE. -« v v v vt a e r s s s s aaeens 33
Calculation of added resistance in Ob||que MVAVES + v v n v v mrranasnsnasasnsnanasnsnanasasnsnannnnns 33
Free surface contour around Sh|p UL - e 34

CFD calculation results of added resistance coefficient compared with potential theory-based

81211 17016 PR P 34
Time series of roll Motion amMPltUde: -+« «« o vrveerrre 35
Time series Of total drag reSIStANCE ««««««xxrrerrrrrrrirriii 35
Ilustration of correction coefficient with vs Froude number--«-«-«-«-rorevemnnnn. 37

The approximation of non-linear effect correction coefficient Cs, V arranged with wave

SEEEPNESS HWS /A, +evrerreneenetn ettt 37
The correction coefficient for the Hws/A. input is organized by each Fn. -+« ovvvvevennnns 38
3D plot of correction coefficient Vs the CFD data - ««««««xsrrrerersmrrmmiiiiii, 38
Effect of wave height on added resistance calculated in regular waves using CFD. --------- 39

The approximation of non-linear effect correction coefficient C(s) arranged with wave
Steepness HWS//1 .................................................................................... 40
CFD calculation results of added resistance W.r.t to Wave Steepness -+« -« +xrrrrrereeeanss 41

The approximation of non-linear effect correction coefficient C(s) arranged with wave

STEEPNESS HWS /A ++v v eeeeees et 41
Computational domain with overset grid technique and boundary conditions for irregular
WAVES JENMETALION, -+ -+ v+ v e s e e e et eet et et 44
Comparison of wave spectrum with different grid sizes at probg 1 «-««-«--vvoevvriiinnnnn. 46
1-to-1 ratio between the cell sizes of the two domains across the interface. «---«---v-veveven 48
Overset mesh and mesh background AOMAIN «««««++++++srsrrrrmrrrrriiinna i 48

Mesh Computational domains with free surface box refinements in both the domains for
irregular wave generation with adaptive grid refinement technique. -« -« -voeveeeeiennnnens 49
Schematic diagram of calculation set up in CFD using numerical virtual spring.-«-«--«------- 50

Comparison of convergence histories of surge motion and drag resistance in calm water

conditions between CFD and tank tRSES =« -+« xxxerrrnremtmermieiriaiai i i saasaanaannnnns 51
Time histories of total resistance in irregular Waves -« -« vveeerr, 51
Time history of measured encountered long-crested irregular Waves: -+« -« «-cvoerrvrenanns. 52

X11



4.10: Comparison of wave energy spectrum based on JONSWAP wave Spectrum -« -« -« veeue- 52

4.12: Time history of measured encountered long-crested irregular Waves -« « -+« oeveereeienenne. 54
4.13: Comparison of target JONSWAP wave spectrum with measured wave spectrum -« «--------- 54
4.14: Time histories of total resistance in irregular waves of Oblique sea conditions -« «-««-«+------ 54
4.14: Free surface contour around ship hull in oblique irregular waves -« -« - evoerviiinnnnen. 55

5.1: Definition of envelope of irregular waves, wave height and wave period per wave of wave
model expressed by carrier wave proposed by Longuet-Higgins. -« -« eveeveernninnnnn. 58
5.3: Joint probability density function of wave height and wave period of JONSWAP spectrum
with the band Width parameter v = 0.39.«+++«+ttrrrrrrririiiiiiiiiiiii 75
5.4: Joint probability density function of wave height and wave period of ITTC spectrum with the
band Width PArameter v = 042+« xxerrrrrrrttetaaiiaiiii e 75
5.5: Comparison of joint probability density functions of wave height and wave period. Filled
contour is that obtained from the time series simulation of JONSWAP spectrum. Line contour
from the Original Longuet-Higging MOGEL. ««««««««« errrrrriiiiiiiiiiiiii 76
5.6: Comparison of joint probability density functions of wave height and wave period. Filled
contour is that obtained from the time series simulation of JONSWAP spectrum. Line contour
from the Modified Longuet-Higgins model by peak period. -« v vveverieninnin.. 77
5.7: Comparison of joint probability density functions of wave height and wave period. Filled
contour is that obtained from time series simulation of JONSWAP spectrum. Line contour is
from the improved modified Longuet-Higgins model replaced with peak period. --+--------- 80
5.8: Comparison of joint probability density functions of wave height and wave period. Filled
contour is that obtained from the time series simulation of JONSWAP spectrum. Line contour
is from the modified Longuet-Higgins model replacing the carrier wave period to the
spectrum peak period and reducing the spread of the tail. -+ -+« ovrvvevieniiii 84
6.1: Joint probability density function of wave height and heave height of RIOS container ship
advancing with Fn = 0.25 in head wave of ITTC wave spectrum for TO1 = 6s.+-+++----- 93
6.2: Joint probability density function of wave height and heave height of RIOS containership
advancing with Fn = 0.25 in head wave of ITTC wave spectrum for T01 = 10s. «--+------ 93
6.3: Joint probability density function of wave height and heave height of RIOS container ship
advancing with Fn = 0.25 in head wave of ITTC wave spectrum for T01 = 18s. «--+------ 93
6.4: Exceedance probability of heave height of RIOS container ship advancing with Fn = 0.25 in
head wave Of ITTC wave Spectrum for TO1 = 10S. rrerrerrereereninerarsarasssasasansssnnrnas 93
6.5: Exceedance probability of heave height of RIOS container ship advancing with Fn=0.25 in
head wave of ITTC wave Spectrum for TOT = 18S.-+--xrrerrreemrernmiiiieie, 94

X111



7.1: Comparison of average added resistances in irregular waves by a spectral method, linear pdf
method, and nonlinear pdf method at Fn = 0.14,0.20,0.26. -« rorreerrminnieinen, 102
7.2: Comparison among the short-term prediction calculation results using conventional spectral
method , original and modified linear PDF method and proposed non-linear PDF method in
different significant Wave REIGRLS. «««««««+rrrrrrrrrrrrrriiiiiii 103
7.3: Comparison among the irregular wave resistance test and CFD numerical results of the non-
dimensioned added wave resistance with the short-term prediction calculation results using
conventional spectral method and proposed non-linear PDF method. -+« -+ vvveeeveneennns 105
7.4: Comparison between CFD numerical results of the non-dimensionalized added resistance in
oblique irregular waves with the short-term prediction calculation results using conventional

Spectrum method and non-linear PDF method. -« - cvrormmmiii e 106

X1v



List of Tables

2.1:
2.2:
2.3:
3.1:
3.2
3.3
3.4:
3.5:
3.6:
3.7:
4.1:
4.2:
4.3:
4.4
4.5:
4.6:
4.7:
5.1

Principle particulars of RIOS CONTAINEISNIP «++++++++tererererrrrmtmimiiiiiiiiiiiiiiee 10
Model tank tests in head sea conditions for RIOS containership:««««-««-coeveevvnnininnn, 12
Measured vs target Hy/z and Toz in irregular wave eXperiment -« -« oooevevereinnn.. 14
Schemes used in the present CFD SIMUIALION =+« ++xxxeereeenrreennri 18
Principle particulars of SRIPS ««««««xvreernrrmmn 19
Grid CONVEIGENCE TESE CASES ««+ v+ xrrrrrrsssrrssetsestt ettt ettt 23
CFD simulation cases for added wave resistance calculation for different wave heights ------- 25
CED CalCUIALION CASES « -+ ++ v v e rvrrermneesutee sttt ettt aaseatessaeesareseaseerareeas 28
TiMe SteP CAICUIALION -« -+ v v v vreeerrrt it 28
Time Step CAICUIALION -+ ++vx v erreenrreei i 32
Grid CONVEIGENCE TESE CASES ««+rvxrrrrrrrrrrnsrssert ettt ettt 45
Convergence Analysis on Numerical Mesh and Time Step. -« -« -xrerrrvmerinin, 45
Study of mesh sensitivity by comparing CFD and tank tests ««« -« vvevereriniiiiiins 46
Study Of time SteP SENSItIVILY -+« +«++++xrvrvrrrrrrriniritiii b 47
OVEISEt AOMAIN CIIMIENSIONS « -+« «x«x e e eexenennenenenan e eneteae e e eaee e e eaea e eneaea e aenanees 47
CFD Simulation Cases in irreQUIAr WAVES ««««««««««xrrrrrrrrrrrrriiiiiiiiiiiiii 49
CFD Simulation Cases in irreQUIAr WAVES «««««««««««rrrrrrrrrrrrriiiiiiiiiiiiii 53
Mean wave period by the pdf fUNCtion CAICUIAtION «++++++++rrrrrrrrrrrrrrrriiiiiii 81






Symbols

In chapter 2,
LOA

Lyp
AT

w

Wp

Fn
Hy/3
To1
Hi/3m
TOlm
FFT
RIOS
S(w)
S(we)

Us

In chapter 3,
k—o

Lyes

dx

dz

H o

Overall ship length

Length between perpendiculars
Sampling time

Wave frequency

Peak wave frequency

Froude number

Significant wave height

Mean wave period

Significant wave height

Mean wave period

Fast Fourier Transformation
Research Initiate on Oceangoing Ships
Wave spectrum

Encounter wave spectrum
Spectral peak enhancement factor
Dimensionless constant

Spectral peak width parameter.
Constant

Wave encounter angle with ship

k—omega (k-®) turbulence model
Reference length

Mesh cell size in longitudinal direction
Mesh cell size in vertical direction
Model scale wave height

Model scale wavelength

Encounter wave period

xvii



H, Actual ship scale wave height

Ry Added resistance in regular waves
Rrotar Total resistance in regular waves
Rcaim Calm water resistance

Ag Effective wavelength

B Oblique wave angle

{3 Heave motion amplitude

0 Pitch motion amplitude

Y Roll motion amplitude

C(s,V)orC(s) Correction coefficient

s Wave steepness

g Gravity

% Ship speed

Kaw Added resistance coefficient
{a Wave amplitude

In chapter 4,

Tym Model scale peak wave period
m, n'" order Spectral moment
m, Zeroth order spectral moment
my Ist order spectral moment

At Time step size

K Spring constant

To Spring initial tension

In chapter 5,

H Wave height of one wave

T Time period of one wave
Hy3 Significant wave height

Tox Mean wave period

Toz Zero up crossing mean wave period



p(t) Envelope wave height

¢(t) Phase shift

Wm Mean wave frequency

x(t) Stochastic process

H(t) Instantaneous wave height

T(t) Instantaneous Wave Period

f,n) Obijective probability density function

v Spectral width parameter

¢ Dimensionless wave height

n Dimensionless wave height

&n Uniform random phase

Crx (T) Autocorrelation function

Syx (W) Power spectrum of the wave

W Certain wave frequency

X¢ Cosine wave component

X Time derivative of Cosine wave component

X Sin wave component

X Time derivative of sin wave component

) Covariance matrix

p(t) Instantaneous wave amplitude

() Probability density function of wave height

f@m Probability density function of wave period

L Normalizing factor for original L-H model

L, Normalizing factor for modified L-H model by peak period
L, Normalizing factor for modified L-H model by peak period and spread
reduction

Mp Peak period of the wave spectrum

No2 Mean period due to the wave spectrum

Nm Mean wave period by the probability density function
a Correction factor for peak period

Correction factor for tail spread distribution

In chapter 6,

Wem Mean wave frequency of the encounter wave



y(t)

z(t)
H(w)
H,

Yn

Sy

(z

Iy(2)
f(&y,42)

In chapter 7,
T,

Wave equation

Wave number at infinite depth

Encounter angle between the ship and the wave
Motion displacement of the advancing ship

Frequency response function of the motion to the wave
Response amplitude and

Phase lag

Instantaneous dimensionless wave height
Instantaneous dimensionless ship motion height
Zeroth order Modified Bessel function

Obijective probability density function

Non-dimensionalized wave period



Chapter 1

Introduction

In actual seas, ships are always affected by the waves and there is a growing demand for a highly
accurate evaluation of the actual sea performance of ships taking into account the effect of waves in
resistance calculations from the viewpoint of the operational economy and environmental
protection. The added resistance has a substantial effect on the engine or propulsion system
selection and ship’s performance in terms of sustain a service speed optimizing fuel consumption in
a realistic seaway. Although many studies have been conducted to improve fuel consumption of
ships in seaway to meet the requirement for minimum energy efficiency level measured by an
Energy Efficiency Design Index (EEDI) and Energy Efficiency Operational Indicator (EEOI)
which are regulated by the International Maritime Organization’s (IMO) Marine Environment
Protection Committee (MEPC). But the current problem is the estimated added resistance in short
wavelength region, where actual ships navigates, deviates from experimental data. According to
EEDI under the mandate by 2025 regulations, it aims to improve the efficiency of 30% of the
damage to the ship due to environmental loads such as winds and waves. As zero emissions are the
goal for marine vessels in the future, it is essential to accurately estimate the added resistance when
navigating in actual seas. Fig. 1.1 (a), (b) shows the containership travelling in calm water and in

real ocean random waves.

Ficure 1.1: (a) Ships navigating in calm water (b) Ship navigating in random waves



Many approaches have been developed to predict and estimate the added resistance such as using
experimental fluid dynamics (EFD) and potential flow (PF) and lately computational fluid
dynamics (CFD). It is very important to introduce new development methods for designing precise
marine performance in actual seas. Also, accurate predictions of the added resistance are necessary
for the implementation of the modern on-board ship routing systems. The added resistance’s value
is relatively small when compared to the amplitude of the excitation force because it is of second
order nature and is dependent on the mean value of wave force as shown by Faltinsen, 1990 [8].
Thus, a high degree of accuracy is required both in the experiments and calculations. On the other
hand , the studies of added resistance has revealed that it is dependent on factors such as ship
motion, ship speed, wave duration, wave height, wave heading, hull form, bow shape, and bow
relative motion. The motivation to write this thesis stems from the wish of the author to consolidate
his knowledge in seakeeping in particular getting deep into the added resistance in waves
investigating the wave height effect phenomena using stochastic, CFD and EFD methods. This
thesis provide uniform and concise theory on stochastic analysis and probabilistic predictions of
random ocean waves. The scope of the thesis is to seek to apply a series of improvements to the
representation of the joint distribution of wave heights and periods in deep water. Authors tried to
modify the Longuet-Higgins model by allowing a more realistic mathematical description of the
random ocean waves in terms of estimating precise added resistance in irregular waves. Authors

also discussed about the probability of simultaneous occurrence of wave and ship motion response.

1.1 Background

Conventionally the added resistance in irregular waves has been treated by spectral analysis using
added resistance transfer function and wave spectrum that corresponds to statistical values in a
short term. Meaning using the estimation of frequency response transfer function of added
resistance in regular waves, the total amount is predicted by the moment of response spectrum
criterion for calculating added resistance in short-term sea conditions. This is correct in the linear
approach based on potential theory using linear superposition principal. Most of the studies have
focused on calculating the added resistance transfer function accurately in regular waves. Seo et al.
(2014)[45] predicted the added resistance using potential-based methods. However, due to its
limitations which make it difficult in considering the nonlinearity and viscosity effects. In
particular, the added resistance in waves is greatly affected by the hydrodynamic force acting near
the waterline at the bow, but the hull form above the waterline is not considered in the linear theory.
So, this approach does not reflect wave-body interactions above the waterline, an important aspect

in considering nonlinear hydrodynamic effects.



In short waves, typical potential flow methods fail due to a variety of reasons. If a typical
strip/slender body theory is applied to solve the seakeeping problem, the abrupt hull form changes
in the bow region cannot be captured correctly, and this is a reason for the underestimation.
Predictions using EUT method by Kashiwagi (1992)[20] 3D panel methods have often shown
significant improvement. However, even then, there is a considerable underestimation when
applying these methods discussed by Liu et al. (2011)[29] to the prediction of the added resistance.
Another issue in this respect is beyond the basic assumptions of potential flow theory, namely the
wave breaking/viscous effect. As confirmed recently by several experimental studies by Valanto &
Hong (2015)[50] and laborious CFD calculations by Ley et al (2014)[28], viscous effects appear to
play a significant role in the prediction of added resistance in very short waves. In tank tests, the
accurate measurement of the added resistance in short waves is a big challenge due to the very
small, measured values, breaking wave/spray phenomena etc. This leads the tank operators to use
steeper incident short waves for respective measurements, which may put the quadratic dependency

of the added resistance on wave height under question.

In this respect, many researchers have tried to include the effect of wave height in the prediction of
added resistance in actuals seas like Lang and Mao (2020)[25] also tried to propose a non -linear
wave height correction factor in terms of significant wave height in the conventional formula. He
infused the factor by integrating wave spectrum with the semi-empirical added resistance in regular
waves (based on potential theory results), to estimate the nonlinear increase of fuel consumption
when a ship is sailing in harsh sea environments. Kobayashi (2007)[20] and Kuroda et al.
(2016)[23] tried to construct the time histories of added resistance in irregular seas by using the
higher-order approximation response model in regular waves. Despite this model being partially
satisfactory in mild sea conditions, discrepancies were inevitable in high wave heights or harsh seas.
It has been examined through experimental studies by Lee et al. (2017)[27] that the added
resistance transfer function is dependent on the wave steepness of regular waves and shows non-
linearity with respect to wave height. Yasukawa et al. (2016)[10] conducted model tests in regular
waves at two different wave heights as well as in irregular waves. They measured the quadratic
transfer function of the wave added resistance for three ship models. Their results clearly

demonstrate that nonlinearity is important especially for A/L,,, < 0.7 and the added resistance is

proportional to power of wave height less than two for these wavelengths. Hence, the spectral
analysis is incomplete enough to estimate the added resistance in actual irregular seas appropriately
and that the quadratic transfer function of wave added resistance is dependent on wave height.

Sigmund et al. (2018)[47] also investigated the effect of the wave steepness on the added wave



resistance coefficient for the containership (DTC) and the tanker (KVLCC2) using CFD. The
investigation shows similar trends that were shown using experimental study by Yasukawa et al.

(2016)[10] except for very short wavelength case A/L,,, < 0.5 where the added wave resistance

coefficient has strong influence by the high wave steepness in very short waves and decreased with
decreasing wave steepness. Yoo et al., (2020)[53] carried out the experimental and CFD studies to
estimate the added resistance in irregular waves and compared it with the conventional spectrum
method. The study demonstrated that the spectrum method underestimates the values and proved
the necessity of direct estimation of added resistance in irregular waves to account the non-linear
interaction between the ship and waves. Similarly, Lee et al., (2022)[25] showed that direct

estimation of average added resistance in irregular waves differs from the spectrum method results.

The cross-Bispectral analysis proposed by Dalzell (1974)[2] is effective for analyzing the nonlinear
effects related to wave height and wave steepness as second-order nonlinear responses, but it is
difficult to ensure accuracy practically because it requires long measurement data. On the other
hand, Hirayama and Wang (1993)[9], based on Hsu's method (1970)[11], analyzed the added
resistance in irregular waves by regarding irregular waves as continuous half-waves of regular
waves. It was shown that the analytical results generally agree with the results obtained from the
added resistance in regular waves in the linear region with small wave heights and small wave
steepness. Unlike the spectrum analysis method, this method specifies the wave height and the
wave steepness, so that the added resistance in irregular waves can be formulated considering the
nonlinearity of them. Jawa et al. (2022)[15] proposed a probability density function method based
on the mathematical model by Hirayama et al. (1993) [9] and Hsu (1970) [11] in the estimation of
added resistance in irregular waves to incorporate the non-linear effect of wave height. But results
showed discrepancy with the conventional method based on spectral analysis i.e., wave period of
the maximum added resistance was evaluated longer than the result of the spectrum method.

Further improvement in the method was needed.

1.2 Methodology flowchart

This section describes about the detailed research methodology used in this paper. The process of
examining the short-term prediction of non-linear added resistance is divided into five main steps:
1) goal and scope, 2) Experimental analysis in the Towing tank 3) numerical modelling, 4) CFD

Simulations results 5) Prediction of average added resistance in irregular waves by non-linear PDF



method and validate the method by the CFD and experimental results directly in irregular waves.

The outline of each step is presented in Fig. 1.2.

Step 1: Goal and scope ] .
Environmental Conditions

Vessel selection 1. Calm water

KCS And RIOS Containership 2. Regular waves (Different incident wave heights) calculation of €(s)

3. Irregular waves (JONSWAP spectrum)

3

Step 2: Estimation of added resistance by experiments in towing tank in Regular and Irregular head wave using
RIOS containership.

Step 3: Numerical modelling

Governing Physics Coordinate Mesh Time step Boundary
equations modelling system generation selection conditions

L 2

Step 4: CFD Simulations in Regular and Irregular waves in head and Oblique bow waves

Calm water and total resistance in Regular and
Irregular waves

Step 5: Short term Predictions of average added resistance with Spectrum and PDF method head and Oblique seas

Grid convergence test

Prediction of added resistance by non-linear PDF
method and validate by the CFD and experimental
results directly in irregular head waves.

Estimation of Correction Coefficient Head Waves -
as empirical formula incorporating
non- linearity in linear based added
resistance transfer function obtained
using potential method. Oblique waves =

Prediction of added resistance by non-linear PDF method
and validate by the CFD in bow quartering waves.

FIGURE 1.2: Flow chart showing the methodology adopted in the study.

The first step describes the research aim and objectives studied to achieve them. The hull of two
types KCS and RIOS containership are selected in this study. The second step is the experimental
analysis of average added resistance conducted in the towing tank in the regular and irregular
waves with RIOS containership. The third step explains about the details of the numerical
simulation set up applied to added wave resistance calculations to the CFD physical model
including governing equations, mesh generation, time step selection, etc. In the fourth step
describes about grid convergence study and wave calibration tests done in regular and irregular
head and oblique waves and obtaining the added wave calculation results from the obtained time
series data of total resistance and calm water resistance and the last step 5 is the using the non-
linear correction coefficient from the added wave resistance CFD data in the regular waves and
finally compare the short term prediction results of average wave added resistance (in the irregular

wave field scenario) through conventional spectral method and PDF method which includes on-



linearity due to wave height and validate the non-linear PDF method by the CFD and experimental

results directly estimated in head and oblique irregular waves.

1.3 Objectives

Commercial ships frequently operate under irregular sea conditions; hence, their performance must
be estimated through simulations in a more realistic environment. As ships becomes larger, the
influence of short wavelength region increases. According to linear theory, the added resistance in
waves is proportional to square of the wave height, but it has pointed out it deviates from linear
theory and linear superposition principal cannot be applied. Since the conventional spectrum
method is not applicable for nonlinear responses that can include nonlinearities that occur due to
wave height. Therefore, we have proposed and validated a new mathematical model in which the
wave height is explicitly considered so that the effect of nonlinearity due to wave height can be

taken into account when calculating added resistance in actual seas.

Due to its wide use for research purposes, the KCS and RIOS vessel has been selected as a test case
for this study. Furthermore, the RIOS vessel has recently been tested towing tank as well as with
RIOS system motions inhouse potential theory-based solver. In the present study, wave height
effect on the added resistance in waves is investigated in head and oblique sea regular waves by the

CFD RANSE method and experiments in towing tank on RIOS (http://www.rios.eng.osaka-u.ac.jp)

containership under the different wave heights. That effect illustrates the characteristic of
nonlinearity with respect to wave height in added resistance calculations and is shown as a ratio of
added resistance at higher wave heights to linear condition at small wave height and small wave
steepness. Next, a mathematical model for estimating added resistance with specified wave heights
to which this nonlinear characteristic can be applied is based on statistical theory. This statistical
model has been validated by the direct estimation of added resistance through tank tests and CFD

numerical simulations in irregular head and oblique sea conditions.

In Chapter 2, the experimental set up conducted in 2022 using the RIOS (Research Initiative on
Oceangoing Ships) containership in the towing tank facility of Osaka University is described. The
analysis of motion free tests is performed for 3 degree of freedom ship motions to estimate the
added resistance in regular and irregular head waves of RIOS containership to validate the
proposed probabilistic theoretical short term prediction model. Long crested irregular waves are
generated using the JONSWAP wave spectrum and compare with the measured values for most of

the investigated sea states. Comparison between target and realized wave spectra is shown and


file:///C:/Users/PC-105/AppData/Roaming/Microsoft/Word/(http:/www.rios.eng.osaka-u.ac.jp)

satisfied to confirm the measurement accuracy. Experiments has been performed for different
significant wave heights to estimate and validate the wave steepness non-linearity in added

resistance calculations with the proposed non-linear Pdf method.

In Chapter 3, wave height effect on the added resistance in waves is investigated in head and
obligue regular waves by the CFD RANSE method. Numerical modelling and boundary conditions
for CFD numerical simulations for estimation of added resistance in regular waves and irregular
waves are outlined. All the numerical simulations are performed using a commercial CFD software,
FINE/Marine V 8.2. [36], which is based on the ISIS-CFD flow solver developed at Ecole Centrale
de Nantes (ECN). The simulation set-up refers to the recommended value in the user manual of
FINE/Marine for the computation in the present study. Firstly, the simulations are performed in
regular waves on 5 servers of HPC system of 32 cores each to estimate the added resistance in
regular waves of different incident wave heights at different wavelengths and based on the results,
the non-linear correction coefficient is determined, the relative ratio of nonlinearity to linearity,
which is calculated at a few representative frequencies. This wave height effect illustrates the
characteristic of nonlinearity with respect to wave height in added resistance calculations and is
shown as a ratio of added resistance at higher wave heights to linear condition at small wave height
and small wave steepness. Simulation set up and calculation of non-linear correction has been

discussed in this chapter thoroughly.

In Chapter 4, the direct estimation of added resistance in irregular waves using CFD RANSE
based method is being outlined to validate the proposed statistical theory. The RANSE method has
an advantage of including non-linearity due to wave height observed in irregular waves and
supposed to consider their interactions that is the severe coupled ship motions in harsher sea
conditions. Prior to the investigation of the added resistance using the CFD numerical setup, mesh
independency tests are performed to capture the accurate wavelength and free surface elevation. A
series of calibrations are performed to satisfy the input wave spectrum with the energy distribution
of target wave spectrum by the parametric study of grid refinement and time step. After obtaining
the optimum grid size and time step to be used to generate irregular waves accurately, then all the
computations are performed equivalent to towing tank experiments set up. It is solved for 3 degrees
of freedom (heave, pitch, and surge motion) using virtual spring attached with the hull with the
help of user defined function in the dynamic library which made the computational setup complex.
Hence, the overset mesh technique is used in the irregular wave cases to calculate the added

resistance results more accurately and compared with experimental results.



In Chapter 5, The modified versions of the linear theoretical model of Longuet-Higgins (1975,
1983)[30][31] are derived in this work and also compared with the numerical simulations of time
series model of waves under linear assumptions from the given wave spectrum. The main feature
of modifications is to replace the mean wave period with the modal wave period (wave spectrum
peak period) on the Zhang et al.’s (2016)[55] model and further improvement is done by reducing
the tail spread of the probability distribution to get the reasonable added resistance results in
irregular waves. This chapter gives a short review and concise derivation on the theoretical models
adopted in the paper.

In Chapter 6, the multivariate joint probability occurrence of a single wave encountered under
stationary sea conditions and the ship's response to the wave is discussed. Determination of the
joint probability density function of the wave height encountered by the ship and the ship response
expressed by a multivariate Rayleigh probability distribution. First, the relationship between the
spectrum of waves and ship motion spectra and their time series model is determined, and then the
relationship between the time series model and the joint probability density function is determined.
Furthermore, we determined the numerical solution by successive integration of the probability
density function of wave carrier model and heave motion response. This proposed multivariate
probability density function is further verified by the necessary numerical analysis related to the
superposition model for time-series generation of wave height and heave motion height for
containership was carried out according to the zero-up crossing definition to determine the
occurrence frequency of the ship motion height in conjunction with the wave height. It is confirmed

that the ship response motions are synchronized as the average wave period increased.

In Chapter 7, describe the proposed new mathematical model based on the original and modified
statistical models proposed in this thesis in different random sea states by integrating the linear
added resistance responses. The wave height effect is explicitly considered so that the effect of
nonlinearity due to wave height can be taken into account when calculating added resistance in

head and oblique seas. Obtained results and discussion in the present study are summarized

In Chapter 8, General conclusions and recommendations



Chapter 2

Motion free tank experiments

2.1 Introduction

This chapter describes the detailed experimental study to estimate the added resistance in irregular
waves. The tank experiments are conducted in the Osaka University towing tank facility with RIOS
containership model of L,,,,, = 2.5m at the Froude number Fn = 0.25. The length ,width and
depth of tank are 100, 7.8 and 4.35 m, respectively. The motion-free test condition is conducted in
which the ship model was free to surge, heave, and pitch. In this condition, wave-induced ship
motions and hydrodynamic forces acting longitudinal direction for the added resistance are
measured simultaneously. Calibration of irregular waves is done at the wave probe location in the
wave basin prior to the estimation of added resistance. Target and measured wave spectra are
satisfied to have accurate generation of irregular waves using wave spectrum analysis by FFT. The
wave conditions set in the irregular wave resistance test are significant to validate the non-linear
PDF method at smaller and larger significant wave heights. Added resistance is estimated on the

sea states belong to significant wave height H; 3 = 2m, 5m and mean wave period [Ty,] from 7 to

15s on full ship scale in the long-crested irregular waves.

2.2 Ship model and experiment set up

The ship model used in experiments is container ship provided by the Research Initiative of
Oceangoing Ships (RIOS), which is being researched and developed at Osaka University, and
models’ principal particulars are shown in Table 2.1. Fig. 2.4 shows the schematic view of the
experimental facility and its main dimension for RIOS’s containership model. The body plan and
the ship model is shown in the Fig. 2.1 and Fig. 2.2, respectively. In the experiment, wave
displacement, surge, heave, and pitch, and the sampling time was set to AT = 0.01s.The conditions
are determined based on the actual ship scale of L,,= 209.3 m (overall length Ly, = 220.0 m)
published in RIOS. It is equipped with a plunger type wave maker which generates the irregular
waves of different wave spectrums of maximum height 500mm and wavelengths ranging from 0.5

to 15m. Wave absorbers are fitted on both sides of the tank to dampen the waves after each run.



The model is towed with light weight carriage connected to main carriage by means of weak spring
to allow the ship model to be free in surge motion. The potentiometer attached to the model
measure pitch, the one at the top of the guide rods measure heave as shown in the Fig 2.4. Force is
applied to back-and-forth motion in longitudinal direction as it does not have stability and can hit
the rail ends while doing experiments in waves. So, the surge motion needs to be adjusted. In the
resistance test, the surge motion was relatively hold by an external force F, received by the hull
generated by the spring system. The external force F, is proportional to the displacement and is
applied to the ship model to avoid large stretch for spring. It is restricted by a spring in the

experimental set up of spring constant K = 70N/m and initial tension of AF = 4.32 N.

TasLE 2.1: Principle particulars of RIOS containership

Particulars Full scale Model scale
Length between perpendiculars, L, [m] 209.3 25
Maximum beam of waterline, B [m] 32.2 0.3846
Draft, d [m] 115 0.14
Displacement volume , V' [m?] 48037.469 0.08128
Block Coefficient, Cp, 0.6040
LCB (%L,,) (from Mid. Aft+) 2.12
VCG (from keel) , KG [m] 13.2593 0.158
Gyration radius, K, /B 0.35
Gyration radius, K,,/Lpy, Kyy/Lyp 0.2508

FIGURE 2.2: RIOS containership model at Osaka University Towing tank facility
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FIGURE 2.3: Adjustment of the Radius of Gyration

During the test, sway and yaw motions were constrained in this study. The dynamometers at the
middle of the guide rods measures the longitudinal force including surge force and added resistance.
Radius of Gyration and VCG was confirmed and adjusted by this swinging equipment (Fig. 2.3).
Through this guide rod, the carriage tows the model at a given speed of Fn = 0.25. Waves were
measured by capacitance type wave probes in the experiments in which set up one probe was in

front of the bow of the model ship, and another one at the side of the model.

> «| >

Ficure 2.4: Experimental set up in towing tank facility and its schematic view for motion free test
for measuring resistance in waves.

2.3 Wave generation and experimental condition

The long-crested irregular head waves were generated using the JONSWAP wave spectrum from
the wave generator which is calculated by the approximate equation with the input parameters as
significant wave height and mean wave period and can be expressed as given in the Eq. 2.1. The
calibration coefficient was calculated from the obtained capacitance type wave probe system. By
multiplying the obtained coefficient to experimental data, the actual wave measurements can be

obtained. We decided to simulate the sea states belong to significant wave height [H; ;3 = 2m, 5m]

and mean wave period [Ty4] from 7 to 15s are on full ship scale in the long-crested irregular waves.
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Where y is the spectral peak enhancement factor, « is the dimensionless constant , and o is the
spectral peak width parameter.

In order to obtain a sufficient number of encounter waves, the phase term (which was defined by
different random seed numbers ) at the time of irregular wave generation was varied for all wave
conditions to obtain the larger time series of wave components without repetition in different
realizations of the irregular seas. Total of 3 runs were made. The experimental condition is shown
in Tables 2.2.

TaBLE 2.2: Model tank tests in head sea conditions for RIOS containership
(a) Calm water test

Fn 0.25
Motion allowed free surge, heave, and pitch
(b) Regular wave conditions
Fn 0.25
Motion allowed free surge, heave, and pitch
A/ Lpp 0.2t03
Hym (M) 0.020
(c) Irregular wave Conditions
Fn 0.25
Motion allowed free surge, heave, and pitch
Hy j3pm (M) 0.024, 0.060
To1m (5) 0.765, 0.874, 0.984, 1.093, 1.202, 1.311,

1.421, 1.530, 1.639
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2.4 Results and discussions

Time series data of calm water and total drag resistance is obtained for all the test cases.
The section in the time series data is analyzed when it becomes a constant speed after
accelerating the towing vehicle and the clamp is released. Total analysis period was about
50s including the transient response in each run. In each 50s of run, transient response
subsided after 20 secs of accelerating the carriage and releasing of clamp as shown in Fig.
2.5. Hence, approximately 30s of each run was considered for analysis for the calculation
of average added resistance, then taking an average of all the 3 runs of converged time
window for each sea state case mentioned in Table 2.2 which are different test conditions
in model ship scale. Towing tank tests were performed under the calm water and waves
conditions. Measured time series data of wave elevation in long-crested irregular waves
obtained in model tank tests for case Hy 3, = 0.024m , Ty;, = 1.093s as shown in Fig.
2.8. Wave spectrum of the generated waves was obtained by applying fast Fourier
transformation to the time series of the wave elevation attached in front of the ship in the

tank tests and it was compared with the target wave spectrum as shown in Fig. 2.6.

15 —— Calm water drag force (kgf) — Carriage Velocity (m/s) — Surge motion (m)

-

T
0 10 20 30 40 50 60
Time (s)

Ficure 2.5 Measured experimental data in calm water conditions to find valid time range for
converged solution

Average significant wave height and average wave spectrum energy is calculated by using Eq. 2-3.

17 ! 2 n 2 n 2
Ha/zm :j{(Hl/gm) + (i, ) + (i ) /3 2.2)
S, =(S,+S,+52)/3 (2.3)
where *,”,""" represents the first test, second test and third test run.
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Table 2.3 shows a comparison of the significant wave height and average period obtained by the
wave test. Although there is a slight difference between the measured significant wave height and
the mean wave period in the tank tests from the target value as visible in Table 2.3 because there is

always uncertainty attached in conducting the experiments. however, it is considered that there is
no problem in practical use.

TaBLE 2.3: Measured vs target H, /3 and Ty, in irregular wave experiment

Test run Hy /3 (mm) To1m ()
Target Measured Target Measured

1 24 27.29 1.093 0.985

2 24 24.98 1.093 1.052

3 24 27.90 1.093 0.971

In order to obtain the sea wave spectrum S(w) from the encountered wave spectrum of the ship
S(w,) from the time series data of encountered wave by the ship and change the encounter

frequency w, to the wave frequency w , Egs. 2.4 and 2.5 are used.

(1)2
We =W — ?U CoS s (2.4)
d
S(w) = S(we) |~= (2.5)
dw

where ships” moving direction for head seas( u) is 180° .

—- Theoritical (H,;3= 24.00 [mm], Ty = 1.093 [s] )

254 —— Experimntal (H, 5= 26.75 [mm] , Ty, = 1.036 [s] )

S(w) [mm/s]
&
1

8 o (rad/s ) 12 18 20

FiGUre 2.6 A comparison of target JONSWAP wave spectrum with measured wave spectrum at
Hy/3 =2m , Ty, = 10s on full ship scale.

The measured time-series data of total longitudinal resistance as shown in Fig. 2.7 was averaged

for the time range after stabilizing the initial model responses and subtracted the mean value of
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calm water resistance to obtain the significant values for average added resistance. Final

comparison of results are shown in Chapter 7.

Surge motion (m) |

Total resistance in irregular waves (kgf)

Carriage velocity (m/s)

. . . T . .
0 10 20 30 40 50 60
Time (s)

FIGURE 2.7 Time history of measured total resistance force in irregular waves ( Hy 3 = 2m, Ty, =

10s, Fn = 0.25 on full ship scale).

30
20 | H, 3= 0.024m , Ty, = 1,0933| |— measured wave elevation by front wave probe |
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Ficure 2.8 Time history of measured encountered long-crested irregular waves. Assuming long-
crested irregular waves ( Hy 3 =2m, To; = 10s, Fn = 0.25 on full ship scale).

2.5 Conclusion

This chapter described the detailed experimental study to estimate the added resistance in irregular
waves. The motion-free test conditions were conducted in which the ship model was free to surge,
heave, and pitch. In this condition, wave-induced ship motions and hydrodynamic forces acting
longitudinal direction for the added resistance are measured simultaneously. After calibration of
irregular waves, Target and measured wave spectra are satisfied to have accurate generation of
irregular waves using wave spectrum analysis by FFT. The wave conditions set in the irregular
wave resistance test are significant to validate the non-linear PDF method at smaller and larger
significant wave heights. Added resistance is estimated on the sea states belong to significant wave
height [H, /3] = 2m, 5m and mean wave period [Ty,] from 7 to 15s on full ship scale in the long-

crested irregular waves.
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Chapter 3

Formulation of correction coefficient due to wave
height effect

3.1 Introduction

In this chapter, wave height effect on the added resistance in waves is investigated in head and
oblique sea regular waves by the CFD RANSE method on KCS and RIOS containership under the
different wave heights. That effect illustrates the characteristic of nonlinearity with respect to wave
height in added resistance calculations and is shown as a ratio of added resistance at higher wave
heights to linear condition at small wave height and small wave steepness. The non-linearity with
respect to wave height squared is empirically expressed as a "correction coefficient C(s,V) or
C(s)" using CFD simulations in head and oblique regular waves and incorporated this non-linear
wave height effect into linear added wave resistance transfer function. It is determined as the
relative ratio of nonlinearity to linearity, which is calculated at a few representative frequencies.
This correction coefficient is used in the proposed stochastic mathematical model to obtain the
added resistance response function that considers the non-linearity with respect to the wave height.
It includes the formulation and computational methods used in this study. Non-linearity due to
wave steepness (wave height to wavelength ratio), which is more pronounced in the short
wavelength region, has been pointed out, and such wave height effects (or wave steepness effects)

can be incorporated into short-term predictions.

3.2 Why computational fluid dynamics method is used.

In order to investigate the wave height effect and obtain the correction coefficient, we have used a
commercial CFD software, FINE/Marine V 10.2.2, which is based on the ISIS-CFD flow solver
developed at Ecole Centrale de Nantes (ECN). It solves the incompressible RANS equations with
an unstructured finite volume method and VVolume-of-Fluid (VOF) type interface capturing method
for detecting the free surface between air and water. The Mathematical details in the development
of ISIS-CFD are described by Queutey and Visonneau[41]. In this paper, we have mentioned the
formulation of CAD ship model geometry and configurational set up for defining boundary

conditions in regular waves of different wavelengths with varying wave heights/wave steepness.
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For simulating free-surface flows and their interactions with an advancing ship, the use of interface
capturing methods is effective. In order to enhance the sharpness of the interface to have better
results, many studies have been made. For a review of the development of various interface
capturing techniques, we can refer to Wackers et al.,(2011)[52] which also describes the details of
ISIS-CFD flow solver together with validation results. Application of ISIS-CFD flow solver to
unsteady seakeeping problems was shown by Guo et al.(2012)[1] and careful and systematic study
on uncertainty and convergence using 4 different meshes was performed, which shows the
reliability and accuracy of computed results for the prediction of ship motions and added resistance.
Judging from these results obtained so far regarding the reliability of the ISIS-CFD flow solver, it
may be appropriate to use FINE/Marine as an analysis tool for seakeeping problems and
longitudinal drag resistance forces to compare with the theoretical and experimental results to be
obtained in the present study.

This CFD code solves the incompressible unsteady RANS equations using the finite volume
method to generate the spatial discretization of the equations. The governing equations for an
incompressible flow are the Navier-Stokes and continuity equations. In treating turbulent flows,
The k - ® SST model is adopted for the simulation with FINE/Marine. Table 3.1 shows the
summary of the schemes used in the present CFD simulation. Details refer to FINE/Marine
V,10.2.2 [36].

TaBLE 3.1: Schemes used in the present CFD simulation

Item Scheme used

Grid system Unstructured, non-conformal, fully hexahedral
grid

Spatial discretization Finite volume method

Time marching Backward difference, sub-iteration with virtual
time

Free-surface capturing VOF method (BRICS scheme)

Body-surface Boundary Condition Logarithmic function as wall function

Turbulence model k-wSST

3.3 Numerical modeling in regular head waves.

KCS hull model, Korea Research Institute of Ships and Ocean Engineering (KRISO) and RIOS
(Research Initiative on Oceangoing Ships) containership hull types are selected as a case study to
predict the added resistance at different wavelength and wave steepness. The principle particulars

of the ships are given in the Table 3.2. The 3D model and body plans of KCS and RIOS container
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ship are shown in Fig. 3.1 and Fig. 3.2, respectively. The hull model used is symmetrical, so the
only half of the ship hull is used in the calculations for head waves conditions, thus a symmetry
boundary condition is adopted at the center plane boundary. The origin of the computational
domain is the hull centerline and the midship on the draft line. The coordinate system, dimensions
of computational domain used in this calculation and boundary conditions for each external
boundary as shown in Fig. 3.3. The computational domain is —2.0 Ly, < x < 4.5 Ly, in length,
2.0 Lppm £y < 0 Lypm in width and —2.0 Ly < 2 < 1.5 Ly, In height. Here, L5 is set to

either max( A or L,y ).

To accurately represent the regular waves, a grid refinement region of different dimensions and
mesh size was set near the free surface as shown in Fig. 3.4. Box 1 represents the domain of the
incident wave coming from inlet wave generator, ship-hull, and vortex. In region 1 near the hull,
the grid was made fine so that the regular waves would not be attenuated, but in the other regions,
the grid was made gradually coarser in regions 2, 3, and 4 because it was necessary to consider
damping zone for attenuating the waves to reduce reflections at the exit boundaries. Within this

zone, a sponge layer.

TaBLE 3.2: Principle particulars of ships

Particulars Symbols KCS RIOS containership

Length between perpendiculars |Ly,;,,,, [M] 3.2000 25
Maximum beam of waterline B [m] 0.4480 0.3846

Draft d [m] 0.1503 0.14
Displacement volume V [m3] 0.1401 0.08128
Block Coefficient Cp 0.6505 0.6040

LCB (from Mid. Aft+) (%Lyp) 1.48 2.12

VCG (from keel) KG [m] 0.1994 0.158
Gyration radius K,/B 0.40 0.35
Gyration radius K2/ Lpps Kyyl Ly 0.25 0.2508

Ficure 3.1: 3D model of KCS (left) and RIOS containership (Right)
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Ficure 3.2: Body plan of KCS (left) and RIOS containership (Right) below waterline of full
load condition
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FIGURE 3.3: Dimensions of computational domain and free surface refinement regions.

acts as a damping medium in z-direction. Since the Kelvin waves created by the ship will be
dampened by the damping zone behind the body hence no particular sidewise.The grid sizes in
each region are set dx = A»/80 and dz = H..» /16. Generation of regular waves requires 80 cells
per model wavelength(4,,) in the x and y directions and 16 cells per model wave height (H..») in the
z-direction to propagate the waves on the free surface appropriately and applying a constant grid
cell size for both x and y directions in the refined grid area for the free surface ITTC (2011)[12].
Local mesh refinements were applied around the hull and free surface area to capture the proper
incident wave field as shown in Fig. 3.5. The added resistance in short waves is dominantly
affected by the diffraction waves around the ship bow region. Thus, the bow shapes and wave
amplitude of the incident wave significantly affect the added resistance in short waves. The inlet
boundary was set to external as a wave generator. Both sides of the boundary were set to mirror for
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the case of head waves to suppress the wave reflection on the side boundary. The outlet boundary
was set to external, and the speed was 0 m/s at the outer far field. Stokes waves from 1st to 3rd
order can be applied and the estimation of the wave order is automatically performed according to
Fig. 3.6. In most of the cases, the 2nd order Stokes waves were used in this simulation considering
the tendency in the experimental wave profiles for the head waves simulation with a half body, an
imposed motion was applied in the surge direction (negative x direction) with 1/2 sinusoidal ramp
condition while heave and pitch motions were solved, and all other degrees of freedom (sway, roll,

and yaw) remained constraint due to symmetry condition.

Ficure 3.4: Meshed computational domain with box refinement and boundary conditions for
regular waves.
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Ficure 3.6: Order of stokes wave generation

Two approaches i.e., the overset grid method (Chimera approach) and the mesh deformation
technique can be differentiated in terms of how the mesh behaves when the ship is moving. Former
the overset grid method can manage larger ship motions than the mesh deformation technique, but
it has the drawback of some numerical errors caused by the interpolation exchange in the
overlapping cells. However, Fine marine gives good and accurate results with weighted mesh
deformation technique in calm water and regular wave conditions (heave and pitch motion) in less
computational time. If the amount of deformation is not so large, a single grid is recommended
with excellent calculation accuracy. In regular waves, ship motions are solved for heave and pitch
only, other degrees of freedom are constrained. Hence, it is not complex configuration unlike
irregular waves case. For the current settings, the morphing mesh technique is up to two times
faster as compared with the overset mesh for similar number of cells. The simulation time needs to
be divided into discrete time steps. A time step of at least 100 steps per wave period is
recommended by the ITTC (2011)[12]. For implicit solver like ISIS-CFD the Courant number
condition does not apply as the explicit solver and hence the BRICS scheme is applied instead. For
each time step, the solver carries out some non-linear iterations to find the most accurate solution to
the system of equations. To satisfy this condition according to the recommendation from
FINE/Marine, minimum number of 12 non-linear iterations for seakeeping simulations and a

convergence criterion of 4 orders of magnitude have been used in all the simulations.

Furthermore, before implementing the present study, we have conducted the grid convergency tests
on the free surface for proper generation of regular waves to check the dependency of numerical
results on the number of mesh and time step, and we have confirmed appropriate selection of the
parameters; with which we confirmed that virtually no decaying phenomenon exists in an

important computational domain around a ship.
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Grid convergence test

Before the investigation of the added resistance response using the CFD numerical setup, mesh
independency tests were performed to capture the accurate wavelength and free surface elevation
only for the short wavelength cases (1/L,, = 0.5) because in the short waves if the mesh is not
fine enough then added resistance might be underestimated. Ley et al. (2014)[28] and Seo et al.
(2014)[45] showed in their research that the added resistance of a ship is quite sensitive to the grid
spacing near the bow region. So, the coarse and fine mesh cell size were derived by reducing and
increasing cell numbers per wavelength and cell height on free surface respectively using a factor
of /2 based on the base mesh case (Case no. 8 for short wave conditions in Table 3.4). The
simulation time step was calculated proportionally to the mesh size as shown in Table 3.3 where T,

represents the corresponding encountering period.

TasLE 3.3: Grid convergence test cases (1/L,, = 0.5, Fn = 0.2 H,,; = 8m)

Mesh '(\lllgl‘g; rMO.fufg:E Agldx | Hynldz | T.At
Coarse (G1) 8.39 56 11 70

Base (G2) 24.2 80 16 100
Fine (G3) 42.2 113 22 141

Nominal Wake Field

The wake field that would be measured at the propeller plane without the presence or influence of
the propeller modifying the flow at the stern of the ship. Difference between free stream velocity V
and local speed V, normalized by the free stream velocity called Wave Fraction ‘w’. if local

velocity is free stream velocity that means wake fraction is zero that is uniform flow.
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Ficure 3.7 Computed velocity distribution on the propeller plane (x/L =0.98) in calm water

23



The velocity normalized by inflow velocity and the flow into the propeller surface were verified by
the nominal wake field in calm water . The wake fields are compared with the experimental results
of EFD and CFD results of Wu et al. (2020) shown in Fig. 3.8.

The Fig. 3.7 shows the velocity vector and streamline of the flow, and velocity contour obtained
through present CFD computation. The agreement between present CFD and the EFD and CFD
by Wu et al. (2020) is good. A hook-shaped vortex is clearly generated on the propeller plane. The
Present CFD results and very similar to CFD results of Fig. 3.8, however, the shape of the wake in
the CFD results compared to the EFD results of Fig. 3.8, was slightly smaller. The difference is
attributed to the effect of scale; nevertheless, it is considered to be sufficient to show the tendency

of the wake.

EFD

CFD

&

SN
SERSSSSSAS

Ficure 3.8 Comparison of the nominal wave field in calm water. Left: EFD and Right: CFD by
Wau et al. (2020)

Wave calibration test

Also, wave calibration tests need to be done prior to the calculation of added resistance as mesh
should be good enough for modeling waves properly. It was performed for different wave heights
in short-wave conditions. Wave contour of the free surface and results of wave elevation in the
calculation domain is shown in Figs. 3.9. The difference of the simulated model wave height and
input wave for the case of short waves in the CFD calculation setup is 0.99% which means the time

step used and the mesh cell size are suitable for the CFD simulation model.
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Ficure 3.9: Snapshot of spatial wave profile for wave calibration test (1/L,,, = 0.5, H,,; = 8m)
and Simulated wave elevation for model wave height (1/L,,, = 0.5)

3.3.1 KCS hull type numerical simulation conditions

CFD numerical simulation results of added resistance for the KCS hull model in regular head
waves were compared with theoretical available data by a potential-based calculation method based
on linear assumptions. CFD simulations are carried out for the cases given in Table 3.4. The
calculation conditions are shown in Table 3.4, where Fn is set to three conditions, /Ly, is set to
three conditions, the maximum wave height (actual ship scale wave height = H,,;) is set to four
conditions, and the wave direction is set to all as head sea waves (o = 180deg.). However, for
A/L,p, = 0.5, wave collapse occurred at H,,; = 10m, with wave steepness of about 1/12 and 1/8,
respectively, and the calculation got diverged. Therefore, it was excluded from the calculation
conditions. The relationship between the added resistance for the 4 different wave steepness
(Hws/A ) values are investigated for short (4/Lp, = 0.5), moderate (1/L,, = 1.0) and long
(4/L,p, = 1.5) wave conditions at the ship speed related to Fn = 0.14,0.20, 0.26. The additional
calculation at A/L,,, = 0.6 was performed to confirm the accuracy of the calculation at A/L,, =

0.5 and was only performed for Fn = 0.20 condition at H,,; = 2m, 5m.

TaBLE 3.4: CFD simulation cases for added resistance calculation for different wave heights

CFD case no. M Lpp Hyys (M) Fn
1-9 0.5 2,5,8
10-21 1 2,5,8,10 0.14,0.20,0.26
22-33 15 2,5,8,10

The added resistance in waves was calculated by CFD numerical simulations which directly
integrates the pressure acting on the hull surface and estimates the added wave resistance i.e., an
increase in resistance in waves by taking the difference in resistance when traveling in waves and

in calm water according to Eq. 3.1.

Raw = Rrotar — Rcaim (3.1
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Calm water Resistance results (Rqqim )

The grid topology used for numerical simulations for estimating calm water resistance at different
Froude numbers was the same as used in simulation in estimating the resistance in regular waves
and obtained the converged forced signals for R4, a@s shown in Fig. 3.10. The resistance was
taken by averaging the force for last 10 secs in the converged range.

3.0 5
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Time(s)

Ficure 3.10: Convergence history of resistance in calm water (Fn = 0.2)

For the added resistance analysis, regular waves of different wave heights were input and total
resistance in waves (Ry,:q;) Was calculated from CFD simulations for short and long wave cases
(from case 1 to case 33). Convergence of numerical simulations showed the accuracy of waves
after 10 periods of oscillations as after those numerical results showing repeatability as shown in
Fig. 3.11 for the short wavelength case. So, taking the average of a minimum of 8 oscillations of
converged solution for all the cases is shown as two vertical blue-color dotted lines. Finally, we
calculated the added resistance coefficient for all the cases and compare the added resistance
coefficient in waves with potential-based theoretical results shown in Figs. 3.13~3.14. Free surface

animation contour is shown in Fig. 3.12 for short wave case no. 8.
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Ficure 3.11: Time history of total resistance in regular waves for symmetric KCS hull at Fn =
0.2, Hys = 8m for A/L,, = 0.5
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Ficure 3.12: Free surface contour around hull in regular waves (head sea, Fn = 0.2, H,,,;= 8m)

In Fig. 3.13, Non-linear effects can be seen at A/L,, = 1.0, the resistance increase coefficient
decreases as the wave height increases. A similar trend was seen with different Froude numbers as
shown in Fig. 3.14. It shows that the values of the added resistance coefficient in short waves are
much smaller than those in long waves as shown in Figs. 3.13~3.14, which indicates that the added
resistance in short waves with smaller wave heights is difficult to predict experimentally and

numerically.
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Ficure 3.13: The results of the CFD calculation of the non-dimensional added resistance
coefficient in regular waves at Fn = 0.20.
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Ficure 3.14: Non-dimensional added resistance coefficient in regular waves by CFD at Fn =
0.14 and 0.26.
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3.3.2 RIOS hull type numerical conditions

CFD simulations were carried out to estimate the added resistance in regular head sea waves for
only RIOS containership for the cases given in Table 3.5. The time steps used for these calculations
were based on the encounter frequency between ship and waves as given in Table 3.6. However,
for 2/L,, = 0.5, wave collapse occurred at H,,; = 10m, with wave steepness of about 1/12 and 1/8,
respectively, and the calculation got diverged. Therefore, it was excluded from the calculation
conditions and additional calculation was performed to at H,,; = 4m to confirm the accuracy of the

calculation in short wavelength case.

TaBLE 3.5: CFD calculation cases

CFD case no. A Lpp Hws (M) Fn
1-4 0.5 2,4,5,8
5-8 1 2,5,8,10 0.25
9-12 15 2,5,8,10

TABLE 3.6: Time step calculation

A Time Wave Adv. Encounter Encounter Timestep
period(s)  freq. freq. freq. period(s) (s)
1.25 0.8952 1.1170 0.990 2.1070 0.4746 0.004746
2.5 1.2660 0.7899 0.495 1.2848 0.7783 0.003891
3.75 1.5506 0.6449 0.330 0.9749 1.0257 0.003419

Calm water resistance

CFD simulations in calm water performed using the same grid topology as used in simulation in
regular waves and obtained the converged drag resistance Rcqm @S shown in Fig. 3.15. The

resistance was calculated by averaging the drag force for about 10 secs in the converged range.

1 ——|[CFD] Resistance
— — [EXP] Resistance (Mean value)|

0 10 20 30
Time(s)

Ficure 3.15: Comparison of resistance in calm water obtained using CFD (port side) with
experimental results (Fn = 0.25).
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Total resistance in waves was evaluated by the last 10 periods converged in numerical simulations
as shown in Fig. 3.16. So, taking the average of a minimum of 10 oscillations of converged
solution for all the cases i.e., two vertical blue-color dashed lines visible in Fig. 3.16. Finally, we
calculated the added resistance coefficient for all the cases and compare the added resistance
coefficient in waves with potential-based theoretical results shown in Fig. 3.18. Free surface
contour with ship is shown in Fig. 3.17 for the short-wave case no. 4 which shows appropriate
propagation of regular waves and diffracted waves get absorbed properly at the damping zone.
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Ficure 3.16: Time history of total resistance in regular waves for symmetric RIOS hull at Fn =
0.25,4/Ly, = 0.5, H,,s = 8m on full ship scale.

NUMECA Wave_Height

Ficure 3.17: Free surface contour around ship hull in regular waves (head sea, A/L,,, = 0.5, Fn =
0.25, H,¢ = 8m on full ship scale)
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Ficure 3.18: Comparison of CFD and experimental results in regular waves at Fn = 0.25 with
theoretical results obtained by potential based method.
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In Fig. 3.18, non-linear effects can be seen at A/L,, =0.5, 1/L,, =1.0 and 1/L,, =1.5. This
indicates that the tendency of the added wave resistance coefficient with respect to the normalized
wavelength changes not only quantitatively but also qualitatively depending on the wave height.
The added resistance coefficient decreases when wave steepness increases. The major reason is
considered that the influence of the hull form above the waterline on the added resistance in waves
varies depending on the wave height. Since the bow wave is easily broken as the steepness of the
incident wave increases, the variation in wetted area is not proportional to the wave amplitude.
From this, we can see that added resistance in waves is not necessarily proportional to the square of
the wave height.

3.4 Numerical modeling in regular oblique waves.

Kunpeng, C et al. (2021)[21] compared the added resistance in oblique regular waves using CFD
results with potential theory results and towing tank test results, but the differences of results
observed in the comparison as added resistance CFD values are larger than potential values at short
wavelength, the experimental values, and RANS CFD values have same tendency. All the CFD
calculations of the added resistance have been performed for the RIOS containership hull model.
Calculations were carried out on a model scale with a scale ratio of 1/83.72. A rectangular
computational domain consisting of RIOS container ship model rotated to match the angle of

incidence is used in the CFD numerical analysis.

Ficure 3.19: Meshed computational domain with box refinement and boundary conditions for
regular oblique waves generation.
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The origin of the computational domain is the hull centerline and the midship on the draft line. The
coordinate system, dimensions and boundary conditions applied on computational domain used in
this calculation are shown in Fig. 3.19. Here, L, is set to max (4, or L,py,). An imposed motion
was applied in the direction of motion of x and y direction with heave, pitch and roll motions
solved and all other degrees of freedom remained constraint.

Suitable grid refinement region was set near the free surface as shown in Fig. 3.19. The z-axis
direction is usually 1.5H,,,, downward (model ship's wave height =H,,,,, ) and 1.5H,,,,,, upward
based on the draft line, but when the actual ship's wave height is large (8m or more), there is a
possibility that the waves will bounce over the deck and the free surface will exceed the meshed
area, so upward direction was set to 2.5H,,, forH,,; = 8m (actual ship scale wave height
=H,,s ).In the grid refinement region near the hull, the grid was made fine so that the regular
obligue waves would not be attenuated. Damping zone region grid was made coarser to
numerically damp the incident oblique waves. The grid sizes in each region are set dx =
An/60 and dz = Hwm/16, generation of oblique regular waves requires 60 cells per model
wavelength (4,) and 16 cells per model wave height (Hwm) to propagate the waves on the free
surface appropriately. To accurately estimate the total drag resistance, a fine grid must be placed
around the hull and transom; this means that the mesh resolution must be high enough at the ship's
bow and stern to effectively capture radiated waves, and on the starboard and port sides near the
water line to capture incident waves as shown in Fig. 3.19. The system generated the 3" order
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Ficure 3.20: Schematic diagram of oblique wave encounter by the ship.

Stokes’s regular waves model.

Ship's encountered wavelength in oblique waves differs from the applied one. The geometry in Fig.
3.20 is used to calculate the encounter wavelength, where 8 denotes the oblique wave angle and A

denotes the effective wavelength as a result of the oblique encounter. Thus, in head wave direction,
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if the observed wavelength is A, in the case of oblique heading with angle £, the resulting
wavelength is indicated in Eq. 3.2. The time steps used for these calculations were based on the
encounter frequency between ship and waves as given in Table 3.7.

A
Adpg = ——— 3.2
E™ os(180° — B) 3.2
TaBLE 3.7:Time step calculation

N N Wave wave advance encounter encounter time

: period frequency frequency frequency  period step
1.25 2.5 1.266 0.789 0.2475 1.0374 0.964 0.0032
2.5 5 1.790 0.558 0.1237 0.6823 1.466 0.0048
3.75 7.5 2.192 0.456 0.0825 0.5385 1.857 0.0061

3.4.1 Discussion of ship motions and resistance results

Calculations are made for the ship motion transfer functions and added resistance of the RIOS
containership moving forward in bow quartering waves (f = 120°). When a ship is traveling in
oblique waves as opposed to head waves, the flow field is no longer symmetrical, and the waves
are predominantly encountered by one side of the hull. At this time, the ship's rolling motion is now
quite obvious, therefore 3 degrees of freedom i.e., heave, roll, and pitch are solved to determine the
motions of the ship hull using CFD, and the estimation of added resistance in oblique sea
conditions are performed. A potential flow (PF) based solver called EUT results Yoshida et al.
(2017)[54] are used to compare the CFD based RAOs of the RIOS container ship motions for linear
calculations in order to further support the findings as shown in the Fig 3.21.

Heave and pitch motion RAQOs in oblique waves calculated using the present CFD method in linear
conditions have shown well agreement with potential theory method results as shown in Fig. 3.21.
This indicates that the present numerical method is accurate enough to predict the added resistance
calculations at different wave steepness. For roll motion, discrepancies in magnitude are observed
between the CFD and PF results for higher wavelength cases. In the case of the oblique bow waves,
the encounter frequency decreases as the wavelength increases. Because of this, it is anticipated
that the roll responses should gradually rise as the wavelength gets longer and shows maximum
amplitude which is close to the ship’s roll resonance point where the encounter frequency gets

closer to the natural roll frequency as shown in Fig. 3.21.
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Ficure 3.21: CFD results of heave (¢3), pitch (8) and roll (¢) RAOs are compared with PF method.
where k is the wave number.

The added resistance (R,,,) for each CFD simulation cases shown in Table 3.5 is determined by

deducting the resistance in calm water (Rcq:m ) from the time-averaged total resistance (Rro¢q:) in

waves according to Eq. 3.1 The additional calculation was performed at A/L,,, = 0.8,1.25 at

H,,s = 2m to confirm the accuracy of linear ship motion responses.

(N)
o 3 @
L

Resistance
h o
!

=

- Total resistance in Oblique waves

= = Mean value of total resistance in oblique waves ——Steadyrag force in calm watery
T

! Added Resistance [

o

T
1o Time (S)

T
15

20

25

Ficure 3.22: Calculation of added resistance in Oblique waves at Fn = 0.25, H,,; = 5m for

M Lyp = 0.5.

For the added resistance analysis of RIOS containership in oblique regular waves at different wave

heights, total resistance in waves was calculated from CFD simulations for short and long wave

cases (from case 1~12). Convergence of numerical simulations showed the accuracy of waves after
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15s of periods of oscillations as after those numerical results showing repeatability as shown in Fig.
3.22 for the short wavelength case. Similarly, we calculated the added resistance coefficient for all
the cases and compare the added resistance coefficient in waves with potential-based theoretical

results shown in Figs. 3.24. Free surface animation contour is shown in Fig. 3.23 for short wave

case no. 3.

Wave_Height
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Ficure 3.23: Free surface contour around ship hull ( Fn = 0.25,)1/L,, = 0.5 H,s = 5)
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FIGURE 3.24: CFD calculation results of added resistance coefficient compared with potential
theory-based method at Fn = 0.25.

In Fig. 3.24, Non-linear effects can be seen at A/L,, = 0.5, 1/L,, = 1.0, the added resistance
coefficient decreases as the wave height increases. This indicates that the tendency of the added
wave resistance coefficient with respect to the normalized wavelength changes not only

guantitatively but also qualitatively depending on the wave height.
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Ficure 3.25: Time series of roll motion amplitude in /Ly, = 1, H,,; = 5m.
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Ficure 3.26: Time series of total drag resistance in 4/L,, = 1, H,; = 5m.

The results show that in case of wavelength being around ship length, for A/L,,, = 1, ship’s heave
and pitch motion mainly account for the principal resistance. Even though there is higher roll
motion in larger wave heights (H,,s= 5m and 8m) as shown in time series data of roll motion
amplitude in case of H,,s = 5m for A/L,, = 1 in Fig. 3.25 but much larger oscillation in roll
motion has slightly increased total drag resistance and no significant variations observed during
oscillations as shown in the Fig. 3.26. This is because, in case of resistance prediction, ship hull
shape, and heave and pitch motions play most significant role. The higher roll motion is because of

the encounter of incoming waves by one side of the hull.

3.5 Characteristics of nonlinearity for wave steepness

To qualitatively see the nonlinearity due to wave height, the ratio with the added resistance
coefficient of other wave heights was obtained based on the added resistance in a linear condition
of H,s = 2m as follows in Eq. 3.3. This satisfies the linear condition, therefore, R,,, (w, 2) can be

suitable for the denominator of Eq. 3.3.

Raw (w' st)

Cl V)=o)

3.3)

where, C(s,V) or C(s) is a coefficient representing the non-linearity with respect to the wave

steepness, and s is the wave steepness defined by the following Eq. 3.4.
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_ 2mg

, 1= (3.4)

wz
A is the wavelength, and the second equation represents the dispersion relation of the deep-water
wave. Since the minimum wavelength-to-ship-length ratio in CFD calculation is 0.5, its wave
steepness is

Hy,s 2 2 1

= < —.
A 05L,, 1045 50

(3.5)

3.5.1 Estimation of correction coefficient in head waves for KCS

The correction coefficient C(s, V) is empirically determined by CFD data which is only valid for
KCS hull ship type is defined as the fundamental expression for deriving empirical formula, where

a and b are arbitrary constants and « is a function of steepness.
C = exp{a(Fn — a)?} (3.6)

Based on the data fitting of CFD added resistance coefficient values on different wave steepness

and different Froude numbers, empirical expression is derived for correction coefficient

1) s <0.13,where s = H,,;/A

_ (1= —Cy)exp{a(Fn — 0.14)*} ,Fn > 0.14
Cls,V) = Cls,Fn) = { Co ,Fn < 0.14
2) s> 0.13
C(s,V) =C(s,Fn) = C, (3.7)

Where Eq. 3.8~3.10 valid for both the above cases,

a = 105(1.7385s2 + 0.0273s — 0.033) (3.8)
Co = exp(—245.539052) (3.9)
Fn =V/\/gLyy (3.10)

As you can see in the Fig. 3.27, at Fn < 0.14, Correction coefficient empirical formula gives value
equals t0 C = Cy g¢ pn=o14 = exp(—245.5390s2) Similarly, C = exp(—214.5054 s?) at Fn =
0.20, and C = exp(—77.3995 s2) at Fn = 0.26.
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Ficure 3.27: Illustration of correction coefficient with vs Froude number

In making the approximation curve shown in Fig. 3.28, the data in this short wavelength region was
excluded. So, the approximation formula C(s,V) was determined by excluding the non-linear

effect of the short-wavelength range /L, = 0.5.
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Ficure 3.28: The approximation of non-linear effect correction coefficient C (s, V) arranged with

wave steepness H,,¢/A.
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Relationship between non-linear effect correction coefficient and ship speed

From the relationship between the non-linearity correction factor and the wave height, the
relationship between the correction coefficient C(s, V') and the ship speed (V) was examined next.
The relationship between the correction coefficient C(s,V)and the Froude number (Fn) derived
from the approximate curve drawn in Fig. 3.28 is shown in Fig. 3.29. Based on the assumption that
the ship in this study is not expected to operate at speeds higher than Fn = 0.4 and that the
resistance correction coefficient approaches to 1 as the Froude number increases and the coefficient
C can be expressed as a function of the wave steepness (H,,s/A1 ) and the ship speed (Fn) as shown
in Eq. 3.7.
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Ficure 3.29: The correction coefficient for the H,,;/A. input is organized by each Fn.
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Ficure 3.30: 3D plot of correction coefficient vs the CFD data
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Fig. 3.30 shows the execution of the C(s,V), in which cut sections in the 3D plot shows the
approximation curves of non-linear effect correction coefficient at Fn = 0.14,0.20,0.26
respectively as shown in Fig. 3.28. The formula is able to track the impact of the variation of
different wave heights on added resistance in actual seas and can deal with different speeds and

wave steepness.

3.5.2 Estimation of correction coefficient for RIOS hull type

3.5.2.1 Inregular head waves

We conducted a survey of the effects of different wave height on added resistance of RIOS
containership using CFD in regular waves. The results are shown in Fig. 3.31. Here, wave
amplitude ¢, is proportional to the wave height of incident wave. As the wave height increases, the
added wave resistance coefficient K,,,, decreases. Non-linearity due to wave height is quite evident
in the in the short wavelength case 1/L,,, =0.5 while the wave height effect is relatively smaller for
the long wavelength case A1/L,, =1.5 as compared to short wavelength case. This non-linear

tendency seems to be noticeable especially in the short wavelength range.

The correction coefficient C(s) is empirically determined by CFD data which is only valid for

RIOS hull ship type is defined as the fundamental expression for deriving empirical formula,

C(s) = exp{—A4s?} (3.11)
8
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Ficure 3.31 Effect of wave height on added resistance calculated in regular waves using CFD.
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Ficure 3.32 The approximation of non-linear effect correction coefficient C(s) arranged with wave
steepness H,,s/A.

Empirically fitting curve by the exponential function with the ratio of data obtained using Eq 3.3.
which is valid for RIOS container ship is shown in Fig. 3.32.

C(s) = exp(—78.4006s2) (3.12)
3.5.2.2 In regular oblique waves

As shown in Fig. 3.33, non-linearity of added resistance was investigated with varying wave
steepness for short 1/L,,, = 0.5 and A/L,,, = 1.5 long wave conditions. Added resistance shows
quadratic behavior with increase in the wave height. Also, As the wave height increases, the added
wave resistance coefficient decreases. Non-linearity due to wave height is quite evident in the in
the short wavelength case 4/L,,, =0.5 while the wave height effect is relatively smaller for the long

wavelength case 1/L,, =1.5.

Similarly, empirically fitting curve by the exponential function with the ratio of data obtained using

Eq 3.3. which is valid for RIOS container ship in oblique bow waves is shown in Fig. 3.34,

C(s) = exp(—110.883652) (3.13)
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Ficure 3.33 CFD calculation results of added resistance w.r.t to wave steepness

The nonlinearity of added resistance for wave steepness is characterized in C(s) with increasing

wave steepness. This result is applied for the proposed statistical method.

14
—y = exp(-110.883x2)
12 @ H,, ~2m
A— H, =4m
v H,,=5m
1.0 S 4 H,,~8m
—4— H,,=10m

0.8
\4

0.6

0.4 -

Non-linear correction coefficient (C)

0.2 . . , . ;
0.00 0.02 0.04 0.06 0.08

H /%

FIGURE 3.34 The approximation of non-linear effect correction coefficient C(s) arranged with wave
steepness H,,s/A.

3.6 Conclusion

Numerical simulations of CFD with KCS and RIOS containership in head and oblique sea regular
waves under the different wave heights confirmed that added resistance in waves are not
proportional to the square of the wave amplitude. The non-linearity with respect to wave height
squared was empirically expressed as a "correction coefficient C(s, V) or C(s)". Non-linearity due

to wave steepness (wave height to wavelength ratio) estimated , was more pronounced in the short
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wavelength region, and such wave height effects (or wave steepness effects). The validity of a
short-term prediction calculation of the added resistance by the spectrum method performed using
the square of the incident wave amplitude has been questioned. Hence, these nonlinear effects of
wave height and wave steepness are revealed by analyzing the added resistance in irregular waves.

It’s qualitative and quantitative characteristics are described in Section 5 onwards.
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Chapter 4

Direct estimation of added resistance in irregular
waves using RANSE based CFD method

4.1 Introduction

In this chapter, formulation of CFD numerical modeling in irregular waves is constructed
equivalent to towing tank experiments using RIOS containership model. In order to predict
accurately the statistical mean value of the added resistance of large ships in typical seaway
conditions, the added resistance in (relatively) very short waves must be predicted accurately.
Hence, we used CFD tools which use the very dense grids/small size panels needed to correctly
capture the flow changes. Although the direct estimation of average added resistance in irregular
seas using RANSE-based CFD requires a high computational cost, but it can deal with the
nonlinearity inherently observed in irregular waves. Firstly, the methodology for the generation of
irregular wave by the CFD is developed. Parametric study of grid and time step has been performed
for the proper generation of irregular waves. Simulated CFD irregular waves are carried for FFT
analysis, and the wave spectrum is compared with target wave spectrum. Added resistance results

are estimated to validate the proposed non-linear Probability density function method.

4.2 Numerical modelling in irregular head waves

For any numerical analysis, performance of the numerical computation and the accuracy of data
can be improved by many factors like, numerical method, boundary conditions, grid size, time
interval, etc. In this analysis only grid size, time interval and the turbulence are taken care for

improvement which can be modified by the researcher in the numerical computation analysis.

In the numerical simulation on test cases of irregular waves, the overset grid technique was taken to
handle the large-amplitude motion of ship in waves and used for complex configuration of
computational set up. A computational domains size was determined by a reference
length,1,, which is the wavelength corresponding to the peak wave period T,,. Boundary conditions
and a cross-section of the computation mesh are shown in Fig. 4.1. Size of the computational
domain proportionally increased with increase in the mean wave period to accurately capture the

long wave lengths.
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The hull region moves with the ship model and communicates with the background region. The
dimensions of the hull region are 1.2 Ly, in x-direction, 0.5L,,,,, in y-direction, and 0.3Ly,, in

z-direction, which ensures to cover the range of ship’s motion in waves as shown in the Fig. 4.1. 3
degrees of freedom of ship motions were solved and background domain just follows the forward
motion of the ship. The weighted average method is used as the interpolation method and mesh is
adapted to rigid body motions unlike regular waves. CFD computations were performed equivalent
to towing tank experiments set up in which 3 degrees of freedom was solved (heave, pitch, and
surge motion) using virtual spring attached with the hull with the help of user defined function in

the dynamic library which made the computational setup complex.

Background domain (Prescribed Pressure)

ship side 1.5 Lpp
Inlet Probe-2
(Wave generator) X outlet
(Far Field)

2.0Lpp Prt:be-1

B e —— T —
w
1 ;%
1.5Lpp

Overset domain

Bottom (Solid)(Imposed motion Vx)

Ficure 4.1: Computational domain with overset grid technique and boundary conditions for
irregular waves generation.

4.2.1 Grid convergence study for irregular waves generation

The process of mesh generation was performed by the built-in meshing tool HEXPRESSTM
(v10.1.2). A series of calibrations were performed to satisfy the input wave spectrum with the
energy distribution of target wave spectrum by the parametric study of grid refinement and time
step. For irregular waves, there is a range of wave lengths where a part of the energy has shorter
wavelength than the peak value. For the long-crested irregular waves case, a minimum of 40 cells
per peak wavelength corresponding to peak period must be used according to the guidelines for
ship CFD seakeeping simulations from ITTC (2011)[12] for reasonable results. The length of time
step was about 250 time-step per peak period as it was sufficient to generate accurate waves and to
avoid too much amount of damping because larger time step results in wave attenuation. In the

numerical wave tank results, 60 cells per peak wavelength and 10 cells per maximum model wave
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height (1.2 times H, /3,,,) Were generated in the z-direction which gave the reasonable results. So,

we chose this as a base mesh size for generation of irregular waves.

Three different mesh refinement distributions were tested based on base mesh size at the free
surface with a factor of 2 during wave calibration tests as shown in the Table 4.1. The final mesh

numbers for each of the mesh convergence cases are listed in Table 4.2.

TABLE 4.1: Grid convergence test cases (H, /3 = 0.024m ,Ty; = 1.093s)

Total no. of No of cells No of cells per Time step
Type cells per Apm H (z-dir) per Tpm
(millions) (x-dir.) 1/3m -
Coarse 1.1 30 5
Base 2.8 60 10 250
Fine 5.9 120 20

TaBLE 4.2: Convergence Analysis on Numerical Mesh and Time Step.

Grid Scheme Overset (Million) Background(Million) Total
Coarse 0.98 15 2.48
Base 2.1 35 5.60
Fine 3.8 6.3 10.1

Comparison of wave energy density between the model tank tests and CFD simulations results for
the test case Hy;3 = 0.024m, Ty; = 1.093s, dt = T,,,,/250 is shown in the Fig. 4.2. S(w) is the
spectral density obtained by the fast Fourier transform of time series data of wave elevation
obtained by CFD and model tank tests. The accuracy of generated waves was evaluated by the
measured waves at wave probes located at forward and side position of the ship domain in CFD
and model tank tests. In Table 4.3, ratio of zeroth moment between CFD data divided by that of the

model tank tests. The zeroth order spectral moment is obtained by Eq. 4.1 for n = 0.
my, = f w"S(w)dw (4.1)
0

The simulated wave spectrum based on the base grid size provides the favorable agreement with
the model tank tests as shown in Fig. 4.2 and Table 4.3 . It is observed that coarse mesh is not able
to capture the higher frequency wave components and consequently has lesser energy than base
and fine mesh because minimum grid size in the refinement zone is not enough to capture the

smaller wavelengths. In case of fine mesh type, irregular wave generation is nearly same with base
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mesh with some energy loss because grid size is too small in consideration with the time step used

in the calculations. Hence, base mesh is suitable with the selected time step.

TaBLE 4.3: Study of mesh sensitivity by comparing CFD and tank tests

Type CFD/EXP ratio ( Zeroth moment) %
Probe- 1 Probe- 2
Coarse 94 95
Base 98 99
Fine 96 97
30
Experiment
251 CFD [Coarse]
CFD [Base]
20
y CFD [Fine]
N“--.
E 154
£
€ 101
(7))
5 -
0 ——

12

o (rad/s)

Ficure 4.2: Comparison of wave spectrum with different grid sizes at probe 1 (Fn = 0.25, Hy /3 =
2m, Ty, = 10s on full ship scale for At = T,,/250).

The simulation was conducted again for that grid and for different time steps At = T,,,, /200 and
At = T, /300, in order to assess the influence of the timestep selection in correlation with the
spectrum’s main parameters and comparison with theoretical wave characteristics was done. Once
the wave spectrum analysis with different time steps was obtained, the statistical wave parameters
can be derived using the Eq. 4.1. For the timestep sensitivity study as shown in Table 4.4, where it
can be clearly seen that the timestep of T, /250 accurately capture the irregular wave and
statistical wave characteristics are almost identical with the theoretical wave parameters as
compared with smaller and larger time steps. So, the timestep of T,,,/250 was considered
adequate to thoroughly capture the wave transformations. Hence, the results indicate that the proper
combination of mesh size and time step has been achieved for the irregular waves generation

simulation to calculate added resistance using CFD method.
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TaBLE 4.4: Study of time step sensitivity

Wave characteristics Hy/3m (M) Toim ()
(4\/?0) (2rmy/my)
Tym/200 0.021 1.12
Tym/250 0.026 1.09
Tym/300 0.028 1.074
Model tank test at probe 1 0.027 1.036
Theoretical (JONSWAP Spectrum) 0.024 1.093

4.2.2 Overset and adaptive grid technique

A medium mesh system (base mesh) is used for computational domains and in the overset grid
system containing overlapping grid domain that surrounds the RIOS containership hull model in

the background domain.

TaBLE 4.5: Overset domain dimensions

Boundary Distance Boundary conditions
Inlet of overset region 0.75Lppm Overset grid

Outlet of overset region 0.75Lppm

Top of overset region 0.15L,pm

Bottom of overset region 0.15L,pm

Side of overset region 0.15Lp,pm

Mesh is generated in both the domains such that the cells at the boundary of the overlapping
domain are as close as possible to the one of the background domains in that area in order to have
proper interpolation of information between these domains as shown in the CFD guidelines for
overset mesh by Mancini et al., (2017)[32]. Furthermore, at least 3 cells that are required to couple
the overset and background regions refers to cell count in the direction normal to the boundary. In
general , numerical calculations with an overset grid sometimes cause numerical oscillations and
the calculation accuracy may decrease. In order to suppress numerical vibration, it is desirable to
have a mesh in which the node points of the background domain and overset domain (overlap area)
mesh coincide. Fig. 4.3 shows how the requirement is well met throughout the boundary, having a
1-to-1 ratio between the green colored dotted cell sizes of the overset domain and red solid colored

cell sizes of the background domain across the interface.

The free surface box refinements are created in both the domains and the hull surface refinements

is added in the overset one. Another box refinement is added in the background domain around the
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overset domain to comply with the requirement of same cell size in the area around the boundaries

of the overset domain.

Ficure 4.3; 1-to-1 ratio between the cell sizes of the two domains across the interface.

Adaptive grid refinement (AGR) technique is used which has the unique compatibility with
overset meshing that ensures mesh continuity and reduction of numerical error within the two
overlapping meshes. An Adaptive grid refinement algorithm is implemented in the FineMarine
flow solver which automatically refines the mesh during the computation. The adaptive refinement
is an iterative process in which the mesh is dynamically adapted to the requirements of the solution,
during the computation. The decision on where to refine the mesh is based on the physics of the
flow. Mesh adaptation is a powerful tool since it can assure the accuracy of overset computations,
by smoothing out the transition in cell sizes over the interface between domains. Overset continuity
only criterion is used in the simulations. This criterion improves the compatibility between adaptive
grid refinement and overset grid and finds the best optimal mesh refinements to ensure a better
transfer of data interpolation. The criterion checks the cell size at the overlapping boundaries of
each domain and refines the mesh of the other domain, such that its cell sizes are not more than two
times larger. If the criterion is used on its own, it only ensures a smooth transition between cell
sizes; it cannot be relied upon to refine a very coarse background mesh enough to capture a flow.
Therefore, the original meshes in both domains must be reasonably fine already. At least 4 cells are
needed for the initial mesh of the background in the region of each overlapping boundary. In
practice the background grid usually has to be much finer than that.

I 1 I I I
T 1 T 1 T 1
T T

FiGurE 4.4: Overset mesh and mesh background domain
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4.3 Numerical simulation set up

When the results were satisfactory with base mesh system, a ship model was included and
performed the added resistance calculations. 60 cells per peak wavelength A, is necessary to
capture the wave components with larger mean wave period in x and y directions but for shorter
mean wave period cases, 40 cells per peak wavelength was chosen to keep the simulation size low
as the peak wavelength is comparably smaller, otherwise which would have given unreasonable
many cells. Required meshed computational domain as shown in Fig. 4.5. The CFD calculation
conditions are given in Table 4.6. Case 9 (Hy/3m = 0.060m , Ty, = 0.5465) has been excluded
in the calculations as wave steepness is exceeding its limiting condition and resulting in wave

breaking.

Ficure 4.5: Mesh Computational domains with free surface box refinements in both the domains
for irregular wave generation with adaptive grid refinement technique.

TaBLE 4.6: CFD simulation cases in irregular waves at Fn = 0.25

CFD cases Hy/3m (M) To1m (S)
Case 1-8 0.024 0.546, 0.656, 0.765, 0.874, 1.093 ,1.202, 1.530, 1.639
Case 9-16 0.060

We have analyzed the added resistance in long crested irregular waves using CFD according to the
same experimental conditions in the towing tank of the OU facility. The entire calculation area
moves forward at a constant speed V,,, and the calculation area and the hull are connected by a
spring of spring constant of K = 70 N/m and initial tension T, of 4.32 N as shown in Fig. 4.6.
The bottom of the background domain (Z,,;,,) is defined as the solid boundary and is imposed with
a half sinusoidal ramp motion law in negative x direction that brings the vessel from zero velocity

to the desired speed equivalent to Fn = 0.25. This was performed by dynamic library of the
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computational setup files where spring constant K and initial tension T, in the user customization
program (UDP) was defined. As the ship goes in the negative direction of the x-axis, the external
force F exerted by the spring on the hull is shown by Eq. 4.2.

F = —{K(Xpottom — xship) + To} (4.2)

3DOF (Tx, Tz, Ry) of ship are solved

Vx (imposed)

l bottom is imposed in x direction |

Ficure 4.6: Schematic diagram of calculation set up in CFD using numerical virtual spring.
4.4 Numerical simulation results

Irregular waves were generated using the JONSWAP wave spectrum by defining the significant
wave height Hy /3, and peak wave period T, and peakedness factor y = 3.3 in head sea condition.
To obtain the converged time range for accurate estimation of added wave resistance, CFD
numerical simulations in irregular waves were performed for 100 number of wave periods to
encounter for a total time duration, including the release and ramp time to stabilize the initial model
motion responses. ITTC (2017)[13] recommends that a minimum of 50 waves should be
encountered for model scale tests in irregular waves, while further highlighting encountering 100
waves is preferred to achieve the target wave energy spectrum for the resultant values of the
significant wave height and mean wave period. So, larger the wave period, the more is the

simulation time to encounter 100 wave periods.

Simulation in calm water condition was performed to check the feasibility of the overset grid
strategy with external force controlled by spring defined by user defined program in numerical
calculations. To select the valid time range in calm water resistance time series data ,transient range
is about 45s at the surge response was observed as shown in the Fig. 4.7 after the applied release
and ramp time of 15sec. After 50s ,model surge response got stabilized. So, the starting point of
converged time range for the calculation of added resistance in irregular waves is chosen from 50 s

at different sea state conditions as shown in Table 4.6.
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Ficure 4.7: Comparison of convergence histories of surge motion and drag resistance in calm
water conditions (Fn = 0.25) between CFD and tank tests , rectangular box: valid time range after
transient motion.

Now, total resistance in irregular waves was calculated using CFD for all the cases as shown in
Table 4.6 and compared with model tests results. we have shown the calculations for the case 5 and
13 that is for significant wave height H; ;3 of 2m and 5m for mean wave period Ty, of 10s in full
ship scale conditions. Time series data of total resistance force for (H /3, = 0.024m,0.060m ,
To1m = 1.093s) as shown in Fig. 4.8 in model scale. Average total resistance was calculated by
taking the mean after the 50 secs when the model responses got stabilized. The total simulation
time window is different for different time periods.

16
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Ficure 4.8: Time histories of total resistance in irregular waves (head sea, Fn = 0.25, Hy /3, =
0.024m , Ty = 1.093s (top) and Hy 3, = 0.060m, T4, = 1.093s (bottom) , rectangular box:
valid time range after transient motion.
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Ficure 4.9: Time history of measured encountered long-crested irregular waves Hy /s, =
0.024m , Ty = 1.093s (top) and Hy /3, = 0.060m , T4, = 1.093s (bottom).

Wave elevations of irregular wave generation at two sea states are shown in the Fig. 4.9 and
compared the wave energy spectrum obtained by Fast Fourier transformation of time series data of
CFD irregular wave generation with theoretical JONSWAP spectrum and tank tests energy
spectrum shown in Fig 4.10. Free surface contour snapshots in Fig. 4.11 showed that irregular
waves appropriately propagate over the entire domain and diffracted waves from the ship moved
smoothly toward the wake region and get properly absorbed at the damping zone. Comparing the
tank tests and CFD numerical simulation in irregular head sea wave conditions. It was a fair
comparison between both, and target wave energy spectrum was achieved with an approximate
equivalent to theoretical wave energy spectrum as shown in Fig. 4.10.
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Ficure 4.10: Comparison of wave energy spectrum based on JONSWAP wave spectrum at
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N
FIGURE 4.11: Free surface contour around ship hull in irregular wavesH, /3, = 0.024m , Tyqq, =
1.093s (left) and Hy /3, = 0.060m , Tjy1,, = 1.093s (right).

4.5 Numerical modelling in irregular oblique bow waves

Although data for irregular oblique wave conditions is scarce , we have shown the reliable results
of added resistance both in regular and irregular waves. Direct estimation of added resistance in
irregular oblique waves by using RANSE method was performed to validate the proposed non-
linear PDF method in oblique sea conditions. The ship model is free to heave, pitch and roll. The
weighted mesh deformation technique is used. As for the oblique wave conditions, the best-practice
determined from head wave simulations is applied. The computational domain and boundary
conditions in the irregular wave resistance cases were the same as those in the regular wave CFD
simulations except the wave conditions in which irregular oblique waves were generated using the

JONSWAP wave spectrum by defining the significant wave height H, /3, and peak wave period

T, and peakedness factor y = 3.3 in oblique sea conditions.

TaBLE 4.7: CFD simulation cases at Fn = 0.25
CFD cases Hy/3m (M) To1m (S)
Case 1-4 0.024 0.546, 0.656, 1.093, 1.530

The process of mesh generation was performed by the built-in meshing tool HEXPRESS™
(v10.1.2). A series of calibrations were performed to satisfy the input wave spectrum with the
energy distribution of target wave spectrum by the parametric study of grid refinement and time
step. The length of time step was about 250 time-step per peak period as it was sufficient to
generate accurate waves and to avoid too much amount of damping because larger time step results
in wave attenuation. In the numerical wave tank results, 60 cells per peak wavelength and 16 cells
per maximum model wave height (1.2 times H, /3,,,) were generated in the z-direction which gave
the reasonable results. So, we chose this as a base mesh size for generation of oblique irregular

waves.
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Ficure 4.12: Time history of measured encountered long-crested irregular waves( Hy /3 = 2m,
Ty, = 10s, Fn = 0.25 on full ship scale).

Comparison of wave energy density between the theoretical spectrum and numerical spectrum for
the test case Hy/3 = 0.024m, To; = 1.093s, dt =T, /250 is shown in the Fig. 4.13. S(w) is the
spectral density obtained by the fast Fourier transform of time series data of wave elevation shown
in Fig. 4.12 obtained using numerical wave tank. It shows the fair comparison between both,

numerical wave energy spectrum with an approximate equivalent to theoretical wave spectrum.
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Ficure 4.13: Comparison of target JONSWAP wave spectrum with measured wave spectrum at
Hy/3 =2m , Ty, = 10s on full ship scale.

4.6 Numerical results in irregular oblique waves

Now, total resistance in oblique irregular waves was calculated using CFD for all the cases as
shown in Table 4.7. we have shown the calculations for the case 3 that is for significant wave

height H, /3 of 2m for mean wave period Ty, of 10s in full ship scale conditions.

Z 20
:,_ 16 —— Resultant Longitudinal Total drag resistance force|
9 124
§ 8
§ 4]
r 04
e 0 10 20 30 40 soTime (s) 60 70 80 90 100

Ficure 4.14: Time histories of total resistance in irregular waves of Oblique sea conditions, Fn =
0.25, Hy/3m = 0.024m, Ty1,, = 1.093s rectangular box: valid time range after transient motion.
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Time series data of total resistance force as shown in Fig. 4.14 in model scale. Average total
resistance was calculated by taking the mean after the 30 secs when the model responses got
stabilized.

Wave_Height

FiGURE 4.14: Free surface contour around ship hull in oblique irregular waves ( Fn = 0.25, Ty1, =
1.093s, Hy/3m = 0.024m).

4.7 Conclusion

CFD numerical modeling in irregular waves was constructed equivalent to towing tank experiments
using RIOS containership model. Although the direct estimation of average added resistance in
irregular seas using RANSE-based CFD needed a high computational cost as it used 5 HPC (High
Performance Computers) of 32 core each and it took 5-7 days for a calculation to complete for each
case. But the RANSE method has an advantage of including non-linearity due to wave height
observed in irregular waves and supposed to consider their interactions that is the severe coupled
ship motions in harsher sea conditions. Firstly, the methodology for the generation of irregular
wave by the CFD was developed. Parametric study of grid and time step was performed for the
proper generation of irregular waves. Simulated CFD irregular waves were carried for FFT analysis,
and the wave spectrum was compared with target wave spectrum. Obtained added resistance results

will be used to validate the proposed non-linear Probability density function method.
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Chapter 5

Statistical model

5.1 Introduction

This chapter explained the stochastic approach and probabilistic prediction of ocean waves. We
proposed a probability density function method based on the mathematical model in the estimation
of added resistance in irregular waves to incorporate the non-linear effect of wave height. The
conventional method based on spectral analysis is not applicable for the nonlinearities that occur
due to wave height is also presented. First, the introduction of the stochastic approach and
significance in random waves has been discussed. In this chapter, mathematical formulation of
joint probability density function for wave height and wave period based on Longuet-Higgins
model is analytically derived and expressed the probability density functions applicable to wave
height, wave period in a given random sea which represent the statistical characteristics of random
waves. Then, the comparison with a time series simulated model with JONSWAP spectrum is
shown and modified joint probability density function of wave height and wave period with the

improvement in the Longuet-Higgins model is proposed.

5.2 Theoretical background

In ocean engineering, it is very important to provide an exact description on ocean surface waves.
As evaluation of the properties of random wavers is almost impossible on a wave-by-wave basis in
the time domain. However, if we consider the randomly changing waves as a stochastic process,
then it is possible to evaluate the statistical properties of waves through the frequency and the
probability domains. In the stochastic process approach, waves in deep water are characterized as a
Gaussian random process for which the probability distribution of displacement from the mean
value (wave profile) obeys the normal probability law. For stochastic prediction of various
properties (height, period, etc.) of random/irregular waves, the development of a probability density
function applicable for each of these properties is prerequisite. We define the auto-correlation
function which yields the variance of random waves in the time domain and provides information
necessary for transferring from the time domain to the frequency domain. And from this we can
evaluate the wave spectral density function. This provides the mathematical background on which

the probabilistic prediction of wave characteristics is based.
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5.3 Definitions of wave-height and wave period for wave envelope approach

If we consider the irregular wave envelope as shown in Fig.5.1, the time difference between the
zero up crossing point of the wave displacement that appears immediately before the wave crest
and the zero up crossing point that appears next to the wave trough is defined as zero up crossing
wave period T. The zero up crossing mean wave period Ty, is defined as the average of wave
period T. Significant wave height H; /5 is defined as the average of wave height H in the one third
distribution region from the one with the highest frequency of occurrence. These are obtained from
the narrow bandwidth of ocean waves using the wave spectrum as follows. In addition,Ty; is
sometimes referred to as the “energy mean wave period"”, T, is not a visually distinctive average

wave period, such as

My my
H1/3 =4 my, TOl = 27Tm_, T02 =21 m_z
1

my = -[ S(w|H1/3, TOI) dw (5.1)
0

my = f wS(a)|H1/3,T01) dw (52)
0

mp =f wZS(a)|H1/3,T01) dw (5.3)
0

Ficure 5.1: Definition of envelope of irregular waves, wave height and wave period per wave of

wave model expressed by carrier wave proposed by Longuet-Higgins.

Regular waves are represented by wave heights and frequencies that do not vary with time as
shown in Fig. 5.2. The solid line represents the wave displacement, and the dashed line is the wave
envelope connecting the wave crest (or trough). This regular wave can be expressed by the formula
as Eq. 5.4.
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Ficure 5.2: Definition of envelope of regular waves, of wave height and wave period per wave

x(t) = acos(wt) (5.4)
Where,

2n
H=2a T=—
w

On the other hand, irregular waves with amplitudes and phases that vary with time expressed as

x(t) = p(t)cos(¢p(t) + wmt) (5.5)

In case of narrowband waves, the frequency components of the wave lie around the mean wave
frequency w,,. As shown in Fig. 5.1, p(t) represents the envelope height and ¢ (t) the phase shift
from the mean frequency wave. If we define the wave height and wave period of this wave using

the same concept as the regular wave, it will be defined as,

21

() + wp, (56)

H(t) = 2p(t), T(®) =

The simultaneous expression of probability density function of H and T was theoretically shown
by Longuet-Higgins (1975, 1983)[30][31] by defining the envelope of a wave assuming the
linearity and narrow bandness of the wave. Ochi (1998)[37] explains this theory in an easy-to-

understand manner.

f@mn=

1 1/2 {2 ZZ Zz 1 2
8«%(”?) (5> e"p(‘ B ) exp <W(5‘ 1) ) (5.7)

where (and n are defined as the dimensionless wave height and wave period respectively, as

follows:

H
{=4—, = (5.8)
Hy/3 7 Toq
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v is the Spectral width parameter and is defined by the following equation.

1

v = (moﬂzlz - 1)i (5.9)

my

Equation (5.6 ) is obtained by modeling the time variation of the irregular wave as shown in
equation (5.5). The definitions of instantaneous wave heights and periods, in Eq. (5.7) appear to be
different from the definitions of wave height and wave period at the beginning of this section, but

they are the same, obtained under narrow band conditions.

5.4 Statistics of wave height and wave period in the random seas

5.4.1 Irregular wave time series model and associated statistics.

Assuming that the irregular waves follow a stationary Gaussian process, a time series model of the

waves is
(00} [oe]
x(t) = Z a,cos(w,t + &,) = Z a,cos(nwot + &,) (5.10)
n=1 n=1
Wy = ;—n, Tp : measurement section &,: uniform random phase from 0 to 27 independent of n
D

Due to the randomness of ¢, x(t) is a stochastic process. The autocorrelation function of x(t) is
given by Egs. (A30) and (A31) in Appendix section.
f =g=x

p=m= 0
Equation (A34) is the case where
© 1
Cyx(T) = Z — A,y COSNWT (5.11)

n=12

The power spectrum of the wave is from equation (A45)

1 (® . © 1
Sex(w) = Ef Cyx(T)e %t = Z 1Zan2{6(w —nwy) + 6(w + nwy)} (5.12)
— 00 n=

60



S.x(w) is the Double side spectrum. Note that the is a Double side spectrum, E,, (w) from
equations (A46) to (A48), the zero- to second-order moments for the single side spectrum of

mg —f E.x(w)dw —fo 28, (w)dw = zn 15(1" (5.13)

m, =f0 wE,, (w)dw _—fo w28, (w)dw = zn 1Enw0an2 (5.14)

m, = fooszxx(w)dw :f w?2S,(w)dw = Z —(nwo) a,? (5.15)
0 0

m in Equation (5.15) can also be calculated as follows
my = Cyx(0)
The average wave frequency (w,, ) and zero up crossing mean wave frequency (w,, ) are defined

by the following equations.
m

=— 5.16
Wo1 p— ( )
Spectral width parameter is defined as
1
mom
Y= ( o _ 1)2 (5.17)
my

Using these relationships, the probability density function of wave height and wave period is
theoretically obtained from the wave spectrum. The wave probability density function is
constructed from the wave time series model, while the coefficients of the time series model can be
calculated from the wave spectrum by equations (4) to (6). As a result, given the wave spectrum,

the expression of probability density function of wave is obtained.

5.4.2 Assumption of stationary Gaussian distribution of wave components centered

at mean wave frequency and their covariance

To the stationary Gaussian process in the previous section, we have added the assumption of a
narrow-band phenomenon whose frequency components are concentrated around a certain wave

frequency w,.. To demonstrate this, we transform the time series model as follows.

[oe]

x(t) = Z a, cos(w,t + &,)

n=1

[oe]

= Z apcos{(w, — w )t + w.t + &,}

n=1
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= Z aplcos{(w, — w)t + €,} cos w .t — sin{(w, — W)t + £,} sin w,t]
n=1

= x.(t) cos w t — x;(t) sin w,t

Here, x., x¢ are respectively the following expressions.

o

[oe]

(5.18)

x:(t) = Z a, cos{(w, —w )t + &,} = Z a, cos{(n — c)wyt + &,} (5.19)

n=1

[oe]

n=1

o)

xs(t) = Z ay, sin{(w, — w)t + &,} = Z a, sin{(n — c)wot + €,} (5.20)

n=1 n=1
This time derivative is as follows.
x:(t) = 2 —a,(n — c)wy sin{(n — c)wot + €,} (5.21)
n=1
xs(t) = Z a,(n — c)wy cos{(n — c)wyt + &,} (5.22)
n=1

From the assumption of a stationary Gaussian process, the joint probability density function

of x., x5, X, Xs.

o 1 1 ree
f(xe) X, %, Xg) = mexp (—ExTZ 1x> (5.23)

is. where x is the variable vector and X is the covariance matrix of the variables, defined as

follows:

X = [xc' Xs, X¢) J'Cs]T

Cxcxc
Cxsxc
Cxcxc

Cisxc

Cxcxs
Cxsxs
Cxcxs

Cxsxs

Cxcxc
Cxsxc
Cxcxc

Cxsxc

Cxcxs
Cxsxs
Cxcxs

Cxsxs

In order to express the time-series model of formula of Eq. 5.18 as a combination of amplitude and

phase, it is transformed as follows.

x(t) = x.(t) cos w.t — x5(t) sin w,t
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= Re[{x.(t) + ix;(t)}cos w.t + i sin w,t}]

p(t) and ¢ (t) as real-valued functions

p(t) = x2(t) + x52(t)

1 xs(®)
¢(t) =tan~?! (O
If we define
p(0)e?® = x, () + ixs(t) (5.24)

Therefore, we obtain the following equation.
x(t) = Re[p(t)e?Weivct] = Re[p(t)e PO +@D] = p(t) cos(¢p(t) + w,t) (5.25)

From this equation, the instantaneous wave amplitude is expressed by p(t) and the wave frequency
is the time-differentiated argument of the cosine function is represented as
Q= ¢(t) + w,

by using these, we define the dimensionless instantaneous wave height and wave period as follows.

H H  2p®)  p®)

= = = = (5.26)
{ H1/3 4,/7710 4‘,1m0 2,1m0
T
7 S (5.27)

T 0 0+

The range of each variable is from the definition of p, ¢ .

0<({<w

—00 <1<
However, since n represents the wave period, it should originally be defined only for positive
values. This will be corrected later. By variable transformation of f(x., xg, X, Xs), we obtained
f(p.¢,p,¢), by variables contraction, we obtained f(p,$), and by further variables
transformation, the Joint probability density function of the wave height and the wave period
f(¢,n) is derived.

The autocorrelation and cross-correlation functions of (x., xs, X, Xs) are derived by equations (B1)

and (B2) in Appendix B.

® Autocovariance of the x., x5 IS given bY Cycxcr Cxsys-
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Cxsxs = Cxcxc = f Exx(w)dw =my (5-28)
0

® Autocovariance of the X, Xg IS given by cjcxc) Cisys

Cxcxe = foo(w - wc)zExx(w)dw (5.29)
0

The moment order can be divided as follows.

[ee) [ee)

wE,(w)dw + wczf Eyr(w)dw

Cxcxc :f szxx(w)dw - chf
0 0

0
— — 2
Cisxs = Cicxc =My — chml + W "My (5-30)

® Cross-covariance of the two x, and x, is given by ¢, csc

Ciexe = Ciexc(0) =0 (5.31)
® Cross covariance of the two x. and x is given by Cycxs-
Cxsxe = Cxsxc(0) = 0 (5.32)
® Cross covariance of the two x. and x is given by ¢,
Cxsxc = Cisxc(0) = mo(wo1 — @) (5.33)
® Cross covariance of the two X, and x, is given by cycys-
Cxsic = Cxsxc(0) = —(wo1 — w)my (5.34)
® Cross covariance of the two x. and X, is given by cycys
Cisic = Cisic(0) =0 (5.35)
® Cross covariance of the two x, and X is given by cygys
Cisxs = Crsxs(0) =0 (5.36)

5.5 Joint probability density function of wave height and wave period

From the above, the covariance matrix is

co O 0 d
10 ¢ -—-d 0
= 0 —d ¢, 0 (5.37)
d 0 0 ¢
It becomes.
Co = f E.x(w)dw = my (5.38)
0
cy = _[ (0 — W) ?Epy(w)dw = my — 2w.m; + wy2myg (5.39)
0
d =my —mew, = mo(wo1 — wc) (5.40)

The determinant and inverse of the covariance matrix are as follows,
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Co
—d
0

0
—d
0
0
Co
0

rl= g

0
Co

1

N (coc — d?)?

_ 1
" cocy — d?

—d

c —d 0 0 ¢ —-d
|Z| =Cy —d Cy Of[-dfo —-d Cy
0 0 ¢ d 0 0
= CO(COCZCZ - ddCZ) — d(C()CZd - ddd)
= (COCZ - d2)2 (541)
-d 0 0 -d 0 0 ¢ O 0 ¢ —d|T
Cy 0 —10 Cy 0 0 —d 0 —10 —-d Cy
0 ¢ d 0 ¢ d 0 ¢ d 0 0
0 d c 0 d co 0 d c 0 0
c; 0 0 ¢, O —10 —-d O 0 —d c
0 c d 0 ¢ d 0 ¢ d 0 0
0 d cw 0 d c 0 d c 0 0
_d 0 - 0 _d 0 0 CO 0 - 0 CO _d
0 ¢ d 0 ¢ d 0 c d 0 0
0 d co 0 d ¢ 0 d ¢ O 0
—d 0 0 —d 0] —=|0 ¢ O 0 ¢ —d
c;, O 0 ¢ O 0 —d O 0 —d ¢
CoCa — cpd? 0 0 —cocyd + d3T
0 CoCs — cpd?  cocd — dB 0
0 CoCpd —d®  cic, — cod? 0
—coCpd + d3 0 0 céc, — cod?
c; 0 0 —d
0 ¢ d 0
0 d ¢ 0 (5.42)
—-d 0 0 ¢

E,(w) represents the single side spectrum of the wave. Substituting this into equation (5.23), the

Joint occurrence probability density function of x., x, X, X is expressed by the following equation.

f(xc' X, Xc, xs) =

1

- 412 (coc, — d?) P\ 2(cocy, — d?) x

- 412 (coc, — d?) expl 2(coc, — d?) .

1

1

1
Var TZl

T

1
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exp (

1
__ Tz—l )
5% x
c;c 0 0 —d
0 ¢ d 0
0 d ¢ 0]F
—-d 0 0 ¢
CoX, — dXg
) Caxs +dx,
dxg + cox,
—dx; + coXg



1 < xc(Cox, — dxg) + x,(coxs + dx,.) + x.(dxg + cox.) + X, (—dx, + coa'cs)>
exp| —

= 4n? (cocp, — d?) 2(coc, — d?)
3 1 Co (X2 + x2) + 2d(—x.Xs + x%.) + co(x2 + %2)
" 4m2(cyc, — d?) xp 2(coc, — d?)

The variable transformation of the probability density function (x.,xs, X, X5) = (p, o, qu) IS

given by the Jacobian

a(xcv Xs» xcr 555)

(o, .0,9) = fxe, x5, %, %) < (5.43)
( ) crrsirtorts a(P,¢,P,¢)
Specifically, the calculation of the Jacobian is
[0x. 0x, O0x. 0x.]
op 0¢p dp 09
0xy Oxg O0xs 0xg
9(xc, X5, Xy Xs) op 0¢p dp 09
——————— =det| .. X . ;
(p, . 5,9) O%e 0% Ok 0xc
op 0¢p dp 09
0x; O0x; O0xg 0Xg
[dp dp dp 9]
x., xg are from Eq. 5.24.
xc(t) = p(t) cos $(t) (5.44)
x5(t) = p(t) sinp(t) (5.45)
and its time derivative is as follows,
% (1) = p(t) cos p(t) — p(£)d(¢) sin ¢ (t) (5.46)
x5(t) = p(t) sinp(t) + p(t)p(t) cos P(t) (5.47)
So, if we calculate the Jacobian from these
cos ¢ —psing 0 0
a(xCI xs; xc; xs) d t Sln ¢ p COS ¢ 0 0
— X =de P .. ; .
a(p, qb,p',¢) —¢sing —psing —ppcos¢p cos¢p —psing
pcos¢p pcosep —ppsing sing pcosep
= p? (5.48)
f(pl ¢I p' ()b) = f(-xc; xSJ xCJ xS) W = f(xCJ xSl xC' xs)pz
f( b, 5 ¢) _ pz exp | — C2p2 + Zd(_xcxs + xsxc) + Co(pz + pzd)z)
P @: P 4A12(coc, — d?) P 2(cocy — d?)

but if we compute the second term of the argument of the exponential function
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—XcXs + XsX, = —p Ccos¢p (p sin ¢ + p¢ cos qb) + psin¢ (pcosp — pe sin )
= —p%¢p

Therefore,

(5.49)

p? y <_ c2p% — 2dp*P + co(p* + p2<i>2)>

f(P: .0 (;b) = 412 (coc, — d?) € 2(cocy — d?)

where, 0 < p <00,-0<p<00,0<¢d<2m,—0<d< 0

p and ¢ are integrated over the entire region,

. oo 21 )

flp.¢) = f_ fo f(o, d.p.¢)dep dp
ar c2p? — 2dp%p + co(p? + p?¢?) .
,[ f 47r2(cocz az) ( 2(cocy — d2) >d¢ dp

3 _cop? —2dp*P + cop*P® f exo [ — cop? J
Zn(cocz—d2> xp 2(coc, — d2) P\ T 2(eoc, —ar)) P

- P—Zex _2p® —2dp*P + cop®P? _2(coc, —d?)
- 2m(coc, — d?) 2(cocz — d?) Co
— p? _pt - 2dp%p + cop?p?
- \/cho(cocz —d?) 2(coc, — d?)
2d 2
\/27Tco(c0c2 — d2) p( 2(c 2(cocy — d?) (2~ ¢+ codp ))
p? , ,
\/27TC0 (Cocz —d?) exp( 2(Cocz dz)) P <_ 2(coc, — d?) (F2de+ CO(I)Z))
C0P2 2d . .
\/Zﬂco(cocz - dz)exp( Z(Cocz dz)) P (_m(_c_od) " ¢2)> (550

This is obtained, however,

using this relationship, where (coc, — d?)/cé is organized as

CoCz —d*  mg(my — 20,my + w2mg) — m§(weg — @c)?

2
Co

2
mgy
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= W{mo(mz — 2wcmy + wPmy) — m(wor — we)?}
0

= W{mo (my — 2w,my + w.*mp) — m§(wh; — 2wey 0, + wZ)}
0

= —{m, — 20w,m; + w. my — myw§; + 2mowe; W, — Mew?}
my
1
_ 2
= {m, — 20,m; — mywg; + 2mywyrwc}
0

= o {m; —2w,m; — m06051 + 2myw}
0

2
=—m; —Mmuw
o ma = mow},)

= CL)012V2 (5.51)

however, it is applied

1
m,m 2
vz( 220—1) (5.52)

From this we get,

2 2 2
; p C2p p ( 2d . .2)
@) = ———exp| 55— |eXp| = (——P + ¢
f(p ¢) ’ZTL'Cga)mZvZ p< 2c§w012v2> ( 2Cowo1*V? €o

Moreover,
d my(we; — we) ( W )
=901 el — = 1-— = 5.53
o —_ Wo1 — We = Wo1 W01 Wo1K ( )
w
k=1-— < (554)
Wo1
Then, the following formula is obtained.
2 2 2
. p C2p p . (5
= —————— ————(-2 +
o) (- 2ee) e""( Zeachag v LTS )>

/27‘[603(1)0121/2
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p? c2p° p? , 2 3 5,
= exp| —o5s — o |exp| —o—=—— (¢ — woik)” — fwos’x
211e3c3 o 272 2c5cywor°V 2¢9Cowo1°V
0~o0*01

2 2

2

— P P 2 _ 3 2.2 P i 2

= exp| ————=5 5| — cgwo1"K" | | exp —3—22(q.'> — wo1k)

233 wns 22 2coCawo1V< \Co 2¢coCiwo1“V
0Co®@o1

Furthermore, if we organize ¢, /c,

c, my—2w.my + wlim m,m
2 _M cly c Mo _ 012 2_20_ 1+x2| = w012(V2 + KZ) (5.55)
Co my ml
So, applying this
2 2
. p p
f(PKP) = exp _3—22((‘)012(1/2 + 1)
3.3, 2.2 2€0Co W01V
2TCyChwor“V

2
- w012K2)> exp <_p—zvz(¢ - ‘U01K)2>

2¢owo1
2 2 2
p p p : 2
=———exp (— 2—) exp <_ﬁ ((;b — a)01K) ) (5.56)
2mcd woq 2v2 “o C0@or”™V
0 Wo1

From this equation, by transforming the variables in equations (5.26) and (5.27) (p¢) - (¢,n),it
becomes f({,n)

(p. 9)
ag,m)

FE&m =f(p, )

The results obtained from equations (5.26) and (5.27) are as follows,

4/mqy

pt) = —=5—=4(1) = 2/cod(®) (5.57)
. 1 W,
00 = (15~ o) oo (5.58)
and the Jacobian is
dp dp \/_
d(p, § a¢ an Neo 04 afc
6((5,77)) = det % % = det 0 _w_(;l =\/—2_0w01 (5.59)
¢ o 7

Applying these to the equation (5.56) and rearranging, it gives the following equation.
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d(p,¢)

f&m =f(p.d)

ag,m
_ () (2//20)’ (2/ad)" (1 o \ 2/
) 2med wg,2v? ST 2¢co P _260(‘)0121/2 <E_(‘)_01> or TG0k n—zwm
0
_ 8 (5)2 (_252) _2_52 (l_ wc)_ 2
_\/Ev 7 exp exp 2 7 @or K
B 8 z 2 5 (2 1 2

Longuet -Higgins assumed the period of the carrier wave to be the mean wave period, but from this
result it can be seen that the results are the same even if any period is used. That is, the setting of
the carrier wave is a means for deriving the solution, and the probability density function does not

depend on the setting of the carrier wave.

5.5.1 Probability density function of wave height

Integrating equation (5.60) over the entire region with respect to n,

)= £(p.$)dd

_ foo ,02
% ’271003(1)0121/2
p?

pz [es) p2 . 2 .
= - ——— (¢ — d
- exp < ZCO> f_oo exp < 200001 2V2 (¢ wOl’C) ) ¢

21ci wo 2V

2¢owo1

2 2
exp (— 2%)) exp < p—zvz (¢ — a)01K)2> d¢

2 2\ \/2mcowoq2V?
14 exp( P ) 0Wo1

21cd w1 2v2 P

2¢y

2
=P exp <_ P_> (5.61)

Co

Obtained as follows, note that the calculation of the integral requires following integral equation.

® 21
| aexp-e-w2ac= g
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The relationship used in equation (5.61) is the Rayleigh probability density function. Furthermore,

the variable transformation of equation (5.57) yields the following equation.

£© = 1) oo

el ((zé;o)ﬂ

Co
= 4{exp(—27?) (5.62)

5.5.2 Probability density function of wave period

Integrating equation (5.60) over the entire region with respect to p,

£@) = £l 8)dp
0
o 2 2 2
p p p , 2

= f \/:exp <_2_C0> exp <—m(¢ - (1)011(3) )dp

0 3 24,2

2T Cywo1“V
1 e p? 1 . 2

:—j pzexp(—2—<1+T(¢—w01K) ))dp

/27‘[630)0121/2 0 “ @orV

Next variable transformation,

1
, 1
p 1 . 2 1 . 2\ 2 1
f=z_co(1+m(¢—wm")) » =T - en’) e
p
d'fz_(l-l_ 2 2(¢ a)01K) )dp - pdp—co(1+ 12 2(¢ wOlK)) a
Co wgq 2V v

After substituting transformed variables,
1

1 . 21
V2o (14 5= (6 w0an)”) " 2exn(-)co (1

1 co

/27‘[C5’0)012V2 0
-1

1 .
W@) - woﬂf)z) d¢

f() =

3
1

1 , Tz (%1
=W(l+m(¢—woﬂc)z) fOEZeXP(—f)df

3

1 ( 1 . 2 _E\/E
=——|1+——= (¢ —wp1k ) -
\/W w012v2( 01) 2
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2wV

Note that the calculation of the integral requires

\/E
3):2

© 1 © 3
f tZ exp(—t) dt = f tz2 texp(—t)dt =T (—
0 0 2

We used the following relationship to improve the perspective of the equation.
1
Wo1V

7z =

(¢ - (U01K)

Putting together the variables as

f@ = f() 99 (1+29)72 L1 (1 +22)2 (5.64)
0z| 2wyVv Wo1V  2wgq2v? '

This is a Bell-shaped distribution.
If we apply the variable transformation of equation (5.58) to equation (5.63), we get

2\ 2
() = 1 1+ 1 (1 wc) Wo1
S _20)011/ wo12vZ\\n  woq @or T Cork n?
3
2\ 2
1 1(/1 o,
= 1+= (-— )-x
2vn? v2\\n  woq

1 1 /1 2\ 2
fm) = 2vn? <1 + v_Z(E - 1) ) (5.65)

5.6 Modified Longuet-Higgins model

5.6.1 Modification of wave period range

The domain of the probability density function is
0<{<o0,—0<n<®
However, since n represents the period, it should be defined only to positive values. In fact, when
n <0, f({,n) ~ 0, so the range of n is forced to
0<n<ow
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Therefore, the derived density function also has value in the negative region, but its magnitude is
not significant due to the narrowband nature of the wave assumption. Therefore, in order to delete
this area and maintain the normality of the density function (the integral value of the entire area is

1), the coefficients is added as L.

The density function before adding the coefficients is:

160 =7 w050 (3261

Moreover, Hy 3/4, it is inconvenient from an engineering point of view to make the wave height

dimensionless. Therefore, H; /3 as a non-dimensionalization by

H _ (original

{ =
H1/3 4‘

is newly defined and rewritten as follows by variable conversion .

d(original
d¢

- s (8) ewizen( -2 ;-1 )

f((' n) = f((originalr 77) =4Xx f((originalf 77)

and the normalization factor for it as "L"

_ 8L (3y? %1 2
Fem=7=(;) exp(—ch)exp(—2;(5—1)> (5.66)

0<{ <o, 0<n<om

At this time, from the condition of the probability density function is represented as

["[ remacan=1

Must. If we substitute the density function and compute this integral

J;)oo fooof(('n) di{dn = fooo J:o\/;;_iv(%>2 exp(—Z(Z) exp (—25—2(%— 1>2>d(dr;
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©_8L 1f i< 2(2<1+1<1 1)2) dcd
exp| — ——
o V2Zmvn? P n 1
Substitute as A,
1 /1 2
A:1+—2<——1>
veAn

o

\/_vﬂ

f 72 exp(~2324) d{dn
Variable substitution,

S
24

“ 8L 1 1
\/_vnf F exp(—§) 77 dE d

f JEexp(—=€) dg dn

E=20%A > d&=47Ad], {=

\/_vn

Note that the calculation of the integral requires variable Transformation ,
So, after multiple variable transformation, we get

L 1+ ! =1
2 v241]
-1
L=2[1+ 1
B v24+1

Note that Longuet-Higgins (1983)[31] approximated L under a dimensionless quantity of { =

so that L is determined as follows,

4H /H, 5 as follows (the dimensionless quantity in this thesis is { = H/H, /3).

v
L=1+ (5.67)

Equation (5.66) is illustrated in Fig. 5.3 and Fig. 5.4, respectively

F@m) = %_n 5(%) exp(~202) exp {—vi (5 - 1)} (5.68)
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1.8

Ficure 5.3: Joint probability density function of wave height and wave period of JONSWAP

spectrum with the band width parameter v = 0.39.
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Ficure 5.4: Joint probability density function of wave height and wave period of ITTC spectrum

with the band width parameter v = 0.42
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5.6.2 Improved Longuet -Higgins model by correction of the peak period

Until now, the Longuet-Higgins (1983) [31] joint distribution is still a widely accepted theoretical
model in describing the distribution of wave height and associated period in a single wave system
(Zhang et al., 2013b)[56]. Based on the linear assumption, Longuet-Higgins expressed the
displacement of ocean waves in short-term sea conditions as a modulated model of carrier waves
(regular waves) that fluctuate stochastically with the mean wave period of the irregular ocean
waves. Furthermore, the modulation component is associated with the wave spectrum which
follows a Gaussian distribution, showing the joint probability density function of the wave height

and wave period of the short-term sea conditions.

There is a superposition method as a time-series simulation method for wave displacement with an
arbitrary wave spectrum. A probability density function obtained from this time series by
normalizing the zero-up-cross period and the frequency of simultaneous occurrence of wave
heights in that period is called a simulation model. However, as shown in Fig. 5.5, comparison of
this joint probability density function with the distribution of wave heights and wave periods
obtained by numerical simulations of waves the (simulation model) under linear assumptions from

the given wave spectrum shows a discrepancy in the peak of the distribution.

2 T T T T T
18t Filled: Time series simulation ]
: Line: Analytical solution 2
1.5 Bl |
1F
0.5}
1 1 O _
2 2.5 3

Ficure 5.5: Comparison of joint probability density functions of wave height and wave period.
Filled contour is that obtained from the time series simulation of JONSWAP spectrum. Line

contour from the Original Longuet-Higgins model.
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A comparison between the Longuet -Higgins model and the simulation model is shown in Fig. 5.5 .
The JONSWAP spectrum was used as the wave spectrum. There is a discrepancy between the two
models in terms of the peak period (mode period). The reason for this may be that the Longuet -
Higgins model assumes a narrow band v «< 1, but the JONSWAP spectrum v ~ 0.4, which does
not fully satisfy the assumed conditions. Therefore, the instantaneous wave frequency of the carrier

used in the derivation of the Longuet -Higgins model is

Q=¢) + w, (5.69)

is shifted from the zero up-crossing wave frequency, and the peak period (mode period) cannot be
represented correctly. Based on this fact, the correction of the peak period is considered.

Regarding this, Zhang and Guedes Soares (2016)[55] also showed that if the period of the carrier
wave is replaced from the mean wave period to the peak period of the wave spectrum, the
discrepancy of the peak of the probability distribution can be improved. From an engineering point
of view, the joint probability density function shown by Zhang et al. would be useful. So, One
alternative method is to use the peak frequency as the carrier wave frequency directly for each

wave system.

0.5+

Ficure 5.6: Comparison of joint probability density functions of wave height and wave period.
Filled contour is that obtained from the time series simulation of JONSWAP spectrum. Line

contour from the Modified Longuet-Higgins model by peak period.
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It can be seen in Fig. 5.6 that the ridgeline (Appendix A) of the simulation model extends smoothly
from (¢,n) = (0,0) to the peak period position, and then extends upward (in the direction of the
large ) at a steep angle from the peak period position. It would be reasonable to assume that the
asymptotic value is the peak period of the wave spectrum. To achieve this, the instantaneous wave
frequency of the carrier that is Eq. 5.69 is multiplied by an appropriate factor a, Correction is done
as follows .

Q=a(¢@) +w,) (5.70)
This « is obtained from the condition that the ridgeline of the probability density function
asymptotically approaches the peak period of the wave spectrum. By modifying equation (5.70),

the dimensionless and related variables for frequency are redefined as follows.

T Wo1 Wo1

=== 5.71
1 Toy Q a(qb(t) + wc) ( )
. 1 W,
o) = (ar)(t) - w_m) Wo1 (5.72)
dp OJp
; 37 3 2\Jcg O
a(p, d d 0 2
(p ¢) = det ( 7) = det woq1 | = ﬂwm (5.73)
a(¢,n) d¢ d¢ 0o - an? an?
a¢  on
Restating the probability density function (5.56) equation for (p, ¢)
N p? p? p? , 2
F0.8) = e~ e (~ s (9= )

2mcd wgq 2v

Then, a new probability density function is obtained by a variable transformation on the redefined

variables as follows,

a(p, ¢)
a(,m

2 2 p?
o P 2 2y/¢o
=———exp <_2_CO> exp( —ZC Y ((]5 — ) >—0”72 Wo1

/2nc§w012v2

:L"()zex< (2\/—5)> p<_m<(i_&)w » K>z>2—\/c_0w
V2rciwy,2v? 2¢ 01 01 m

@ =f(p, d)
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= a\/% (%)2 exp(—2¢?%) exp —25—2((%}7 -1+ K) — K>2

FGm = —— (%) exp(—2¢%) exp (—23—2(% - 1))

the normalization factor for itas "L."

8L, [{\? 202 12
f@,n) = a\/ﬁv(ﬁ> exp(—Z(Z)exp {—7(1 — “_71) } (5.74)

where,

L.=2 (1 + ! )_1 1_%
= , dQ=—=—
¢ Vv +1 Np Wo1

w, is the peak frequency of the wave spectrum and wy, the mean wave frequency defined as

wo1 = My /M.

The ridge of this density function is obtained by tracking the location of 0 slope with respect to 7.

The ridge line is defined as follows,

df(¢,n) _
dn

is a curve that satisfies the differentiated equation (5.74) with respect to n,
df(¢,m) 2 {71 -1
o= e ==+ (52)

2 z2
= f(i.n)n—g(—n2 +2 (1- an)) (5.76)

a’v?

0 (5.75)

Therefore, by substituting it in equation (5.75),
2

—n%+2 (1—-an)=0

a?v?
is obtained, This is transformed into the following equation .

a’v?

202

In the limit of , if we asymptotically approach the peak period of the wave spectrum , then

n”?+@—an) =0

At the limit of { — oo, if the peak period of the wave spectrum is asymptotic, then n,, = wg1/w,

a’v?
2002 np+ (1 —any) =0

Hence, «a is determined as follows,
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L _%

a=—= (5.77)
Np Wo1
The equation for drawing the ridge line in this case is
va
¢ =22 (5.78)

2\/1—an

(2 2v2
n:m -1+ 1+? (5.79)

The probability density function of Equation (5.74) is shown in Fig. 5.7. The peak period is closer

or the following equation,

to that of the simulation model, indicating that the model has been improved. However, the spread
of the distribution in the region of n >n, is larger than that of the simulation model. This

improvement is presented in the next section.

Joint PDF of wave height and wave period

18t Filled: Time series simulation
: Line: Analytical solutio 2

1671
1.4 15

121

0.8
06
0.5}
04}

021

Ficure 5.7: Comparison of joint probability density functions of wave height and wave period.
Filled contour is that obtained from time series simulation of JONSWAP spectrum. Line contour is

from the improved modified Longuet-Higgins model replaced with peak period.
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5.6.3 Improved Longuet -Higgins model by correction of the peak period and

distribution spread

Table 5.1 shows the ratio of the mean wave period (zero-up crossing wave period) calculated from
the wave spectrum and the probability density function . The mean period due to the wave
spectrum is given by using the spectral moment

To  wo1 my/mg o m

Noz2 =7 =" = =
Tor  woz Jmy/my Jmem,

and the mean wave period by the probability density function was obtained by the following

equation.
Nm =f f nf (¢, m)dddn
0 0
TABLE 5.1: mean wave period by the pdf function calculation
Model Mm No2 Nm/Mo2
Original Longuet -Higgins 1.1608 0.9316 1.2460
Modified by Peak Period 1.4156 0.9316 1.5195

Table 5.1 shows these ratios 1,, /M02: 1m and 1y, is a quantity that should match, but the result is
greater than 1, indicating that n,, is shifted to the longer period compared to n,,. This discrepancy
is due to the spread of the modified Longuet -Higgins model distribution in the region of n > 7,,,
which is larger than that of the simulation model. The spread of the distribution with respect to n
depends on v2 what is included in the argument of the exponential function in equation (5.68) . The
smaller the v? , the smaller the spread of the distribution. Therefore, in the region where n > Mp s
the spread of the distribution is suppressed by multiplying v? by a coefficient 8. That is, it is as

follows.

_ 8Ly (N IS NS
f((,n)_mfz_nv(n) exp(—2¢ )exp( zﬁv2 (an 1)) (5.80)
_(L n=m
ﬁ_{% n>ny

where L,, is the normalization factor and
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| . | "F @ mydgdn = 1 (5.81)

is determined so as to satisfy the following equation. In addition, n =7,

8L 2
f(& 7710) = a\/%_v (%) exp(—2¢?)

and is independent of . Therefore, even if L, is constant, it is continuous in the vicinity of f((, Up)-

However, it should be noted that it is not smooth. The following calculations are performed to

obtain the normalization factor Ly.

jo ) fo ") dgdn = fo " Fnydn

3
—joo Ly 1+1(1 1)2 "
—Jy 2avn? Bv? \an 1

3
o ("L (2 1))
"~ 2av), n? v \an 1

Using variable transformation,

L 0o 1 -1
P 2
=—— ——1) d
2av ), g (an d
vL co 1 -1
P
2 Jy (ar} ) d

Using variable transformation,
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Using variable transformation,
t=1-¢2—> dt=—2&d¢

So, from this result

so that Ly is determined it is as follows.
-1
Y
L,=2(1+
P < yv2 + 1)
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On the other hand, the mean wave period is obtained by numerical integration because an analytical
solution cannot be found. y is determined such that the mean wave period calculated from the
probability density function corresponds to the mean wave period from the wave spectrum.
Naturally, the Eg. 5.82 is satisfied.

fo nf(¢,n)dn =Ty, (5.82)

For the JONSWAP spectrum, y = 0.15 is to be chosen from the numerical analysis.

Therefore, we additionally modify v dominating the spread of distribution in n > 7, as use of
spectral width parameter depends critically on the tail behavior of the spectral density.
Consequently, the joint probability density function of wave height and wave period is described as
Eq. 5.80. This is shown in Fig. 5.8. Not only is the discrepancy of the distribution spreading being
improved but also the peak position has also improved.

Joint PDF of wave height and wave period

Filled: Time series simulation
1.8} A E

Line: Analytical solutio

1.6
1.4 15
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0.8
0.6
05
0.4

0.2

Ficure 5.8: Comparison of joint probability density functions of wave height and wave period.
Filled contour is that obtained from the time series simulation of JONSWAP spectrum. Line
contour is from the modified Longuet-Higgins model replacing the carrier wave period to the

spectrum peak period and reducing the spread of the tail.
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5.7 Conclusion

In this chapter, mathematical formulation of joint probability density function for wave height and
wave period based on Longuet-Higgins model was analytically derived and expressed the
probability density functions applicable to wave height, wave period in a given random sea which
represent the statistical characteristics of random waves. Then, the comparison with a time series
simulated model with JONSWAP spectrum showed a discrepancy in the peak of the distribution
and various improvements were introduced in the original Longuet-Higgins model. Modified
versions of Longuet-Higgins joint distribution of wave heights and periods were proposed.
Comparison was made with the simulation model for the given wave spectrum. Modification in the
wave period range was performed. One of the improvements of asymptotic wave period (mean
wave period) in the probability distribution to the wave spectrum peak period and other is the

reduction in the width of the probability distribution spreading in the larger wave period range.
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Chapter 6

Joint probability density function of wave height and ship response

encountered by a ship moving forward in irregular seas

6.1 Introduction

This chapter describes the s the multivariate joint probability occurrence of a single wave
encountered under stationary sea conditions and the ship's response to the wave. We determine the
joint probability of the wave height encountered by the ship and the ship response expressed by a
multivariate Rayleigh probability distribution. First, the relationship between the spectrum of
waves and ship motion and their time series model is determined, and then the relationship between
the time series model and the joint probability density function is determined. Furthermore, we
determine the numerical solution by successive integration of the probability density function of
wave carrier model and heave motion response. This proposed multivariate probability density
function is further verified by the necessary numerical analysis The analysis is related to the
superposition model for time-series generation of wave height and heave motion height. It is
carried out according to the zero-up crossing definition to determine the occurrence frequency of
the ship motion height in conjunction with the wave height. It is confirmed that the ship response

motions are synchronized as the average wave period increased.
6.2 Theoretical background

Waves in the ocean can be assumed to be a linear and narrow-band phenomenon, and the
probability distribution of wave heights is known to be the Rayleigh distribution. Since the motion
response of a ship caused by such waves is also linear and narrow band, the probability distribution
of the height difference of the motion response displacement (defined as "motion height") becomes
the Rayleigh distribution. The characteristics of the probability distribution of motion height
(Rayleigh distribution) are determined for each sea state, for example, the probability distribution
of motion height can be obtained for each Beaufort scale, which is a criterion for the strength of the

sea state, and the frequency of occurrence and probability of exceedance of motion height can be
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estimated. On the other hand, the motion response of a ship to a single wave is generally estimated
by a deterministic mathematical models based on dynamical theory. This is because the ship's
response in irregular waves is not caused by just one wave, but by the accumulation of previously
experienced waves and responses. The ship response is determined by the memory effect of so-
called dynamical phenomena. However, there are an infinite number of wave history patterns that a
ship can encounter, and it is not possible to calculate the response history for all of them. Therefore,
a probabilistic approach may be useful here as well. If the magnitude of the ship's response to a
single wave can be presented probabilistically, the degree of freedom in the performance design of
the ship can be expanded.

The probabilistic presentation of the magnitude of the hull response to a single wave is also useful
in ship manoeuvring assistance. For example, it can reduce the burden on the ship operator by
giving the judgement on whether or not a wave of a certain wave height approaching the ship can
be safely survived (or without accumulating damage to the hull). In principle, the wave and hull
motion can be predicted by a dynamic model, but this requires spatiotemporal waveform
information around the hull. This is currently not possible. The stochastic approach, in other words,
is to predict the magnitude of the hull response to a single wave by probabilistically assessing the
uncertainties in the wave and response history. In this way, it is useful to know the motion response
of a ship to a certain wave stochastically, but no such case has been seen so far. This method can be
used in the estimation of hull response to a single wave, rather than estimation of hull response to
sea conditions (significant wave height). It also helpful providing criteria for making manoeuvring
decisions for a given wave. It will expand the flexibility in design and ship operation support by
combining wave height and wave period. Hence, the probability of a ship moving forward in
stationary irregular waves exceeding a certain value of motion or wave loading is useful in ship
performance design. The threshold values of hull response to motion and wave loads are often
evaluated against statistics of ocean phenomenon like significant wave height , mean wave period
and Beaufort scale etc. However, these are not only the quantities that represent the characteristics
of ocean phenomena such as wave spectrum, bandwidth, wave sequence (trains), correlation and
simultaneity between wave height and wave period. If the threshold value and occurrence
probability (or exceedance probability) of the hull response corresponding to these quantities are
also evaluated, the degree and accuracy of performance design can be increased. Also, the smaller
the time scale, the more it can be applied to navigation support. For example, the joint probability
occurrence of waves (one wave or a series of wave) to be encountered and the hull response to

them is useful for real-time ship manoeuvring decisions. In this paper, we discussed the joint
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probability of a single wave encountered under stationary sea conditions and the ship response at

that wave.

Longuet-Higgins (1975, 1983)[30][31] assumed the linearity and narrowband nature of stationary
irregular ocean waves, the joint probability occurrence of wave height and wave period for each
wave was shown by him assuming that the wave components are normally distributed around the
mean wave frequency as the carrier frequency. Recent studies done by Zhang and Guedes
Soares[2016][55] have shown that it is better to use the peak frequency of the spectrum as the
carrier frequency from an engineering point of view. The Longuet-Higgins’s wave height-wave
period probability distribution is a Rayleigh distribution when focusing only on the wave height.
Since the hull motion in waves has a strong linearity with respect to wave height, the probability
distribution of the hull motion is also a Rayleigh distribution. Therefore, when considering the
simultaneity of wave height and hull response, the multivariate Rayleigh distribution is effective,
Ochi et al.[57] showed the joint occurrence probability of waves and slamming. Umeda et al.[58]
showed the probability of occurrence of broaching by combining the Longuet-Higgins’s wave

height -wave period distribution and a ship motion model.

6.3 Representation of encountering waves and ship motion by carrier wave

modulation and statistics on autocorrelation

Time Series model of encountered waves and ship motions is shown in this section. Based on the
linear assumption, Longuet-Higgins expressed the displacement of ocean waves in short-term sea
conditions as a modulated model of carrier wave which is a regular wave with a period equal to
mean wave period, and it’s amplitude and phase are assumed to fluctuate stochastically and
gradually around a certain value as derived in the Chapter 5. A clear explanation of this theory is
mentioned in the textbook Ochi[37].

[oe]

x(t) = 2 apcos(wpt + &) = x.(t)cosw,, t — xs(t)sinw,,t (6.1)
n=1

x.(t) = ancos{(w, — wy)t + &n} (6.2)

xs(t) = apsin{(w, — wy)t + &4} (6.3)

Where w,, is the mean wave frequency and the two times of instantaneous amplitude obtained

from x.(t) and x(t) is the dashed line (envelope) of the Figure 5.1. The wave that the advancing
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ship encounters can be expressed by the following equation by replacing the wave frequency of this

mathematical model with the encounter wave frequency.

y (@) = ye(t)coswemt — ys(E)sinwemt (6.4)
ye(t) = anCcos{(Wen — Werm)t + &n} (6.5)
ys(t) = ansin{(wen — Wem)t + €n} (6.6)

Where w, is the encounter wave frequency, w,, is the discretized encounter wave frequency and
wWem 1S the mean wave frequency of the encounter wave. If the forward speed of the ship is VV and
the encounter angle between the ship and the wave is 6, the relationship between the wave
frequency is as follows.

w, = w — KVcosf (6.7)
K is the wave number at infinite depth, and the dispersion relation holds w? = Kg and
Note that 8 = 0 [deg.] is the following wave and 6 = 180 [deg.] is the head wave. On the
other hand, the motion displacement of the advancing ship is given by the frequency
response function of the motion to the wave i.e., H(w) = Hy(w)e¥ @), H 1, is the
response amplitude and phase lag expressed as real numbers, respectively where, H,, =

Hg(wn), Y = Y(wn).

z(t) = z,(t)coSWemt — z5(t)Sinwey, t (6.8)

26(8) = )" Hannc05{(@en = Wem)t + & + ) (69)
n=1

zg(t) = z Hgnansin{(wen — Wem )t + &4 + ¥n} (6.10)
n=1

6.4 Probability of simultaneous occurrence of wave height and ship motion height.

First, the relationship between the spectrum of waves and hull motion and their time series model is
determined, and then the relationship between the time series model and the co-occurrence
probability density function is determined. By linking these results, the relationship between the

spectrum of waves and hull motion and the probability density function of wave and ship motion is
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obtained. To find the relationship between wave height and ship motion height, the following
vector variables are defined.

§=[Ve, Vsr e, 25]" (6.11)
If the variables y., ys, z, zs follow a multivariate normal distribution under the assumption of a

narrowband phenomenon, the probability density function of §& is expressed by the following

equation.
1 1 —
£© =————exp (- 5€27%¢) (6.12)
4n2(|2))2
where is X the covariance matrix, which is as follows.
Co 0 n¢ -ng
0 o ng ng
L=Cov[§€l=|nt n; d, O (6.13)
-ng ng 0 dy

co, do ,ng, ngare spectral moments, and Sy, (w,) is the wave spectrum of the encounter wave, the
S,z(w,) is the ship motion spectrum, and if the S,,,(w,) is cross spectrum of the wave and the hull

motion are defined as follows. The calculation formula is shown in the two-sided spectrum.

Co = My = j Syy(we)dw, (6.14)
dy=m= [ Sut@do, (6.15)
ng = f i Re[S,,(we)]dw, (6.16)
ng = foo sgn(w)Im|S,,,(w,)]dw, (6.17)
Here, the following variable transformation is performed.
Ye(t) = py(t)cosey(t) (6.18)
¥s(t) = py(t)sing, (t) (6.19)
z.(t) = p,(t)cos,(t) (6.20)
zs(t) = pz(t)sing,(t) (6.21)

Twice of p,, is the instantaneous wave height at that time i.e., H, = 2p,(t) Using this, the

instantaneous dimensionless wave height is defined by the following equation.

H H
iy == y __ P 0<{, < (6.22)

Hys I 5
4(my, )2 2(co)?
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H, 3 is a significant wave height. Similarly, the instantaneous dimensionless hull motion height
(the difference in height of the hull motion corresponding to the wave height) is defined as Eq. 6.22.

H H
¢, = -2 z - P2 <g <o (6.23)

Hy3 B % Bl 2( )%'
4(mYO) €o

Using these relationships to transform y,, ys, z;,z; and  into variables {,,{,, we obtained the

following probability density function of simultaneous occurrence of wave height and ship motion
height. Here, in order to improve the perspective, the expression of product of the occurrence
probability density of the wave height and conditional occurrence probability density of the hull
motion height conditioned on the wave height is given by Eq. 6.24.

f((y'(z) = f((y)f((zl(y) (6.24)
£(3), £(Z,1¢,) is expressed as follows.

f(Gy) = 43yexp(—2¢,°) (6.25)

d 1
£(818,) = 408 1o @exp {—Zp ((C—O -)g+ 52)} (6.26)

o P

1

4 nf\* . mo\2[? .
z= p(y{z (C_()) + (C_O) ( . )

Iy (2) is the zeroth order Modified Bessel function of the first kind and p is defined as,

Co?

P = eodo — M2 — (n5)?

(6.28)

6.5 Numerical calculations

Figures 6.1 to 6.3 shows the calculation results of the occurrence probability density of the heave of
a RIOS container vessel moving forward in a stationary long-crested irregular wave is shown in the
contour diagram. The wave spectrum is the ITTC spectrum, and the waves are assumed to be head
waves. The slope of the distribution is different from the mean wave period of 6 seconds, 10
seconds, and 18 seconds, and the slope of the ridge line converges to 1, and the spread of the
distribution becomes narrow for longer periods. This is because the longer the mean wave period,
the more the ship moves in sync with the waves. At the period of 18s in Figure 4, we can see that
the ship is almost completely in tune with the waves. From this result, the validity of the

calculation result can be seen.
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The proposed joint probability density function of wave height and ship motion height is further
verified with the numerical analysis by comparing the time series of wave and heave motion based
on zero-up crossing points. First, the heave motion response spectrum of RIOS containership was
calculated based on the ITTC wave spectrum and heave response transfer function (RAQO) which
was obtained using linear potential based method. The generation of a time-series by superposition
of wave components and ship motion height components was done, respectively. The necessary

numerical analysis related to the superposition model for time-series generation of wave height and
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heave motion height was carried out according to the zero-up crossing definition to determine the

frequency of the ship motion height occurring in conjunction with the wave height.

The data show the typical range of heave motion height of RIOS container ship advancing with Fn
= 0.25 in head wave of ITTC wave spectrum for Ty, = 10s for the various wave heights. To make
the data comparable, results are presented as dimensionless quantities of wave height and ship
motion height. The distributions of the ship motion height estimated by numerical analysis are
almost equal to that of the results obtained using the joint probability density function of wave

height and ship motion height. This confirms the validity of the probability density function of
wave and ship motion.

12 1 T 1 T T
H/Hy; = 0.5

_ H/Hy;3 =10
H/Hy 5 = 1.5

H/H1/3=2.0 )

Exceedance probability of motion height
&>
T
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Motion height / Significant wave height

Ficure 6.5. Exceedance probability of heave height of RIOS container
ship advancing with Fn=0.25 in head wave of ITTC wave spectrum for
T01 = 185

Figures 6.4 and 6.5 show the exceedance probability of heave oscillation when encountering a
single wave. It is the exceedance probability obtained from the density function conditional on the
wave height of the equation 6.24. The horizontal axis is the dimensionless quantity of the heave
oscillation height (height difference), and the vertical axis is the exceedance probability. It is
quantitatively shown that the exceedance probability increases as the wave height increases. For
example, in Figure 6.4, when encountering a dimensionless wave height of 1.0, the probability that
the non-dimensional heave oscillation height exceeds 1 is about 0.2. but when encountering a non-
dimensional wave height of 1.5 , the probability is 0.4 and so on, the longer the average wave

period, the steeper the rise of the probability, and synchronization with the wave can be confirmed
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from the Figure 6.5. It is important to note that this is not a short-term exceedance probability for a

stationary sea state, but an exceedance probability when one wave is encountered.

6.6 Conclusion

The probability of simultaneous occurrence of wave height and wave period encountered by a ship
moving forward at a constant speed in a stationary long crested irregular wave was determined
according to the Longuet-Higgins method was extended to the probability of simultaneous
occurrence of wave and hull motion. We theoretically calculated the joint probability density
function of the wave height and ship motion height for a single wave encountered by a ship. The
joint probability density function of the wave height and heave motion height encountered by the
ship (expressed by a multivariate Rayleigh probability distribution) is calculated under the
condition of forward speed, and it is illustrated graphically. The joint probability density function
of the wave height and heave motion height was verified by the numerical analysis, and it is
confirmed that the heave oscillations were synchronized as the average wave period increased,
indicating the validity of this paper. The longer the mean wave period , the more the heave motions

synchronized.
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Chapter 7

Short-term prediction of added resistance by statistical model

7.1 Introduction

In this chapter, we have established a method for estimating the added resistance in irregular waves
by combining the nonlinearity of added resistance due to wave height (or wave steepness) in
regular waves with the encounter irregular wave statistics. The correction coefficients obtained in
chapter 3 using CFD simulations with different ship models is incorporated into linear added wave
resistance transfer function. Since the wave height and wave period are specified in the proposed
PDF methods in chapter 5, it is possible to estimate short term predictions of added resistance
including the wave height nonlinearity. Hence, these nonlinear effects of wave height and wave
steepness are revealed by analyzing the added resistance in irregular waves. Its qualitative and
guantitative characteristics are described in this section. Comparison of added resistance with the
modified versions of Longuet-Higgins model is shown. Estimation of added resistance results with
short term prediction methods with different ship models in head and oblique sea conditions are
shown. Short term prediction of added resistance results by the improved Longuet-Higgin’s model
are verified by tank experiments and CFD results in long crested irregular waves. Summary of the

results are concluded.

7.2 Theoretical background

The advantage of analyzing the ship response in waves in the time domain is that it can directly
handle the transient response and non-linear response. This has an affinity for visualization of the
interaction between wave and ship motion, and the result can be understood intuitively. However,
when analyzing responses in stationary irregular waves, time-series data of sufficient length are
required to eliminate the effects of uncertainty. On the other hand, the advantage of analysis in the
frequency domain is the simplicity of using linear superposition. It can also be applied to nonlinear
problems if the higher-order terms of frequency are considered. Darzell et al. (1974,1979)[2][3]

conducted theoretical and experimental studies using the mathematical model up to the second
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order, and if the phenomenon satisfies Gaussian stationarity, the added resistance due to waves is

estimated by Eq.7.1.
Raw(H1/3,Tor, V) = zf Rwy(w,V)S(w|Hy /3, To1 )dw (7.1)
0

where, Ry, (w,V) is a linear response function that expresses the added resistance due to waves
when traveling at a ship speed V in a head sea per unit wave amplitude of wave frequency w. This
formula is named the spectrum method (SPE). This added resistance is defined as the average of
the secondary responses to wave displacement. S(a)|H1 /3,T01) represents the wave spectrum with
significant wave height H; ;3 and mean wave period Ty,. Kuroda et al. (2018)[22] showed the need
for a fourth-order nonlinear fluid force because the nonlinearity with respect to the wave height of
the wave added resistance is due to the bow shape above the waterline. As a result, a calculation
result could explain an experimental result well. However, dealing with higher-order response

functions and higher-order wave spectra departs from the convenience of linear superposition.

Hirayama et al. (1993)[9] showed experimentally that Hsu's assumptions (1970)[11] for the
estimation of drifting force of floating bodies was applicable to the estimation of the added
resistance of ships with forward speed in transient water waves and steady irregular waves. Hsu's
assumption is that one wave of an irregular wave encountered is regarded as one cycle of a regular
wave, and a drifting force with that as a half-cycle acts for each irregular wave. Based on this
assumption, the time series of added resistance in waves was obtained, and the average was

calculated. Hence, it agrees well with the calculation result by Eq. 7.1.

Basically, if we consider the irregular wave envelope as shown in Fig. 5.1 in Chapter 5, the time
difference between the zero up crossing point of the wave displacement that appears immediately
before the wave crest and the zero up crossing point that appears next to the wave trough is defined
as zero up crossing wave period T, and the height between wave crest and next trough is defined as
wave height H. According to Hsu’s assumption it means that, in terms of probability statistics, if
the probability density p(H, T) of occurrence of each wave encountered by a ship and the response
function Ry, (H, T, V) of the added resistance for each wave are known, the added resistance in

irregular waves can be estimated as

Raw(Hy/3,To1, V) = f f Rwn(H,T,V)p(H,T|Hy3,To1)dTdH (7.2)
0 0
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The function Ry, (H,T,V) is a response function that considers the non-linearity with respect to
the wave height. This formula is named the probability density function method (PDF) by Jawa, et
al. (2022)[15].

It is possible to find Ry,n(H,T,V) using CFD or higher-order response function method, but it
must be calculated for all required combinations of H,T,V. To avoid this, assume that the non-
linear effect on the wave height can be separated from Ry, (H,T,V) and each wave of irregular
waves can be recognized as a cycle of the regular wave with wave amplitude H/2 and wave

frequency 2m/T,we express as Eq.7.3.

H 2
Ryyw (H, T, V) = (E) C($)Ryy (27/T, V) (7.3)

where, C(s) is a coefficient representing the non-linearity with respect to the wave steepness
mentioned in Chapter 3 . The linear PDF method is defined for C(s) = 1. Ry, y(2m/T,V) is
replaced with Ry, (w, V) of a calculation result based on the linear potential theory. Then, C(s)
can be obtained numerically or experimentally from some of the representative points and the
functional system of C(s) can be fitted using them. At the representative point, C(s) can be

calculated by the following Eq. 7.4 transformed from Eq. 7.3.

Ryn(H,T,V)
HZRyyy (21T, V)

C(s) = (7.4)

This equation is essentially the same as Eq. 3.3 in chapter 3 . In this study, representative point of
the Ry, N (H,T,V) and Ry, (w, V) are numerically obtained by CFD, and C(s) is determined. In
this determination, the denominator of Eq. 7.4 should not be replaced with Ry, (w, V) obtained
from the linear potential-based calculation. This is because CFD can be qualitatively obtained with
practical accuracy, but quantitatively it is not always so. Since C(s) is a relative ratio of linearity

and non-linearity, the base must be the same calculation method.

The function Ry (w,V) is calculated based on the Enhanced Unified Theory, which is the linear
potential theory developed by Kashiwagi (1997, 2000)[33][34]. It estimates with reliable accuracy
as results of research so far. Therefore, Ry, (H, T, V) of Eq. 7.3 is formulated by C(s) determined
by CFD and R,y (w, V) determined by the linear potential-based calculation. This is a formulation

that combines the qualitativeness of CFD and the quantitativeness of linear potential theory.
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7.3 Comparison of short-term prediction calculation results

The probability density function method obtained by combining the joint occurrence probability
density function of wave height and wave period in chapter 5 is used. Meaning, we obtain
p(H,T|H1/3,T01) with the variable transform of the probability density function of original and
modified Longuet-Higgins models derived in Chapter 5 as shown in Eq. 7.5.

ag,m)
a(H,T)

p(H,T|H1/3,T01) =fn ‘ (7.5)

First, the joint occurrence probability density function of the wave height and wave period of a
stationary irregular ocean waves based on the original Longuet-Higgins model defined by the
following Eqg. 7.6.

8 L7\ 202 /1 2
f@mn= Ner ;(5> exp(—2¢?) exp {_V_Z<E - 1) } (7.6)

Where,

Next, modified joint probability density function of wave height and wave period by replacing the
mean frequency with the peak frequency of the wave system according to Zhang and Guedes
Soares (2016)[55] is described by the Eq. 7.7

_BLe (3y\? 202 1\?
F@m=—=(1) exp(—ZZz)exp{—v—2<1—a—n) } 7.7)

where,

L.=2 (1 + ! )_1 L _ %
= , aQ=—=—
¢ Vv +1 Np Wo1

Improved modified joint probability density function of wave height and wave period by replacing
to the peak frequency of the wave system and reducing the tail spread of the probability distribution
is described by the Eq. 7.8.

8L, (7\? 202 1\?
F@m =~ mv(ﬁ> exp(~2¢?) exp {_WO_%) } (7.8)

Where,
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The calculation of the added resistance in short-term sea conditions is roughly divided into a
method by the Spectrum method and a method by the probability density function (PDF) of the
wave. To verify the validity of the proposed PDF method considering the non-linearity due to wave
height derived in this study, PDF method based on the linear assumption of calculating the average

added resistance in waves is compared with the Spectrum method.

® The Spectrum method based on the linear assumption

CRyy(w, V)
Raw (Fays, TonsV) = 2 | 5 0]y Tor)do (7.9)
0

a

® PDF method based on the linear assumption

Raw (Hi /3. To1, V) = f j ¢ Rypy (@, VID(H, T|Hy 3 Tor )dTdH (7.10)
0 0

® PDF method considering wave height non-linearity

RAW(H1/31T01;V):.[ fRWN(H;T,V)P(H,T|H1/3,To1)deH (7.11)
o Jo

7.3.1 Short-term prediction of added resistance in head seas for KCS

The added resistance in irregular waves is calculated by the SPE method (Eg. 7.1), the linear PDF
method (Eq. 7.2 with C(s) = 1) and the nonlinear PDF method (Eg. 7.2 with C(s)) of Eqg. 3.7).
The probability density function p(H,T|Hy/3,To1) is obtained from Egs. 7.6. The frequency
response transfer function of added resistance is estimated by the potential-based calculation based
on Enhanced Unified Theory (EUT) referred in Yoshida, J. et al. (2016)[54]. The JONSWAP

spectrum approximated by the significant wave height H, ,; and mean wave period Ty is used.

It can be seen in Fig. 7.1 that the non-linearity against the wave height is sufficiently reflected in
the calculation by the nonlinear PDF method. That means non-linearity is evident in regions where
the mean wave period is less than 5s (regions with large wave steepness), and the average added
wave resistance is smaller than linear calculations. The tendency is the same even if the speed of
the ship is different, and the method of calculating the proposal is reasonable. This demonstrates

the validity of the probability density function method if the spectrum method is positive.
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Ficure 7.1 Comparison of average added resistances in irregular waves by a spectral method, linear
pdf method, and nonlinear pdf method at Fn = 0.14,0.20, 0.26.

But it showed a discrepancy with the conventional method based on spectral analysis i.e., wave
period of the maximum added resistance was evaluated longer than the result of the spectrum
method. The cause of peak and wave period difference is the discrepancy of joint probability
density function with the distribution of wave heights and wave periods in the peak of the
distribution when compared with the numerical simulations of waves under linear assumptions
from the given wave spectrum. Further improvement in the method was needed. We estimated the
improved results with modified joint probability density function with the distribution of wave
heights and wave periods with the RIOS containership ship hull type.
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7.3.2 Short-term predictions of added resistance for RIOS containership (head seas)

The added resistance in head seas irregular waves is calculated by the conventional Spectrum
method (SPE) according to Eq. 7.1, the linear PDF method (Eq. 7.2 with C(s) = 1) and the
nonlinear PDF method (Egq. 7.2 with C(s) of Eq. 3.12). The probability density function
p(H,T|H1/3,T01) is obtained from Eq. 7.6, 7.7, 7.8 of different Longuet-Higgins model. The
frequency response transfer function of added resistance in oblique waves is estimated by the
potential-based calculation based on Enhanced Unified Theory (EUT). The JONSWAP spectrum
approximated by the significant wave height H; ;3 and mean wave period T, is used.

4.0
= SPE (Spectrum method)
Linear PDF [ Original by Longuet-Higgins ]
3 5 _ ¢ Linear PDF [ Modified by Peak period (Zhang et al. ) ]
- Linear PDF [ Modified by Peak and Distribution Spreading ]
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3.0 == Non-Linear PDF for Hy;3 = 5 m [ Modified by wp and Distribution Spreading]
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Ficure 7.2 Comparison among the short-term prediction calculation results using conventional
spectral method , original and modified linear PDF method and proposed non-linear PDF method

in different significant wave heights.

When Eq. 7.6 expressing the probability density of waves by Longuet-Higgins is applied to Eq. 7.2
with C(s) = 1 describing the added resistance as the linear PDF method, the wave period of the
maximum added resistance (orange star mark broken line) is evaluated longer than the result of the
SPE method (black square mark line) by Eq. 7.1 as shown in Fig. 7.2. Here, T}, is the wave period
of which wavelength corresponds to the ship length L and the ratio T,, /T, is used as non-

dimensionalized value. T}, is defined as Eq. 7.12.

21
T, = |—L. (7.12)
g
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On the other hand, when applying Eq. 7.7 formulating the wave probability density with the carrier
wave period as the spectrum peak period by Zhang et al. to Eg. 7.2 as the linear PDF method, the
wave period of the maximum added resistance becomes the same as the result of the SPE method.
However, the tail in long-period regions (T, /T, > 1.2) and the maximum value is smaller than in
the SPE method and in 0.5 < T4 /T, < 0.8 larger than in the SPE method. Furthermore, when the
tail spread of the probability density function is reduced in addition to the correction of the carrier
wave period described by Eq. 7.8 the maximum resistance is improved. The nonlinear PDF results
were obtained by Eq. 7.2 with Egs. 7.4 and 7.8. Fig. 7.2 shows that the added resistance decreases
in the region of Ty, /T, < 0.5 than that of the linear method where the wave steepness is relatively
higher. It is also shown that the rate of decrease increases as the wave height increases by

comparing cases of 2m and 5m significant wave height.

7.3.3 Validation of short-term prediction results with experimental and CFD results

in long crested irregular waves

To validate these prediction methods, we have compared with the results of CFD, and tank
experiments as shown in Fig. 7.3. The top and bottom of vertical bar overladed under the circular
marker indicate the maximum and minimum of experimental results. The quantitative difference
between model tests and CFD simulations is at acceptable level of accuracy which is less than
about £10%. Hence, CFD simulations has been found to be a reliable result and the results at
To1/T, = 0.43,0.52 for Hy;3 = 2m and at Ty, /T, = 0.52 for H;,3 = 5m are also reliable.

The objects of comparison are the results of the SPE method, and the nonlinear PDF method
modified by peak and distribution spreading. The SPE method shows a better agreement with the
experimental results and CFD results, while the non-linear PDF method shows the results in the
acceptable range of accuracy with the CFD results showing underestimated values in Ty, /T, < 1
and overestimated values in the range Ty,/T;, > 1 for two different significant wave heights. This
argues that the proposed nonlinear PDF method is valid and can respond for the difference of wave
height. The agreement at Ty, /T, = 0.43, 0.52 for H;/3 = 2m and at Ty, /T, = 0.52 for H; /5 =
5m complements this argument. In this sense, proposed nonlinear PDF method of calculating the
added resistance in long crested irregular waves is reasonable and corresponds to wave-height non-

linearity.
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In overall, the added resistance results by the spectral method are in better agreement with the CFD
and experimental results than the PDF method. This is because there are still deviations between
the wave probability distributions from modified Longuet-Higgins model and CFD and experiment

regarding the peak period and distribution spread. The proposed PDF model should be further
improved.
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FIGURE 7.3 Comparison among the irregular wave resistance test and CFD numerical results of
the non-dimensioned added wave resistance with the short-term prediction calculation results using

conventional spectral method and proposed non-linear PDF method.
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7.3.4 Validation of short-term prediction of added resistance with CFD results in

Oblique bow waves.

The added resistance in oblique irregular waves is calculated by the conventional Spectrum method
(SPE) according to Eq. 7.1, the linear PDF method (Eq. 7.2 with C(s) = 1) and the nonlinear PDF

method (Eg. 7.2 with C(s) of Eq. 3.13). The probability density function p(H,T|H,3,To1) is
obtained from Eq. 7.8 of the improved modified Longuet-Higgins model. Results has been shown
in Fig. 7.4.

3.0 T
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Ficure 7.4 Comparison between CFD numerical results of the non-dimensionalized added

resistance in oblique irregular waves with the short-term prediction calculation results using

conventional spectrum method and non-linear PDF method.

It has been found that the SPE and PDF method based on the linear assumption give essentially the
same tendency of the results shown in Fig. 7.4. This demonstrates the validity of the probability
density function method in linear conditions. In the region where the normalized mean wave period
is small, the nonlinear pdf method modified by peak and distribution spreading deviates
significantly from the other two linear methods. It can be seen in Fig. 7.4 that the non-linearity
against the wave height is sufficiently reflected in the calculation by the nonlinear PDF method.
The tendency of added resistance decreases in the region of T, /T, < 0.5 than that of the linear

method where the wave steepness is relatively higher.
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To validate the proposed non-linear PDF short-term prediction method, we compared with results
of SPE method and CFD in oblique irregular waves as shown in Fig. 7.4. The SPE method has
been found to be a reliable result than PDF method on comparison with the CFD results showing
overestimated values predicted by CFD. The reason behind overestimated values by CFD is use of
mesh deformation technique. Results might be improved using overset mesh technique with
adaptive grid refinement method. The PDF method is also close to the results of the SPE method,
and particularly the peak positions correspond well. However, as a remarkable difference, the PDF
method is smaller than the SPE method at Ty, /T, < 0.78, becomes larger at 0.78 < Ty, /T;, <
1.06 and it becomes smaller after Ty, /T, = 1.06. However, the agreement of CFD results at
To1/T, = 0.43, 0.52 complements that the proposed nonlinear PDF method of calculating the
added resistance in oblique irregular waves is reasonable and corresponds to the effect of non-
linearity due to wave steepness. The non-linear probability density function method gives a
nonlinearity-corrected average added resistance in obliques waves according to the magnitude of
the wave steepness.

7.4 Conclusion

We proposed and validated a probabilistic method to estimate the added resistance in short-term
head and oblique sea conditions that combines the nonlinearity due to wave height and wave
steepness in the frequency domain with the encounter irregular wave statistics. The nonlinearity
with respect to wave height and wave steepness is described as a correction function to the linear
added resistance for wave height squared in the frequency domain. The statistics of irregular waves
encountered are given by the joint probability density function of wave height and wave period in a
short-term sea condition, which is the Longuet-Higgins density function with corrections of
asymptotic wave period (mean wave period) in the probability distribution to the wave spectrum
peak period and reduction in the width of the probability distribution spreading in larger wave
period.
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Chapter 8

General conclusions and recommendations

Finally, it has to be admitted that the modified Longuet-Higgins model using joint probability
distribution in this paper still deviates from the numerical simulations of waves under linear
assumptions of JONSWAP spectrum and this proposed method is highlighting the right direction
and possibly alternative formulations could help in further improvements. The modified theoretical
model is essentially an alternative form of Longuet-Higgins joint distribution which could not
fundamentally eliminate the disparities with numerical simulations but is theoretically possible to
be used in estimation of added resistance including wave height non-linearities. But until now, only
few efforts have been contributed by other researcher in this topic and a little improvement has
been achieved as it becomes more complex when simultaneously involving two correlated random
variables in one distribution function. The findings obtained by comparing added resistance
estimated by the nonlinear PDF method, the prediction by the spectrum method, the experimental

data, and the CFD analysis are summarized below.

e The linearity of the added resistance to the wave height squared is no longer satisfied as wave
steepness increases. The correction function applied for this nonlinearity can be expressed

exponentially using the results of relative comparisons of CFD calculations.

e Comparison with a time series simulated model with JONSWAP spectrum showed a
discrepancy in the peak of the distribution and various improvements are introduced in the
original Longuet-Higgins model to estimate the added resistance in short term sea conditions

using Probability density function method.

e The joint probability density function of wave height and wave period of the improved
Longuet-Higgins model is suitable as the probability distribution of waves has been improved.
Modification in the wave period range was performed. One of the improvements of asymptotic
wave period (mean wave period) in the probability distribution to the wave spectrum peak
period and other is the reduction in the width of the probability distribution spreading in the

larger wave period range.
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The joint probability density function of the wave height and heave motion height was verified
by the numerical analysis, and it is confirmed that the heave oscillations were synchronized as
the average wave period increased, indicating the validity of this paper. The longer the mean

wave period , the more the heave motions synchronized.

However, the added resistance results by the spectral method are in better agreement with the
CFD and experimental results than the PDF method. Hence, PDF method has scope of further
improvement. With the proposed PDF method in this paper, the characteristics of nonlinearity
with respect to wave height appear especially on the short-mean-wave-period region, and it is
shown that as the wave height increases, the added resistance per unit wave height becomes

relatively small.

PDF method is also valid in estimation of added resistance in oblique sea conditions. It
demonstrates the fair results in comparison to spectrum method and in an acceptable range of

accuracy with CFD numerical results in irregular oblique waves.

The proposed nonlinear PDF method uses CFD to determine the relative ratio of nonlinearity
to linearity, which is calculated at a few representative frequencies. Therefore, it predicts the
added resistance in irregular waves considering the nonlinearity with respect to wave height in

less time than the direct estimation by CFD.
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Appendix A

Ridge line of the probability density function
A ridge can be defined as the position where the slope of the probability density function with

respectton is 0. i.e.

af¢,m _
dn
A combination of ¢, n that satisfies is a ridge. Differentiating the probability density function in Eq.

0 (A.1)

5.60 with respect to .
df@¢m) 2 %1 -1
an —f(<'")(‘5‘4v—z(r1>(n—z>>

2 2
=f((,r))$(—n2+2ﬁ(1—n)) (A.2)

Therefore, from equation (A. 1)

(2
nz—Zﬁ(l—n)zo (A.3)

By transforming this, the equation for drawing a ridge can be obtained as follows.
v

= (A.4)
J 2,/1—n
Alternatively, the following equation is used as the solution to the n of equation (A. 3).
(2 ZVZ
n= ﬁ -1+ (14 7
Also, transformed as follows:
2
Ui 2
z7 1-n)=0
Considering the limit of { — oo , we obtain the following equation.
n=1 (A.5)

From this, it can be seen that the ridge of the probability density function is asymptotic to a straight

lineofn = 1.
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Appendix B

Calculation of correlation function of time series model.

Find the correlation function of the following two time series models.

o) [ee)

f) = Z a, cos{(w,, —wy )t — 0, +&,} = Z a, cos{(n —m)wyt — 6, + &,} (B1)

n=1 n=1

gt) = Z b,, cos{(w, — a)p)t —Ynt+ &) = Z b, cos{(n — p)wot — Y, + €,,} (B2)
n=1 n=1

Here, w, is the minimum frequency when the measurement interval is Tp and is expressed by the
following equation.
_ 21
Tp
m and p are integers greater than or equal to 0, and g, is an independent uniform random phase

wWo

from 0~2m. Generally, m, p are arbitrary integers, but since this appendix can also be used for of
"Simultaneous occurrence probability of wave and ship motion”, w,, means the average frequency
of the wave and w,, the average frequency of the ship motion and m, p are its serial number.

Wy, = MWy

Wy = pwp
a,, by, 0, P, are values that do not change even if the time series data set (interval T, data set) is
different, but the combination of ¢, is different for each data set. At m =p, the average

frequencies of the waves and the ship motions coincide.

® Correlation function between f(t) and g(t).

Crg(r) = Z %anbn cos(—(n —m)wyt — 6, + Y,) (B3)

n=1
® Correlation function between f(t) and g(t).

Crg(7) = z %anbn(n — m)wg sin(—(n — m)wet — 6, + YPy,) (B4)
n=1
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® Correlation function between £ (t) and g(t).

-1
Cpg() = Z —Eanbn(n — m)wg sin(—(n — m)wet — 6, +Py,)

n=1

® Correlation function between £ (t) and g(t).

C1a(D) = Y 5 auba(n — p)2g? cos(—(n ~ M)t — B + )

n=1

v' Autocovariance of the x., x, iS given by Cycxer Cxsxs-
The autocorrelation functions of x, is given by equations (B1) and (B2) are
f =9 =X
b, =a,
Yp=0,=0
p=c
Equation (B3) gives the auto-covariance case where

© 1
Crexc(T) = Z 3 Gndn cos((n — c)wo)
n=1

From this, the auto-covariance becomes
Cxcxe = Cxexc (0) = Z

o]

—ana
n=12 n“n

(B5)

(B6)

(B7)

(B8)

Since this is equivalent to equation (5.13), using the wave power spectrum, c,.... can be expressed

as

Cxexc = f Exx(w)dw =my
0

(B9)

Generally, wave information is given by wave power spectrum c,..., ot by wave amplitude a,,, so,

this formula is useful for calculation of E,, (w).

The autocorrelation functions of x, in equations (B1) and (B2) are
f=9=x

b, =a,

Equation (B3) is the case where
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© 1
Crsxs(T) = z 1Eanan cos((n — c)wor) (B10)
n=
Since this is the same as equation (B7), the following series of relationships hold

Csxs(T) = Cyexc(T)

Cxsxs = Cxcxc = fO Exx(w)dw =my (B11)

In addition, The spectrum obtained by the Fourier transform of Sy, (@) IS Cycxc (T)

Sxcxc(@) # Syx(w)
although

| stcm(w)dw -/ " Spa(@)dw

— 0o

v" Autocovariance of the X, X, iS given by Cicicr Cisis

The autocorrelation functions of x, in equations (B1) and (B2) are

f =9 =X
b, = ay
Yp=60,=0
p=c
Equation (B6) with
o 1
Ciexe(T) = Tie1 3 Anan(n — ©)?wo? cos((n — c)wot) (B12)
From this, the auto-covariance becomes
w 1
Cxcxc = XCXC(O) = Zn:lganan (n— C)zwoz (313)

By the way, if we multiply the wave power spectrum of equation (5.12) by (w — w,)? and integrate

with respect to w.

f @0 B = [ (@ 028 (@)
0
J (0w — wy)?2 Zn lzanz{c?(w —nwy) + §(w + nwy)}dw

= zoo —a, f (0w — w){6(w — nwy) + §(w + nwy) }dw

n=12
o 1 ,
= Z 5 an (nwo wc)

n=12

®© 1
=z _anZ(n_C)Zwo

n=12

which is the same as the result of Eq. (B.13). Therefore, the following equation holds.
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Cxexe = foo(w - wc)zExx(w)dw (B14)
0

The moment order can be divided as follows.

oo (00)

wEyy(w)dw + wczf Exx(w)dw

Cxcxc = f szxx(w)dw - chf
0 0

0

=m, — 2w.m; + w.2my (B15)

The autocorrelation functions of x in equations (B1) and (B2) are

f=9=xs
b, = ay

s

Yo =0, = E

p=c
From equation (B6), it becomes
Cisps(T) = Zoo 1%anan(n — ¢)%wy? cos((n — )w,1) (B16)
n=

Since this is the same as equation (B.12), the following series of relations hold.
Cisxs(T) = Ciexc(T)

Cosis = Cacie = j (@ = 00)? B (0)de = my — 200, + 0,2y (B17)
0

v" Cross-covariance of the two x, and x_ is given by ¢, ic

The cross-correlation function of x, and x, is given by equations (B1) and (B2).

f=9=x
b, =a,
Yp,=0,=0
p=c
From equation (B4), it becomes
© 1
Cocse® = ) 5 anan(n = cwgsin(—(n ~ )aog?) (B18)
n=
The cross covariance becomes
Cxcxe = Cxeic(0) =0 (B19)

Regarding the cross-covariance, it is the same even if the order of x. and x, is interchanged, and

we obtain,

Ciexe = Ciexc(0) =0 (B20)
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v Cross covariance of the two x, and x is given by Cycxs

The cross-correlation function of x, and x; is given by equations (B1) and (B2).

f=xc
g = Xs
b, = a,
6,=0
T
Y = E
p=cC
using Equation (B3) ,
© 1 T
Crexs(T) = Zn:l > @nfn COS (—(n —C)wT + E)
© 1
= anl > Inln sin((n — c)wor) (B21)
The Cross covariance would be as follows

Cxexs = Cxexs(0) =0

(B22)
Cross covariance is the same even if the order of x, and x is interchanged , and we obtain the
following equation,

Cxsxe = Cxsxc(0) =0 (B23)
v" Cross covariance of the two x. and X4 is given by €ycxs

The cross-correlation function of x. and x is given by equations (B1) and (B2).

f=x
g = Xs
by = ay
0,=0

s
l/)n=§
p=¢cC

Equation (B3) with
Cxc;&s(‘[) = § _anan(Tl - c)wo sin (—(

) +n)
n—c)wagT -
n=12 0

2
© 1 ) T
= — Z Eanan(n —C)wpsin| (n — c)weT — =
n=1
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© 1
E 1Eanan(n -
n=

C)wy cos((n — c)wor)
As a result, cross covariance is,

(B24)

© 1
Cxcis = Cxeis(0) = z sapa,(n—cwy

n=12

= z —Nnwoan”™ — Cwoz

2
—ay,
n=12

n=1 2
However, by applying equations (5.13), (5.14) and (5.16), we obtain

Cxcxs = My — CWMy = MoWo1 — WMy = Moy(wo1 — W) (B25)
is the same as in the previous example. However, w,; = m,/m, was applied. Therefore
Cxers = Cxcxs(0) = mo(woq — @)

(B26)
Cross covariance is the same even if the order of the two x. and X is interchanged , and we obtain
the following equation,

Cisxe = Cisxc(0) = mp(wo1 — wc) (B27)
v Cross covariance of the two X, and x; is given by Cjcys-
The cross-correlation function of x. and x, is given by equations (B1) and (B2)
f=x
g = Xs
b, = ay
6,=0
s
Y = E
p=c
From Equation (B5) , we get
0 1 ) T
Cicxs(T) = Z ——a,a,(n — c)w, sin (—(n —C)wT + —)
n=1 2 2
b 1
= Z ) —Eanan(n —C)w cos((n — C)(UOT) (B28)
n=
From this, the cross covariance becomes

Cicxs = Ciexs(0) = _Z —aza,(n—c)wg

n=1 2

2

_ Zw 1 2 4 Zw 1
= nzlzna)oan Cwy nzlzan
but by applying equations (5.13), (5.14) and (5.16), we obtain

Cxcxs =

—my + cwoMy = —Mowo1 + WMy = —(Wo1 — WMy
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is. Therefore, the

Cxexs = CJ&cxs(O) = _((‘)01 - wc)mo

(B29)
Cross covariance is the same even if the order of the two x, and x; is interchanged , and we obtain
the following equation,

Cxsic = Cxsic(0) = —(wo1 — w)mg (B30)
v' Cross covariance of the two k. and X, is given by Cjcis
The cross-correlation function of x. and X, is given by equations (B1) and (B2).
f=x
g =Xs
b, =a,
6,=0
s
Yn = E
p=c
From equation (B6) ,
© 1 s 2 T
Cicrs(T) = Z —a,a,(n —c)*wy” cos (—(n —C)wyT + —)
n=1 2 2
© 1 2 2 o
= Z Eanan(n —C)*w sm((n — c)wor) (B31)
n=1
From this, the cross covariance becomes
Cxcxs = CJ&C)'CS(O) =0 (B32)
and x. and x, are the same even if the order of the two is interchanged, we obtained ,
Cisic = Cisic(0) =0 (B33)

v Cross covariance of the two x; and X, is given by ¢,

xsand x, in equations (B1) and (B2) are the cross-correlation functions of

f=x
g = Xs
b, =a,
s
9n=1/)n=§
bp=c¢

Equation (B4) with

Crszs(T) = Zw —%anan(n —C)w, sin((n — c)wor) (B34)
n=1
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From this, the cross covariance becomes

Cxsis = Cxszs(0) =0 (B35)
and x, and x, are the same even if the order of the two is interchanged, we obtained ,
Cisxs = Cisxs(0) =0 (B36)
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