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Many offshore fields are located in very shallow waters. The investigation of their behavior in
such conditions and then the assessment of proper design and operational limits are
challenging because non-linear effects typically matter in shallow-water waves and in their
interaction with a structure. This requires a non-linear prediction method of the wave-induced
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a good candidate as a solution tool for this application. The present solver has Airy waves and
Stokes 5th order waves as incident wave input. To extend the capability of Wasim an
implementation of Stream function wave theory has been made, but this seems to give rise to
numerical problems.

The project thesis has confirmed the difficulties in the present Wasim program for the
analysis of structures in shallow waters by studying a semi-submersible. It has also examined
different wave theories and their applicability in shallow waters.
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applications. The solver will be checked to identify the cause of problems among the possible
candidates found during the project thesis. The implementation of other incident-wave
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The work may show to be more extensive than anticipated. Some topics may therefore be left
out after discussion with the supervisor without any negative influence on the grading.

The candidate should in her report give a personal contribution to the solution of the problem
formulated in this text. All assumptions and conclusions must be supported by mathematical
models and/or references to physical effects in a logical manner.
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Preface

This report is the result of my master thesis written under supervision from both the Depart-
ment of Marine Technology and Det Norske Veritas. It is a continuation and further study of the
project thesis written in the last semester. The project thesis was composed of a literature study
of both wave theories and the Rankine panel method and several analyses in Wasim for both
learning the program and reproducing the error associated with the stream function method.
Then the major work of the master thesis turned to modification and implementation to the
source code of the program, and afterwards a significant part of time was used to verify the
modification and the new implementations. The update of the program is aimed to provide a
combination of the stream function method and proper nonlinear free surface conditions,
which should extend the capability of the program dealing with nonlinear problems, especially

in shallow water where Stokes 5" wave theory is no longer valid.

The report consists of four chapters. The first chapter includes relevant background theories
which are extracted from the project thesis, and most of these theories will be referred later in
the rest of the report. Chapter two includes the modification and verification of the stream
function method while chapter three includes the implementation and verification of the non-
linear free surface conditions. All the figures, tables and formulas are inserted through the
whole report at correct locations instead of being placed in appendix so that readers do not

need to flip over pages frequently when reading the paper version.

In final, | would like to give my sincere thanks to my professor Marilena Greco and my supervi-
sor from DNV side, Torgeir Vada, for their guidance, helpful information and valuable availability.
Especially Marilena, who spent one hour each week in almost one year to answer my questions
and provide me motivations. In addition, | would also like to express my gratitude to Kaijia Han

and Jens Bloch Helmers from DNV for their kindly advices and practical support.
Yi Luo

Oslo, June 2013



Abstract

DNV has Wasim (a module of HydroD) as a Rankine panel method potential flow solver original-
ly developed for more concern to deep water analysis. Some attempts have been made to ex-
tend the capability of the program in shallow water. The stream function method is chosen and
still in development for the current Wasim, but unphysical “pumping” diffractions which may
due to numerical problems have been observed. In the previous work, i.e. the project done in
the last semester, the error was reproduced and some preliminary possible reasons were pro-

posed.

The main task of this thesis is to fix the bug and test the modification of the program. Then two
sets of nonlinear free surface conditions will be implemented which together with the stream
function method are purposed to improve the capability of the program when handling nonlin-
ear problems. In final, these two approaches of the nonlinear free surface conditions will be
evaluated by comparing with some experiment results. The evaluation process is mainly com-
posed of two parts. Wave diffractions will be tested first by checking the wave loads on a fixed
cylinder, and afterwards wave radiations will also be included where the motion responses of a
LNG carrier will be studied. The numerical results calculated by Wasim will be compared with
the experiment data collected from Huseby & Grue (2000) and the Extreme Seas project respec-

tively.



Contents

=] 1oL TP TPOUP PRSP 1
AN ] 4 T oy AP ORRR 2
(0o ] 1= o | PP PTT PP 3
(I 0} )Y 0 41 o To £ PRI 5
[ o]l T4 U TR UURRRRR 6
I o) N 1= o L= PR 10
N - 7= Yol €= oYU g Lo I o =T | Y AU PURPRRRY 11
1.1 Common assumptions and governing equUatioNS.......ccccccceeeerciieeerciierercieeeeriee e 11
1.2 Stream function MEthod ........cooiiiiii e e 13
1.3 BasiC theory Of WasSim ...ttt e e s rtree e e e e e e baae e e e e e saaraaaeaeean 16
1.3.1 The general MOl ... e et e e e s e e rreee s 16
1.3.2  Decomposition of the total potential........cccccuveeriiiiiiiiiiiiiee e, 17
1.3.3  The boundary value problems .........cccuuiiiiiieice e 18
1.3.4  Rankine panel Method ... e 21
1.3.5  Computation Of the PreSSUIES ......ccoiciiieiiiieiccireee ettt e e e e e 23

] LT T Lol T PP PR 24

2 Modification of the stream function Method .........c.coooieiiiiiiiiin e 26
2.1 REVIEW Of the @ITON ettt e st sbe e e saneenas 26
2.2 HOW the Program WOIKS .......couuiiiiiiiieeiiie ettt e et e e e steee s seee e e sneeeessaneee s 30
2.3 FiXxthe Wave KiNEmMatiCS.....ccocuiiiiiiiiieeriee ettt st sane e 32
2.4 FiXthe Wave €leVations ...ttt et e st e e et s 39
2.5  Test the MOdifiCatioNs .......cooiiiiiiiiee et 43
251 WaVe CONAITION 2 coneiiiieiiee ettt et s 45



Y A VAV V=W oo Y o L1 o) o G TR 46

2.5.3  WaVve CONAITION 4 .....eiiiiiee ettt sttt et e e 47
254 WaVve CONAITION 5 .oneiiiiiiiee ettt st st e e 48
2.5.5  WaVve CONAITION 6 ...oiiiiiiiiiiiiee ettt st te e e st e e s e e e s e 49
256 WaVve CONAITION 1 .oeeiiiiiiiieeiie ettt st 50

] LT T Lol T PP PP 53

3 Nonlinear free surface CoONAItIONS.......uiiiiiiiii e e e 55
3.1 Theoretical derivation ..o st sane e 55
3.1.1  Kinematic free surface CONditioNn ........ccceevriiiiiriiiin it 55
3.1.2  Dynamic free surface CONAItION .....ueeieiiiiciiieeie et e e e e rreee e e e eanns 57

3.2  Discretization and implementation of the free surface conditions .......ccccccceveveiennnenn. 60
3.2.1 Implementation of the kinematic free surface condition...........ccceceevvricieeiniennnnns 61
3.2.2 Implementation of the dynamic free surface condition.........ccceeevveeeeeeiiinveeeeennnnns 63

3.3 Wave l0ads on a fiXxed CyliNer......cuueiiiiiie e e 66
3.4  Ship Motions in STEEP rEGUIAI WAVES........ccuvveiiiieiiireeee ettt etrre e e e eeearree s 77
O Y o 11 J 4 o o 1] DS U PURPROt 77
342 WAV a8 weieiiiiiiieeie e st e st e e e abe e e s staee s snteeenaas 78
3.4.3  Post-process the experiment reSUILS ......covvvreieiiiiiieeee e eerrree e e e 82
3.4.4  Comparison Of the reSUILS .....ccecciiiiie e e e e e e 86
RETEIENCES ... ettt ettt e st e st e s bt e e s a b e e st e e bt e e be e e st e e nareenares 94

4 SUMMArY aNd COMMENTS c.ieiiiiiiieeeeeeiiiireeeeeeeiitrreeeeeessitbreeeeesssstabaeeeeessssssareseessssssaseseesnssrrenes 96
Appendix A Linearization of free surface conditions for 3D wave body interaction............... 99



List of Symbols

If no explanation is given in the report, the common symbols are defined as following

H = wave height
A = wave amplitude
T = wave period
2n

w = angular wave frequency = -
L = wave length

2n
k = wave number = -

h = water depth

t = time instant

x = horizontal coordinate
z = vertical coordinate

¢ = surface elevation
¢ = wave celerity or phase speed = %
¢ = water velocity potential

Y = water stream function

Y; = stream function value on the wave profile

. , , dp oy

u = horizontal water particle velocity = Friaie
, : 09 0y

w = vertical water particle velocity = - Ox

¢, = basic flow potential
¢; = local flow potential
¢m = memory flow potential

¢; = incident wave potential

W = mean velocity of the fluid field
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1 Background theory

1.1 Common assumptions and governing equations

Vi.

Vii.

viii.

The water is homogeneous and incompressible (V- V = 0), i.e. p is constant if variation
of temperature and salinity over water depth are negligible. Thus there is no internal
pressure and only surface gravity waves are concerned (e.g. wind-generated waves, but

tsunamis or tides are others).

The water is inviscid, i.e. there is no internal shear stresses and no shear stresses on the

air-sea interface or on the sea bottom.

The water is initially irrotational, and since it is inviscid it will always be irrotational (V X
V = 0). This makes the potential flow theory applicable and together with the first as-
sumption it leads further to a valid Laplace’s equation for the velocity potential (V¢ =

0).

The wave lengths are at least greater than a few centimeters so that the surface tension

becomes unimportant.

The sea bottom is stationary, impermeable and horizontal (also valid for small sloping
bottom in shallow water). Therefore the sea bottom is not able to add or absorb any

wave energy.

The water pressure is approximated to be equal to the constant atmospheric pressure
along the free surface, so the aerostatic pressure difference between the wave crest and

trough is negligible.

The water particles on the free surface always remain on the surface. This assumes no

particle escaping (no breaking waves).

No stream or current is presented.
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These assumptions above will generate the following nonlinear boundary value problem.

¢ 2% _ within the fluid (1)
dx2 0z2
DE=) _ 0, _ . —7) = kinematic free surface (2)
2D =2 (- +Vp-V(z—) =0
conditiononz = ¢
ap 1 .
D — Patm = —p (g9l + = + Evd) V) =0 dynamic free surface (3)
conditiononz = ¢
9 _ 0 sea bottom boundary (4)
0z
conditionon z = —h

If there is no lateral physical boundary nearby, then a periodic boundary condition for the sur-

dp(Lzt) _ 0(0zt)
ax  ax

face waves can be included, i.e.

A sketch of the boundary value problem is given by following.

Kinematic, dynamic
free surface conditions

Still water level

Vi$p=10

Sea bottom
boundary condition

777777 77777 77777777 7777777777 7777777 7777777777

Figure 1-1 Sketch of the general boundary value problem

12



1.2 Stream function method

The method is mainly based on Fourier series so that each term in the approximated solution
already satisfies the field equation, but instead of doing perturbation expansion for the coeffi-
cients (as in Stokes wave theory) which will pollute the solution more or less, the coefficients
are solved directly by the benefit from development of computer power. The method got its
name because stream function is used instead of velocity potential for the purpose of more
practical programming. This is due to that the kinematic free surface condition can be satisfied
straightforward as the streamline value is constant there, but the velocity potential approach
does not implicitly satisfy the kinematic free surface condition so another set of coefficients is

required for ¢.

Several approaches can be found as branches of the method. Only Dalrymple’s approach (1974)

will be explained here as it is which Wasim uses.

First the coordinate system (x, z) is defined to be following the wave and thus have the velocity
c relative to the stagnant water. Because of the constant wave shape assumed, the problem be-
comes steady state and only spatial dependent which results in the benefit that the time-
derivatives in the free surface boundary conditions can be taken away. The boundary value
problem will be denoted with stream function as given below:

3%y n 2y _ 0 within the fluid (5)

0x2 0z2

(satisfied by default as continuity assumed)

) Y 8¢ ; ;

=5, 5 0r Y(x, ) =—-0Q kinematic free surface (6)

dx 0z 0x

conditionon z =
(Qis the discharge through a vertical section) ¢

1((6_11;)2 n (6_11;)2) + gl =R dynamic free surface (7)

2 ox 0z .
conditiononz = ¢
(R is the Bernoulli constant)
W _ —h) = sea bottom boundary (8)
ax—Oorl,b(x, h)=0

diti =—-h
(satisfied by default because of the term condition on z

13



sinh[nk(h+z)])

The lateral boundary condition, ¥ (x, z) = {(x + L, 2), is already hidden in the assumed form of
Y in all those three approaches. In addition to the boundary conditions, we need three more

constraints to close the problem when H, T, h are input:

=1t — 9
{=1[¢dx=0 ©)
(elevations must have a zero mean as incompressibility assumed)

H = (max - (min (5)
L=cT (11)

As no stream is included, the stream function can be assumed as:

2(n-Vm (h + Z) . COS 2(n-Dm
X1 Xl

x} (12)

Y(x,z) = % + YN+UX,, - sinh

where X; = L, Xy41 = ¢ and there are N+1 unknowns to be solved. The assumed stream func-
tion has already taken constraint (11) into account as the wave period should be prescribed. So
there is only one boundary condition, the dynamic free surface condition, which is left to be sat-

isfied. This can be done by requiring the following objective function to be zero:

0 ==Y (R —R)? + ’171 I 00 + A, (C0e) — {(x) — H) = 0 (13)

where A; and A, are Lagrange multipliers which can be used to adjust the weight of the last two
terms in the objective function, and I is the resolution of the wave profile while N is the order of

the stream function. The objective function is a combination of constraint (9), (10) and a fitting

. L o\ 2 P\ 2 .
of local Bernoulli constants at pointi, R; = %((%) + (a—f) ), to the mean Bernoulli constant
L l

value R = % {21 R; (Here equidistant points along the wave profile is assumed and R is used

since no prescribed Bernoulli constant in Dalrymple’s approach). Equation (13) is nonlinear and

can be solved by use of Newton-Raphson’s method, and this yields a linear equation system

14



consists of N equations with N unknowns (by insert (12) into (13)). The linear system can be pre-

sented as:
071 = 01 + 3N, 5 Loax) ¥R 2 20 -~ AN, (14)
XM= x)pax), A =20+ ax, (15)

When AX,{ have been solved, the coefficient set X,, at the iteration j+1 will be updated as
X,{H = X,]; + AX,J;. Then the wave elevations /*1 will be solved based on X,{H and X1{/+1 (i.e.

partly explicit, because le,ill 1,b]+1 will be updated at last). Insert z = { in (12):

; TX) +1 2(n-1r i

()™ = —7at = X,+1 YNAX] - sinh i (h 4+ ¢(x)*1) -
1
6)
2(n-)m (

€c0S ———x}

X{H

The wave elevations can be solved by the transcendental equation (16) iteratively. In final XI{,:[l1

is calculated based on ¢/** by numerically integrating (16) along the wave profile. Then the left

hand side of (16) can be eliminated because of constraint (9), thus Xj+1 can be solved as:

Z(n O Z(n 193

R (h+ (0™ cos )y

J+1 _ 1gg N+1 j+1 .
Xy = 721':1{ Xp ~sinh

(17)
This is the procedure of the method for one iteration and all the N+1 unknowns in (12) plus the

. . ) 1, 1
wave elevations are computed once. Notice that Ax; is taken away and use n instead ofz as

equidistant points is assumed along the wave profile.
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1.3 Basic theory of Wasim

1.3.1 The general model
We consider a body travelling at constant speed with x-component U, y-component V and rota-

tion Q in the earth fixed coordinate system (x, ¥y, Zo), i.€. the stagnant fluid will have a mean

velocity field W = (U — Qx,V — Qy) in the body fixed coordinate system (x, y, z). The Galilean

transform relates these two coordinate systems can thus be defined as

:i_W.V

D (18)
Dt at

D . . - . . ., 0
where o denotes the time derivative in the earth fixed coordinate system while Py denotes the

time derivative in the body fixed coordinate system. The unsteady body motions about its fixed

coordinate system is given below

S(E 1) = (£1,£5,65,0,0,0) + (0,0,0,&,, &5, &) X & (19)

where ¥ = (x,y,z) and §; are the six degrees of freedom rigid body motions.

Yo \ / Xo

Y

Y

Figure 1-2 Definition of the 3D coordinate systems when a body is presented
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1.3.2 Decomposition of the total potential

By linear potential theory, the total fluid potential can be treated as a superposition of several
potential components. The classical way is usually to discretize the transient part into a radia-
tion potential and a diffraction potential. In Wasim another alternative is used by introducing
so-called local flow and memory flow, and the benefit is better numerical stability. The decom-

position is given as ¢or = ¢Pp + P + Py + @, and the following is a brief explanation.

e ¢, is the basis flow potential which is steady state and independent of the other poten-
tial components. This component represents the steady flow around the body which is in
forward speed. In Wasim, one of the two famous linearization models, the Neumann-
Kelvin (where a uniform stream will be used) or the double body flow is available in the
graphical user interface of the program. The latter gives more accurate results but may
lead to numerical problems in a nonlinear analysis, so the former is set as the default
model for nonlinear analyses. In fact Wasim uses a so-called Aspiration model which is a
combination of Neumann-Kelvin and double body flow (see the next section for more
details). The basis flow is always zero in this project.

e ¢, is the local flow potential. It can be understood as the instantaneous response of the
surrounding fluid due to a given velocity of the body boundary, i.e. as a pressure release
problem, and this further causes disturbance of the free surface. In this way the body
forcing is transferred to an inhomogeneity of the fluid, and this inhomogeneity acts as an
initial boundary value problem for the memory flow. With other words, in Wasim the
classical radiation problem is divided into two parts. The first part is included in the local
flow while the rest is put into the memory flow. It is the separation of the local flow
added mass from the right hand side of the motion equation which results in the better
numerical stability since the remaining force will be independent of the instantaneous
acceleration (see the next section for more details). In section 2.3, the local flow will also
be zero due to no radiation.

e ¢, isthe memory flow potential. It represents both a part of the radiation flow and the

diffraction flow, i.e. it is the rest of the transient potential. An initial boundary value
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problem will be solved at each time step to get the memory flow so this potential com-
ponent will form the major part of the computation.
e ¢, is the incident wave potential. It is given and will be an input, mainly as a Stokes 5%

order wave or a stream function wave in this project.

We assume that ¢, = 0(1) while ¢;, ¢, ¢; = 0(€). Thereby the decomposition is kind of a
perturbation expansion (only linear terms are kept) where the parameter € is a measure of the
potential magnitude and it is a function of the Froude number. The basis flow is thus the basis
for the linearization and it should be the largest of all the potential components (if nonzero for-
ward speed) so that the small body-motions assumption in the body fixed frame will be a good

approximation.

1.3.3 The boundary value problems

After the decomposition of the total fluid potential, the whole complex problem is split into
several boundary value problems. The advantage is not only the simplification and the practical-
ity to the implementation but also that the results of the different components can be checked

and analyzed separately. The boundary value problems together with brief explanations are giv-

en below.
i) Basis flow
Vigp, =0 within the fluid (20)
9% _ onz=0 (21)
0z
% — (1 — f(x,y, Z)) . (W ) on the body boundary  (22)
9% _ 0 on the sea bottom (23)
0z

The same free surface condition is used as the double body flow modeling. The introduction of
function f(x,y,z) is to allow a specified normal flux through the hull. When f(x,y,z)=0, the normal

flux equals the free stream, i.e. it gives the Neumann-Kelvin model while f(x,y,z)=1, i.e. no flux
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passes through the body, gives the double body flow. By stacking a small amount free stream up

to the double body flow, the rectangular wake flow behind a transom stern can be modeled.

i)

where

Local flow
Vip, =0
¢, =0
= X (G + 6my)
Pi=

(nll ann3) = ﬁl (n4l Nns, n6) = )-C) X T_i

within the fluid
onz=0

on the mean body boundary

on the sea bottom

(my,my,ms) = (- VYW =), (my,ms,me) = (- ) (& x (W - Vepy))

(24)
(25)
(26)

(27)

(28)

(29)

a .
Since n; and m; are time independent while % and ¢; are spatial independent due to the rigid

body motions, equation (26) is similar as so-called “normal modes” approach and n;, m;, repre-

sent the modal shapes which can be determined before time stepping. The terms m; give the

coupling between the basis flow and unsteady flow, and they may be difficult to compute due

to the second order derivative so no further discussion will be included here. We then spatial

integrate (26) and assume that ¢; is proportional to the instantaneous velocity and the instan-

taneous displacement which thus can be given as

Bu( 1) = X0, N (D) 2L (D) + My (0)

Therefore N; and M; must satisfy the following boundary value problem

V2N, = 0, V*M; = 0
Ny _ . M
on 77 on J
%: 6Mj:0
0z ' oz

within the fluid

onz=0

on the mean body boundary

on the sea bottom

(30)

(31)
(32)

(33)

(34)
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By solving N; and M; before time stepping, ¢, can be simply calculated after solving the motion

equation at each time step.

The linearized local flow force (see section 2.1.5 for more details) is assumed to be

9k (35)

= f‘P(%_ (W - ‘7¢b) V)pds = Zzaojk a it + bO]k

ez + CojkSk

By inserting (30) into (35), the local flow added mass, damping and stiffness can be calculated as

the following

aojk = J p Ny " njds (36)
bOjk :fp(—(W—V¢b)'Nk+Mk)'n] ds (37)
Cojk = J (- (W - V¢b) M) - nyds (38)

The coefficients are also time independent as expected. Then we move the local flow force to
the left hand side of the motion equation so that the rest at right hand side will be memory flow
force plus Froude-Krylov force, and both of them are independent of the body instantaneous
acceleration. This separation will be unnecessary if the problem is forced oscillations because of

no need for solving the motion equation.

iii) Memory flow
Vi, =0 within the fluid (39)
— (W -V,)Vg =22 ¢ + gy + 224 Pm vy, vg) ; (40)
onz=
2 (W - qub)qum = —g0+ (W -V —2(V,)?) — Vo, V9, (41)
a;p: _ (W V¢b) 2 t:i on the mean body boundary  (42)
9¢m _ 0 on the sea bottom (43)
0z

where ; is the elevation of the incident wave (see Appendix A for more details about the linear-
ization of the free surface conditions). On the free surface, known ;bm from the previous time
step will be used to calculate { at the current time step by explicit Euler time discretization of

the kinematic free surface condition, i.e. (40). Then the updated ¢ will be used to calculate ¢,,
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at the current time step by implicit Euler time discretization of the dynamic free surface condi-

tion, i.e. (41). On the body boundary% is always known since ¢, is solved before time step-

ping while ¢; is input.

A combination of Euler schemes is applied because it is proved by von Neumann stability analy-
sis that neither of fully explicit and fully implicit discretization will lead to satisfied numerical

properties.

1.3.4 Rankine panel method

To solve the described boundary value problems, a boundary element method will be used. The
main idea is to represent the fluid field as superposition of sources (and sometimes also dipoles
and vortices). The boundary surfaces are discretized into a finite number of panels where cer-
tain number collocation points are distributed depends on the order of the method, and there-
by the method is named “panel method”. Different source types can be chosen to satisfy certain
boundary conditions in advance, e.g. Kelvin or Havelock source satisfies the linear free surface
condition, and several source types can be found which satisfy both the free surface and the
bottom boundary condition at the same time. The disadvantage for sure is the complicated
computation for such multifunctional sources (or Green function). In Wasim, the fundamental
Rankine source is used. The cost of using Rankine source is that we have to distribute sources on
all the boundaries (except the sea bottom in Wasim) since Rankine source is only solution of La-
place’s equation and does not satisfy any boundary conditions, and this will lead to more un-
knowns and further more memory cost (the increase of CPU cost is less noticeable as it is simple
to calculate). The sea bottom boundary condition is satisfied by mirroring so no panel mesh is
needed there, but irregular sea bottom (which is more concerned in shallow water) may thus
not be allowed in Wasim. Since different boundary value problems with different kind boundary
conditions will be solved in Wasim, the use of Rankine source is more general for programming

purpose, especially for object oriented language.
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If the entire fluid domain considered is denoted as FD, and the corresponding total boundary is

denoted as dFD. Then by using Green's second identity, the following equation can be derived

V20 — (- V2 — 96 _ ."_d’) (44)
[op(@ V26 —G-v2p)av = [, (65— G-22)ds
where ¢ can be any potential component and G is the Green function. We choose Rankine

source as the Green function, i.e.

G = riﬂ and V2G = —4n8 (%, 7)) (45)

where 7j is the location of certain collocation point, and & is the Dirac delta function represent-

ing the singularity, i.e.

o={ " 200 (46)
0 X#n
Then by inserting (45) into (44) we come to the following equation
] o>y I _a¢(1‘7’) > >y 0G(X1) ;> (47)
¢ ¢ — [y, GG - == dif + [, 901 - ——dif = 0
4Tt X € FD (48)
c=42m X € dFD
0 elsewhere

In fact, the contribution from the far field boundary can be eliminated so that dFD consists only
of the free surface and the body boundary (no panel mesh on the sea bottom). And solutions on
the free surface and the body boundary are most concerned (where wave elevations or pres-

sures will be computed), i.e. ¢ = 2m, e.g. when ¢,,, on the free surface is calculated by the dy-

. - d . .
namic free surface condition and as % on the body boundary is already known (see section

9¢m on the free surface and ¢,,, on the body boundary. Assume

2.1.3), the only unknown will be py

we have N collocation points on the free surface and M collocation points on the body boundary,
i.e. we will get N+M unknowns for the concerned example, then by establishing equation (47) at
each collocation point we obtain a linear equation system consists of N+M equations, i.e. the

problem is closed.
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1.3.5 Computation of the pressures

The pressure field can be derived from Bernoulli’s equation, i.e.

P —Pa = —P(obroe +3 (Vor)? + g2) (49)

Assume p, = 0 due to relatively small air density and introduce the Galilean transform (18) and
the decomposition of the total potential, we can linearize the total pressure by keeping only

0(1) and O(€) terms, which is given as

p=-p ((% B (W — Vo) V) (P + P+ P:) — Vo (W — %V(j)b) + gz) (50)
Then the total pressure can also be discretized similarly as the total potential, i.e.

Froude-Krylov Dpx = —p (% — (W - V(i)b) . V) o; (51)
Local flow pL=—p (% — (W —-7¢,)- V) R (52)
Memory flow  p,, = —p ((% — (W — V) - V) b — Vb, (W _ %V¢b)) (53)
Hydrostatic Dstat = —P9Z = —PpY (2o — §5 + x5 — y<4) (54)

where z, is the mean body position. When the nonlinear analysis option is enabled (see section

2.2 for more details), the 0(e?) terms will also be included so the nonlinear pressures should be

Froude-Krylov  ppx = —p ((% —(W—-vg,)- V) ¢i + i (V¢i)2) (55)
Local flow pr=-p ((% — (W —Vey)- V) b + % (V¢z)2) (56)
pn=—p((%= (W - 76,)-7) b — 7 (W — 170, ) +
Memory flow (57)
1
+1(79,7)
Cross coupling  Pep = ViV, + VP,V + Vo, Vyy, (58)
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2 Modification of the stream function method

2.1 Review of the error

A semi-sub with six columns is used here. Its length in x-direction is 121.43 meter and breadth in
y-direction is 60.44 meter (measured from center of the columns). The diameter of the columns
is 20 meter. The semi-sub is sitting fixed on the sea bottom where z=0. The water level is set to
z=30 meter, and the height of the columns is 53.35 meter, i.e. 23.35 meter above the still water

level. The picture below gives an impression of the model.

Figure 2-1 The semi-submersible model used to test stream function method

To reproduce the error, we can run two analyses with the model, one of them has a stream
function wave with 14 coefficients as incoming wave and the other with a Stokes 5™ wave as
input. Both input waves have H=12 m and T=15 s, i.e. a wave condition which remains inside of
the valid region of Stokes 5" order wave theory. Therefore we expect that both stream function

method and Stokes 5t order wave theory will give us almost the same wave profile with very
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small deviations in the wave elevations and wave kinematics, and this should further lead to al-
most the same wave diffractions. But when the incident wave is generated by stream function
method, “pumping” wave diffractions can be observed which will not appear if the incident
wave is a Stokes 5" wave. The wave diffractions generated by these two analyses are quite dif-
ferent as presented below. The incident wave elevations are already filtered out from the total
wave elevations, and since the platform is fixed sitting on the sea bottom there is only diffracted

waves left.

Figure 2-2 The pumping effect shows up when the incident wave is stream function wave
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Figure 2-3 The pumping effect disappears when the incident wave is Stokes 5th wave

To present the error even clearer, the time history of the diffraction wave elevations right be-

hind the middle column (where the diffractions are biggest) is plotted.

Figure 2-4 Right behind the middle column where the diffraction wave elevation is collected
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. Diffraction wave elevations

— stream function incident wave
— Stokes 5th incident wave

0 <

BRARAA:

-6

Elevations (m)

-8

Time (s)
Figure 2-5 Comparison of diffraction wave elevations behind the middle column
Since the Stokes 5™ wave in Wasim is well tested and evaluated to be correct, and such phe-
nomenon did not show up during a model test or in a CFD analysis (according to DNV) either.
The “pumping” wave diffractions are thus assumed to be unphysical, and there should be some
error either inside of the implementation of stream function method itself or associated with

the integration of the method into the whole program.
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2.2 How the program works

After study the source code of Wasim, one of the possibilities regarding where the error is lo-

cated can be eliminated now. Because the program does not have an implementation of stream

function method internal, but instead an online java application is used to calculate the Fourier

coefficients of stream function. The java application is developed by Dalrymple himself at Uni-

versity of Delaware (http://www.coastal.udel.edu/faculty/rad/streamless.html).

Stream Function Wave Theory

Stream Function Coefficients:

1

56.46284569707082
-7.438918294669972
-0.291810702599677
-0.0067693543918048975
3.187440663188406E-5
8.914073197452829E-6
1.8409539642992694E-7
-1.3577703371662996E-8
-9.653963624905638E-10
-5.266066602992188E-12
2.4650607282037978E-12
-0.5970924531515245

- A OONOMEWN 2O

- O

Errors:

Wave Height Error:  6.665934395333473
Mean Sea Level Error: 1.66975177299466 ~

< i 3

L4 Click for velocities U2|

Input Wave Data:

Wave Height (m)?

Wave Period?

Local Depth?

Theory Order?

Damping

Calculate

2.0

7.0

8.0

10

Reset

Figure 2-6 Online java application which is used to calculate stream function coefficients for Wasim

After the java application calculated the stream function coefficients, these coefficients will be

input to a python script for post-processing. The main task of the python script is to compute a

series of wave elevation coefficients so that Wasim can get wave elevation at any point on the
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free surface just by summation of some sinus or cosine terms. The script first calculate wave el-

evations along the wave length in a specified resolution based on the stream function coeffi-

cients (more details will be explained later in section 2.4), and then it calculates the wave eleva-

tion coefficients by fitting these wave elevation values. The script will in final output a data file

includes both the stream function coefficients and the wave elevation coefficients which is input

to Wasim, and Wasim uses these coefficients directly to compute wave elevations and wave

kinematics.

1 |A stream function wave

2 15.000000 ! Wave period
3 12.000000 ! Wave height
4 247.933910 ! Wwave length
5 30.000000 ! Water depth
6 1025.000000 ! Water density
7 9.810000 ! Acceleration of gravity
3 14 ! Number of stream function coefficients
9 0 2.479339098349%e+02
10 1 -9.715809659349e+01
11 2 -8.392909116979e+00
12 3 -5.525710323076e-01
13 4 -2.098057919786e-02
14 S 4.650473839655e-04
15 6 1.236390727965e-04
16 7 3.552543151613e-06
17 8 -1.075231384202e-06
18 9 -1.758216011587e-07
19 10 -1.132228050035e-08
20 11 2.3456132746%94e-10
21 12 1.195063651166e-10
22 13 2.217465289367e-12
23 20 ! Number of free surface elevation coefficients
24 1 1.153663988866e-05
25 2 5.346188854685e+00
26 3 1.774022057312e+00
27 4 5.644322030014e-01
2 S 1.954928050350e-01
29 6 7.381598841007e-02
30 7 2.969350243352e-02
31 8 1.248421833834e-02
32 9 5.419160596689%e-03
33 10 2.409940395655e-03
34 11 1.092307767648e-03
35 12 5.027440026967e-04
36 13 2.343601066173e-04

Figure 2-7 A screen capture of an example input file to Wasim
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2.3 Fix the wave kinematics

Considering those two analyses in the section 2.1, if we take a look at the linearized Froude-
Krylov forces (i.e. the % (Vo;)? term is taken away, and as both W and V¢, are zero, only V@, is

associated), the huge difference tells us that there must be something wrong with the wave

kinematics.

x 10° Linearized Froude-Krylov force in vertical direction, H=12 T=15s D=30m
1.5 I — I I I — I I I =
VR
/ (,.-/ \\,,\ Stokes 5™

Stream function
- -

\ !
/ \ !
\

60 65 70 75 80 85 90 95 100

Figure 2-8 Comparison of the linear Froude-Krylov force

After comparing outputs of the stream function wave and the Stokes 5™ wave in wasim (the

same wave condition as in section 2.1, i.e. H=12 m, T = 15 s and water depth = 30 m), signifi-
L . . . d
cant deviations in water particle accelerations and d—(f have been observed.

The wave kinematics are always calculated at point(0,0) while the wave travels in time. This re-
mains in the rest of the report if same kind of comparison is made. If there is no information

given, the same wave condition will be used as above.
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get into get_stream_wave...
get out get_stream wave...

WAVE
WAVE  WAVE PERIOD WAVE WAVE DEPTH WAUE HEIGHT DEPTH
NO  THEORY ACTUAL HEIGHT LENGTH ACTUAL DIMENSIONLESS DIMENSIONLESS
1 Stream 15.00 12.000 247 .93 30.00 0.54385E-02 0.13596E-01

4.34745 0.060000 0.00000 0.00000 1.76608 71.46369
0.00 7.80846 4.45598 0.00000 0.00000 0.00000 0.00000 -0.61498 -23.51945
4.30195 0.00000 -43909 0.36288 0.00000

0.25 7.67465 4.40437 0.00000 -0.47840 -0.13133 0.00000 -0.60328 -23.24706

7.38429 4.16716 0.060000 .86371 0.71199 0.060000 1.65083 68 .48856

0.50 7.29044 4.25194 0.00000 -0.93868 -0.25658 0.00000 -0.56893 -22.44248

6.81139 3.94821 0.060000 .26008 1.034609 0.060000 1.511880 64.87546

0.75 6.70106 4.00568 0.00000 -1.36386 -0.37013 0.00000 -0.51410 -21.14270

- 6.08387 3.65339 0.060000 .61575 1.31702 0.060000 . 60.01043

1.00 5.96520 3.67672 0.00000 -1.73920 -0.46715 0.00000 -0.44227 -19.40638

04 3.29383 0.060000 .92026 1.55042 0.060000 1.10424 54.07720

1.25 5.14105 3.27950 0.00000 -2.085307 -0.54399 0.00000 -0.35785 -17.30982

. 4.40248 2.88296 0.000060 ) 1.726580 0.00000 0.85639 47 .29714

1.50 4.27801 2.83083 0.00000 -2.29756 -0.59836 0.00000 -0.26594  -14.94165

3.55699 2.43575 0.060000 2.34741 1.84872 0.00000 0.59606 39.91737

1.75 3.41394 2.34868 0.00000 -2.46891 -0.62951 0.00000 -0.17188 -12.39678

2.75989 1.96783 0.060000 2.46387 1.89235 0.060000 0.33701 32.19596

2.00 2.57574 1.85103 0.00000 -2.56747 -0.63822 0.00000 -0.08082 -9.77008

04 2.02926 1.49452 0.060000 2.51714 1.88475 0.060000 0.09257 24.38556

2E25 1.78119 1.35466 0.00000 -2.59743 -0.62671 0.00000 0.00270 -7.15012

1.36751 1.062981 0.00000 7 1.82506 0.006000 0.12564 16.71702

2.508 1.064113 0.87415 0.00000 -2.56616 -0.59831 0.00000 0.07512 -4.61393

o 0.76553 0.58548 0.060000 2.45725 1.72354 08.00000 0.30885 9.38496

2D 0.36121 0.42118 0.00000 -2.48332 -0.55718 0.00000 0.13417 -2.22304
0.20835 0.17651 0.00000 2.36128 1.59248 8.00000 8.45200

3.00 -0.25658 0.00407 0.00000 -2.35983 -0.507408 0.00000 0.17892 -0.02147

e 0.31892 0.20931 0.060000 2f 1.44436 0.060000 0.55405 3.73049

3.25 -0.81278 -0.37215 0.00000 -2.20683 -0.45329 0.00000 0.20969 1.96429

. 0.82644 0.55125 0.060000 2.08745 1.29116 0.060000 0.61782 9.37302

3.580 -1.30965 -0.70546 0.00000 -2.03480 -0.39828 0.00000 0.22781 3.72353

» 1.31709 0.85526 0.060000 .92848 1.14231 0.60000 0.64913 14.38973

3.75 -1.75051 -0.99625 0.00000 -1.85293 -0.34507 0.00000 0.23521 5.25838

1.78641 32 0.060000 . 76495 1.00428 0.060000 0.65567 18.81365

4.00 -2.13929 -1.24671 0.00000 -1.66872 -0.29558 0.00000 0.23414 6.58037

2.22456 1.35857 0.60000 .60203 0.88021 08.060000 0.64555 22 .69519

4.25 -2.48021 -1.46016 0.00000 -1.48794 -0.25063 0.00000 0.22683 7.70700

2.61977 1.56460 0.060000 44295 0.77028 0.060000 0.62610 26.089503

4.50 -2.77753 -1.64049 0.00000 -1.31465 -0.21091 0.00000 0.21531 8.65881

2.96188 1.74473 0.000060 .28929 0.67251 0.00000 0.60284 29.086738

4.75 -3.03541 -1.79174 0.00000 -1.15146 -0.17631 0.00000 0.20129 9.45713

3.24524 1.90162 0.00000 - 14156 0.58389 0.060000 0.57905 31.65637

5.00 -3.25777 -1.91781 0.00000 -0.99977 -0.14651 0.00000 0.18612 10.12253

Figure 2-9 Comparison of the wave kinematics and dg/dt between the stream function wave and the Stokes 5th wave

Then we do the same comparison further with a stream function wave calculated by a program
based on Fenton’s approach (The program is implemented by myself, but it is tested to be cor-
rect). We do not use Dalrymple’s java application here to do the comparison because the appli-
cation does not output wave kinematics. Though the wave kinematics can be calculated by the

stream function coefficients output of the java application, | preferred to use my program here
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since it is a good opportunity to extend 1/O part of the program and | can modify the source

code directly instead of post-process the results of the java application. The velocities and ac-

celerations in y-direction are abandoned below as they are always zero.

Wasim Stream Function

Fenton Stream Function

elevu= vel-x= acc-x=

.67465

.88675 ;00500 -1.36359 -1.15866 -1.60969 -66.18470

14425 .67615 -1 ?3888 -1.46240 -1.38483 -60.75036

27908 -2.05272 -1 ?029? -1.12059 -54.18841
.59836

-31355

. 70546

. 03541

10790 .91761 00004 45888 58292  31.68943

Figure 2-10 Comparison between the Wasim stream function wave and the Fenton stream function wave

. d . .
The accelerations and d—f from the wasim stream function wave seems to be wrong. Both accel-

as _ 39

) d N . I ) . . .
erations and d—(f are derivatives by time, which is associated with wave celebrity. Since — =

dt ~ ox

0 . o N . .
d—’; = u - ¢, if the velocity in x-direction is correct (which has very small deviations compared
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both to the Wasim Stokes 5" wave and the Fenton stream function wave), then the wave celeb-

rity should be wrong.

By checking through the source code of Wasim in debug mode, the wave-length, period, height,
all the coefficients and etc. are nondimensionalized at once after input, and all the computa-
tions are nondimensional, i.e. the results should be redimensionalized before output. After
modifying the program so that the results are in correct dimension before output, the results

become quite different.

Wasim Stream Function

Fenton Stream Function
time= elev= vel-x= acc-x=

. 80846 95415

.S4401

.31355 .27908 -2.05272 -1.70297 -1.12059 -54.18841

7 4
6 2
6 4
. of 1 . .
.00 6. 14425 3.67615 -1.73888 -1.46240 -1.38483  -60.75036
5 0
5 3
4 8.86491

4 2

3 7

. 41394

.17335

. 25884

.46332

.00 '0;10884 0;00435 -2.35988 -1.58882

.25 -0.66564 -0.37185 -2.20695 -1.41945

0

0

0

1

0

1

0

2

0

. . 2
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Figure 2-11 Comparison after modification, the ratio of the values between Wasim and Fenton is about v g
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If we compare the results carefully, the ratio of all the values from the Wasim stream function
wave and the Fenton stream function wave is about \/E so it looks like some variable is wrongly

nondimensionalized. By further study of the formula which calculates stream function, i.e.

z Z(n D Z(n nm

equation (12) ¥(x,z) = X1 N+l(X, - sinh=—=(h + z) - cos =——x}, the Fourier coeffi-

cients X, should have the same dimension as stream function as both sinh and cos are dimen-
. . . . . - m?
sionless, i.e. the dimension of the Fourier coefficients should be [T] (or [alength * /g * alength]

in source code of Wasim, where alength is a reference length, e.g. if we use millimeter as unit in
analyses, then alength = 1000), but the coefficients have not been nondimensionlized after in-

put. Since alength=1 as meter is used, the ratio \/Ethen can be explained.

. . . d . .
After fixing this bug, the accelerations and a_(f from the wasim stream function wave seems to

be correct now.

Wasim Stream Function

Fenton Stream Function
time= elev:= vel-x= vel-z= acc-x= acc-z= dphidt=

. 80846 . . . .

.00 8.00570 4.45513 -0.00000 0.00000 -1.92544  -73.62334
7. 4.40437 . 47840 .

2D 7.87042 4. 40354 -0.47830 -0.41110 -1.88881 -72.77082
7.29044 4 .93868

.S6THT

.87415

. 48332

.00407

. 03480

4.00  -1.99198  -1.24643  -1.66898  -0.92543

36



. 13492
. 71030 24 .12558

. 48021 . . 48794

l425 -2.33235 =1.45990 -1.48821 -0. 78495
4. .64049 . .

4.50 -2.62901 -1.64025 -1.31493 -0.66057
m

67425  27.10596

63037 29.60578

4.75  -2.88622  -1.79152  -1.15174  -0.55221
OF 25777 . . . 45880
¢ 5.00  -3.10790  -1.91761  -1.00004  -0.45888 58292  31.68943

Figure 2-12 Comparison after bug fixing, the accelerations and d¢/dt seems to be correct now

Since the program can calculate the wave kinematics properly, the huge deviation in Froude-

Krylov force will disappear at once.

x 10 Froude-Krylov force in vertical direction, H=12 T=15s D=30m

6 T T T T T T T T T
Stokes

Streamfunction

2+ { i

5 | | ] ] ] ] ] ] ]
0 10 20 30 40 50 60 70 80 90 100

Figure 2-13 Comparison of the Froude-Krylov force after bug fixing

And this leads further to vanished “pumping effect”. The diffraction wave elevations right be-
hind the middle column are very close to the analysis where the incident wave is Stokes 5t

wave.

37



Elevations (m)

Figure 2-14 “pumping effect” disappears after bug fixing

Diffraction wave elevations

=il

=7

— stream function incident wave

A A — Stokes 5th incident wave

20 40 60 80
Time (s)

Figure 2-15 Comparison of diffraction wave elevations behind the middle column after bug fixing

100
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2.4 Fix the wave elevations

Another strange thing observed when doing the analyses is about the wave elevations of the
Wasim stream function wave. When we zoom in around the crest, the stream function wave
generated by Wasim gives a lower crest (7.8084 m) than the Stokes wave (7.8777 m). And the
trough (-4.1482 m) of the Wasim stream function wave is lower than the Stokes wave (-4.1222
m). What we expected is that the stream function wave should have a higher crest and also a
flatter trough due to higher order nonlinearity. The stream function wave generated by using
Fenton’s approach gives more reasonable results where the highest elevation is 8.0069 m and

the lowest elevation is -3.9929 m. See the pictures below.

Incident waves, H=12m T=15s D=30m
10 T T 1 1

Stokes 51
Stream function Wasim
Stream function Fenton

.5 \/

1 l
0 50 100 150 200 250
X

Figure 2-16 Comparison of the incident wave profiles
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7.95)
79}
7.85}

78k

Figure 2-17 Comparison of the wave crests after zoomed in

Similar results as Fenton’s approach can be obtained by using Dalrymple’s java application.

Click for velocities

Free Surface Displacement

Input Wave Data:

x(m) Theta (radians) Eta(theta) Wave Height (m)? b
X(m) Theta Wave Height (m

00 00 15

3.09 0.07 7.92 Wave Period?

Figure 2-18 Wave elevation at crest from Dalrymple’s java application

9297 235 -3.52 30
96.07 243 -3.62 Local Depth?

99.17 251 -3.7

10227 259 -3.77 14
10537 267 -3.83 Theory Order?

10847 274 -3.88

11157 282 -3.92

11466 29 -3.95 Damping =
11776 298 -3.97 E

12086 3.06 -3.98

R Calculate Reset
4 m »

Figure 2-19 Wave elevation at trough from Dalrymple’s java application

Since Wasim calculates wave elevations by using the wave elevation coefficients output by the

python script, so there must be some error in the script. The python script first calculates exact
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elevation values at some collocation points in a predefined resolution (let us denote these val-

ues as elev_exact), then the script calculates the wave elevation coefficients (let us denote

these coefficients as elev_coeff) based on these elev_exact values by least square fitting. In final

the script can interpolate approximated elevation values (let us denote these values as

elev_approx) at any point by series summation of these elevation_coeff. The problem looks like

that the elev_exact values are already not so accurate while the least squares fitting works per-

fectly, i.e. very little difference between elev_exact values and elev_approx values at the collo-

cation points.

Python
X
0.00
3.10
6.20
9.30
12.40
15.50
18.60
21.69
24.79
27.89
30.99
34.09
37.19
40.29
43.39
46.49
49.59
52.69
55.79
58.88

Figure 2-20 Comparison of the wave elevation values indicates elev_exact may already be wrong

| was expecting in the beginning that the script would calculate elev_exact by solving the tran-

elev_exact elev_approx

7.811772
7.736088
7.514654
7.163071
6.703732
6.161995
5.562907
4.929059
4.279532
3.629673
2.991322
2.373272
1.781780
1.221054
0.693680
0.200988
-0.256659
-0.679619
-1.068784
-1.425423

7.811771
7.736088
7.514655
7.163071
6.703731
6.161995
5.562908
4.929058
4.279531
3.629673
2.991322
2.373271
1.781779
1.221054
0.693681
0.200987
-0.256660
-0.679619
-1.068783
-1.425423

Dalrymple
elev
8.00
7.92
7.70
7.35
6.88
6.34
5.73
5.09
4.44
3.79
3.14
2.52
1.93
1.37
0.84
0.34

-0.10
-0.53
-0.92
-1.27

Fenton
elev
8.005705
7.929232
7.705514
7.350414
6.886747
6.340328
5.736547
5.098177
4.444416
3.790729
3.149079
2.528305
1.934606
1.372088
0.843278
0.349511
-0.108836
-0.532158
-0.921439
-1.278035

scendental equation (16) iteratively based on the stream function coefficients output of the java

application, i.e. physically by requiring Y(z = {) = Y; = Xy41- But the script solves the prob-

lem in a smarter way, by requiring local pressure equals to zero along the wave surface, i.e. to

increase or decrease wave elevation iteratively at a collocation point so that the local pressure
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there will converge to zero. This approach takes fewer iterations since the local pressure can be
calculated straightforward after wave kinematics are known. But the disadvantage is that Dal-

rymple’s approach is mainly based on least square fitting the objective function O =
%Z{ﬂ(Ri —R)?*+ % I_10(x) + 2,(¢(x1) — ¢(x;) — H), and the local Bernoulli constant R;

will be slightly different at the collocation points, then solving elev_exact from the dynamic F.S:

. oP\% . [(oy)\?
condition % ((%) + (%) ) + g{ = R should refer to those local R; so that the whole method
will be consistent. So long these R; values are not available from the online java application,
solving the transcendental equation will give better solutions, though a bit slower when the

script is used to calculate a series of waves.

Wasim Stream Function

Fenton Stream Function
time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=
0.00 8.00601 4.45598 0.060000 0.00000 1.92585 73.65251

0.00 8.00570 4.45513 0.00000 -0.00000 -1.92544 -73.62334
7.87069 440437 0.47840 0.41126 1.88921 72.79948
.25 7.87042 4.40354 0.47830 0.41110 -1.88881 -72.77082
7.48228 4.25193 0.93868 0.80351 1.78162 70.27991
0.50 7.48207 4.25117 0.93849 0.806321 -1.78128 Sl0=25272
6.88691 4.00568 1.36386 1.15908 1.60995 66.20956
08.75 6.88675 4.00500 1.36359 1.15866 -1.60969 -66.18470
6.14428 3.67672 1.73920 1.46291 1.38498 60.77219
1.00 6. 14425 3.67615 1.73888 1.46240 -1.38483 -60.75036
- 3.279589 2.0853086 1.70352 1.120863 54.20669
1.25 5.31355 3.27908 2.05272 1.70297 -1.12059 -54.18841
444418 8: 2.29756 1.87379 0.83281 46.79062
1.50 4. 44442 2.83054 2.29722 1.87322 -0.83288 -46.77619
-~ 3.57480 2.34868 2.46891 1.97134 0.53824 38.82124
Uotis 3.57501 2.34853 2.46860 1.97080 -0.53842 -38.81073
1.85163 2.56747 1.99863 8.25309 30.59555
2.00 2.73248 1.85101 2.56721 1.99816 -0.25334 -30.58885
74o¢ 1.93423 1.35466 2.59743 1.96258 0.00844 22.39102
225 1.93461 1.35474 2.59724 1.96219 0.00813 -22.38781
1.19158 0.87415 2.56616 1.87365 14.44879
2.50 1.19198 0.87433 2.56605 1.87335 0.23490  -14.44868
e 0.50985 0.42118 2.48332 1.74460 0.42015 6.96158
2.75 0.51617 0.42141 2.48329 1.74439 0.41982 -6.96406
0.109180 0.004087 2.35982 1.58895 0.56029 0.06722
3.00 -0.10884 0.006435 2.35988 1.58882 0.55999 -0.087181
3.4 0.66593 2.20683 1.41950 0.65667
3.25 -0.66564 -0.37185 2.20695 1.41945 0.65641 6.14507
3.5 1.16299 0.70546 2.03480 1.24724 0.713480 11.66044
3.50 -1.16271 -0.70515 2.03499 1.24724 0.71319 11.65299
- 1.60369 0.99625 1.85293 1.08060 0.73658 16 .46692
3.75 -1.60351 -0.99595 1.85315 1.08064 0.73643 16.45859
1.99207 1.24671 1.66872 0.92536 -7332: 20.60681

4.00 -1.99198 -1.24643 1.66898 0.92543 0.73314 20.59787

Figure 2-21 Comparison of the wave elevation values after modification
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2.5 Test the modifications
The modification of both Wasim source code and the python script should be tested. The wave

elevation, kinematics and Z—‘f will be compared with results from other programs according to

the following figure and table.

H
qT?
0.05
Deep waler breaking limit
HL=0.14
0.02 —
0.01 —
0.005—
Shallow water 3 Slokes' 5t or
breaking limit siream function 3
Hid =0.78
0.002
0.001 —
0.0005 —
1 =
QAR ; : : : Linear / Airy or
stream function
0.0001 —
0.00005
W i s | g
0001 0002 0005 001 0.02 005 01 02 ;?2
! o o]
Waves:  Shallow water Intermediate depth Deep water

Figure 2-22 Wave conditions which will be used for testing



Point i
gT?

T(s)

H(m)

Program

Order

Shallow water (D=30m)

1 0.0006

71.4043

20.0000

WasimStream
WajacStream

FentonStream

varies

2 0.0026

0.0004

34.3015

4.6154

WasimStream
WajacStream

FentonStream

11

Intermediate water (D=100m)

3 0.0200

0.0048

22.5800

24.0000

WasimStream
WajacStream
FentonStream
WasimStokes
WajacStokes

FentonStokes

4 0.0020

0.0100

22.5800

50.0000

WasimStream
WajacStream

FentonStream

11

Deep water (D=300m)

5 0.1000

0.0199

17.4904

59.6998

WasimStream
WajacStream
FentonStream
WasimStokes
WajacStokes

FentonStokes

6 0.1000

0.0220

17.4904

65.9998

WasimStream
WajacStream

FentonStream

11

Table 2-1 Parameters to the wave conditions which will be used for testing
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Program Theory

WasimStream Dalrymple’s approach

WajacStream Dean’s approach

FentonStream (my implementation) Fenton’s approach

WasimStokes Fenton’s approach

WajacStokes Skjelbreia and Hendrickson’s approach
FentonStokes (my implementation) Fenton’s approach

Table 2-2 Information about the programs which will be used for testing

2.5.1 Wave condition 2

Wasim stream function seems to work well. Acc-z from Wajac stream function seems to have

lower absolute value, and % has opposite sign (may due to different definition). The absolute

Point 2 Wajac Stream Function

time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=

0.00 3.30310 1.90382 0.00000 0.00000 -0.27151 32.91311

0.25 3.29084 1.89699 -0.07607 -0.04990 -0.26913 32.79502

0.50 3.25432 1.87663 -0.15087 -0.09889 -0.26205 32.44308

0.75 3.19439 1.84314 -0.22318 -0.14609 -0.25051 31.86412

1.00 3.11235 1.79716 -0.29186 -0.19069 -0.23488 31.06926

1.25 3.00998 1.73956 -0.35588 -0.23196 -0.21564 30.07348

1.50 2.88940 1.67140 -0.41436 -0.26927 -0.19339 28.89507

1.75 275296 1.59389 -0.46659 -0.30215 -0.16878 27.55501

Figure 2-23 Comparison of wave elevation, kinematics and d¢/dt in wave condition 2
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value of % in Wajac stream function is a little lower which may due to the lower absolute value

of vel-x.

2.5.2 Wave condition 3

Point 3 Wajac Stream Function

Point 3 Wasim Stokes 5th

Point 3 Fenton Stokes 5th
time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=

0.00 13.95837 4.71746 0.00000 0.00000 -0.99316 130.99767

0.00 13.95547 4.71440 0.00000 0.00000 -1.19496 -130.96103

0.00 13.95547 4.71669 0.00000 0.00000 -1.19506 -130.97122

0.25 13.90124 4.70158 -0.29865 -0.11827 -0.98800 130.55658

0.25 13.89868 4.69857 -0.29830 -0.12653 -1.18963 -130.52148

0.25 13.89867 4.70086 -0.29832 -0.12655 -1.18972 -130.53159

11.50 -10.02871 -3.39854 0.11397 0.03810 0.60930 -94.37280

11.50 -10.03376 -3.61078 0.12729 0.03597 0.60621 100.19062

11.50 -10.03367 -3.60843 0.12785 0.03613 0.60626 100.19750

11.75 -9.98819 -3.38499 0.24978 0.08354 0.61006 -93.99660

11.75 -9.99284 -3.59642 0.27888 0.07893 0.60658 99.79196

11.75 -9.99263 -3.59403 0.27946 0.07910 0.60663 99.79766

12.00 -9.91734 -3.36128 0.38591 0.12919 0.61135 -93.33832

12.00 -9.92136 -3.57129 0.43060 0.12222 0.60718 99.09406

12.00 -9.92102 -3.56885 0.43118 0.12240 0.60723 99.09850

Figure 2-24 Comparison of wave elevation, kinematics and d¢/dt in wave condition 3
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Wasim stream function works well. Wajac stream function has the same problem as observed at
point 2, but vel-x and % varies more. In addition % from Wajac stokes 5" also has also oppo-

site sign and lower absolute value, and the other parameters have more or less deviations.

2.5.3 Wave condition 4

Point 4 Wajac Stream Function

time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=

0.00 33.92268 9.86304 0.00000 0.00000 -2.02128 292.41141

0.25 33.58380 9.81353 -0.75517 -0.34098 -1.99967 290.94363

0.50 32.60645 9.66612 -1.49800 -0.67499 -1.93561 286.57321

0.75 31.09293 9.42406 -2.21662 -0.99539 -1.83135 279.39685

1.00 29.17441 9.09260 -2.89997 -1.29621 -1.69043 269.57010

1.25 26.97966 8.67872 -3.53818 -1.57235 -1.51743 257.29971

11.00 -16.05138 -5.08139 -0.15465 -0.04651 0.62658 -150.64905

11.25 -16.07014 -5.08704 -0.02130 -0.00640 0.62389 -150.81635

11.50 -16.06048 -5.08413 0.11191 0.03365 0.62528 -150.73021

11.75 -16.02232 -5.07265 0.24587 0.07400 0.63074 -150.38986

Figure 2-25 Comparison of wave elevation, kinematics and d¢/dt in wave condition 4

Wasim stream function works well. Wajac stream function has the same problem, and the devi-

ations become larger as steepness increases.
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2.5.4 Wave condition 5

Point 5 Wajac Stream Function

Point 5 Wasim Stokes 5th

Point 5 Fenton Stokes 5th
time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=

0.00 36.24652 9.70856 0.00000 0.00000 -2.54322 298.76367

0.00 35.96840 9.67220 0.00000 0.00000 -3.68944 -298.98502

0.00 35.96839 9.75683 0.00000 0.00000 -3.69962 -299.80946

0.25 35.86203 9.66057 -0.92692 -0.37420 -2.52166 297.28687

0.25 35.65931 9.62619 -0.92068 -0.36764 -3.66933 -297.57513

0.25 35.65761 9.71056 -0.92321 -0.36967 -3.67934 -298.38790

0.50 34.75119 9.51749 -1.84238 -0.74161 -2.45764 292.88382

0.50 34.74686 9.48880 -1.83134 -0.73022 -3.60938 -293.36499

0.50 34.74021 9.57242 -1.83632 -0.73422 -3.61889 -294.14296
9.00 -23.38080 -6.71617 0.59541 0.20124 2.84169 -206.67807

9.00 -23.65775 -8.89816 0.77234 0.25522 3.02456 270.07739

9.00 -23.64273 -8.80683 0.84744 0.28082 3.03088 270.61787

9.25 -23.19870 -6.65462 1.17743 0.39801 2.82465 -204.78397

9.25 -23.44423 -8.80317 1.52526 0.50435 2.99569 267.16672

9.25 -23.41475 -8.70529 1.60169 0.53113 2.99992 267.49784

9.50 -22.89673 -6.55252 1.75606 0.59378 2.79643 -201.64221

9.50 -23.09615 -8.64619 2.26861 0.75095 2.94792 262.35635

9.50 -23.05214 -8.54149 2.34582 0.77876 2.94993 262.46443

Figure 2-26 Comparison of wave elevation, kinematics and d/dt in wave condition 5

Wasim stream function works well! Wajac stream function and stokes 5" in Wajac are still not

so accurate, especially at wave trough.
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2.5.5 Wave condition 6

Point 6 Wajac Stream Function

time= elev= vel-x= vel-z= acc-x= acc-z= dphidt=

0.00 41.06204 10.51678 0.00000 0.00000 -2.74381 330.29971

0.25 40.50696 10.46045 -1.02875 -0.43407 -2.71625 328.53043

0.50 38.94455 10.29285 -2.04246 -0.85765 -2.63489 323.26678

0.75 36.61649 10.01808 -3.02681 -1.26118 -2.50352 314.63724

8.25 -24.68506 -6.92593 -1.18936 -0.39499 2.92282 -217.52203

8.50 -24.86713 -6.98638 -0.58941 -0.19568 2.93853 -219.42075

8.75 -24.92618 -7.00598 0.01203 0.00399 2.94362 -220.03624

9.00 -24.86221 -6.98475 0.61345 0.20366 2.93811 -219.36943

9.25 -24.67523 -6.92266 1.21331 0.40295 2.92197 -217.41933

9.50 -24.36508 -6.81962 1.81005 0.60148 2.89522 -214.18341

Figure 2-27 Comparison of wave elevation, kinematics and d¢/dt in wave condition 6

Wasim stream function works well while Wajac stream function has still the same problem es-

pecially at wave trough. One possibility could be that when wave is below the still water level,

Wajac will output the wave kinematics at (0,{) instead of at (0,0) (where no water can be found

actually) while the other programs will always calculate the wave kinematics at (0,0). But this

cannot explain the deviations when wave is above the still water level, though they are smaller

but still visiable. Further study or modification of Wajac program will not be included in this re-

port.
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2.5.6 Wave condition 1

i) WasimStream

The online java application works only up to order 40, otherwise it will return NaN results. Order

40 is for sure enough for the most waves, but maybe not enough for wave condition 1.

OWONOMNMEWN 2O

Stream Function Coefficients:

1300.3201413676572
-609.4115724483594
23.204818650442142
-3.7609933010217587
-46.26691768480413
13.50984586477192
38.741270157269355
-3.484702080753919
-32.10460188275516
-18.909331743354752
-2.1904245368153408
-1.7288859099857354
-3.868519591543434
-0.3288747739124234
2.519491743209551
1.0860678471403487

1

Click for velocities

Input Wave Data:

Wave Height (m)?

Wave Period?

Local Depth?

Theory Order?

Damping

20.0000

71.4043

30

40

Figure 2-28 Dalrymple’s approach to wave condition 1

Dalrymple’s approach cannot even converge to the correct wave height and wave length as the

oscillations are global. This is due to that the wave is too long (Dalrymple & Solana 1986).

ii) WajacStream

The max order the program allows is 24, and when order 24 is used the program will not give
any output. It seems that Dean’s approach cannot converge either.
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iii) FentonStream

For such long waves, Fenton’s approach can solve the problem stepwise, i.e. by first divide the
wave height into several parts, and then solve a lower wave with the same wave length and

step upwards in wave height after convergence.

When 10 steps in wave height and order 40 are used, the method can converge to the correct
wave height and wave length, though we can still observe small local oscillations due to lack of

more higher order terms.

Wave condjton 1 Fenton Stream Function (order = 40)

20

15

10

Elevation (m)

o

0 200 400 600 800 1000 1200 1400
X (m)

Figure 2-29 Fenton’s approach to wave condition 1 when order = 40
If we set order = 100, the small local oscillations will disappear which gives a perfect wave pro-

file.
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2 Wave condit_on 1 Fenton Stream Functi_on (order = 100) '

Elevation (m)

0 200 200 600 800 1000 1200 1400
X (m)

Figure 2-30 Fenton’s approach to wave condition 1 when order = 100

After all, it seems that Fenton’s approach is more robust when waves are extremely long. At
least it can handle solitary waves which Dean or Dalrymple’s approach cannot. On the other side,
Wasim after modification and cooperating with Dalrymple’s java application works well except
for the limitation to deal with extremely long waves. But the stream function method is both
general enough to replace the Stokes 5™ and it extends even more the validity range for input

waves to Wasim, especially waves in shallow water.
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3 Nonlinear free surface conditions

3.1 Theoretical derivation

After the implementation of stream function method is included in Wasim, it is reasonable to
have nonlinear free surface conditions which combined with stream function method can im-
prove the capability of Wasim to handle nonlinear problems. Some free surface conditions with
strong nonlinear coupling terms were once attempted to be implemented in Wasim, but the
results were not satisfying. This may due to that the program as a whole is a weakly nonlinear
potential solver (the strongest limitation may be that when the program solves the memory
flow potential in time domain, the left hand side matrix of the linear system which is derived
from equation (44) will not be updated). Fully or strongly nonlinear analysis without parallel
computing at present is too far to commercial softwares. In the rest of the report, only weakly

nonlinear free surface conditions based on perturbation theory will be discussed.

3.1.1 Kinematic free surface condition

We start from the most derived kinematic free surface condition:

(% + Voo - V) [z =oe]l =0 onz={ +; (59)

Introduce Galilean transform (18), ¢or = ¢p + @1 + G + ¢; and (o = ¢ + {; where { is wave
radiation and diffraction elevation while ; is incident wave elevation. Then we come to the fully

nonlinear kinematic free surface condition:

9

2ottt o+ ) =(2—W-7) - C+3) +V(p+ b+ P+ ) (60
V((+{L) on Z:{+(i

i) Alternative 1
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Move terms only including ¢; and ¢; without coupling with other variables to the right hand side

of (60) and leave all the other terms at the left hand side, then we come to equation (61).

(56— (W = 765) - VG + V(1 + o + 6 - VS +V(y + by + $) VG~ (6)
2y + b1+ b)| = [ — (2 - W 7) -3 — V- V] onz=¢ +;

Taylor expand left hand side of (61) about z=0 and keep only terms up to O(¢). Assume 0(¢;,) =

0(1) while 0(¢p;) = 0(¢,) = 0(¢;) = 0() = 0({;) = 0(€), and introduce % =0onz=0.

Right hand side of the equation remains the same. This yields equation (62)

— (W = 7,) V3 + Ve - V5 = T2 (0 +8) = 2 (1 + d)] _ (62)

b (2 _ 7).t — Ve Ve
[ —(2-W-7)-¢ -V, va]zzm

Equation (62) is identical to Sunhui’s approach (D-4.1-DNV, see reference list). The left hand side
of (62) is what we have in the current Wasim, i.e. the linear kinematic free surface condition

(see Appendix A).

ii) Alternative 2

We start from equation (61). Taylor expand left hand side of the eqution. about z=0 and keep
only terms up to 0(¢€). But now we assume 0(¢,) = 0(¢p;) = 0({;) = 0(1) while 0(¢p;) =
0(¢pm) = 0(0) = 0(e). At the same time we Taylor expand right hand side of the equation.

about z={;. This gives us equation (63)

— (W = V) - VG + by - VG + Vb, - VGi + V(P + ) - VG = 522 (63)

dz2

G+~ bt om)|

0z2 at

[ T (2T T) G-V VG~ 2OV ]
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Wi _ _ 0w 05

Since the kinematic free surface condition o 37 I

is applied when we solved the stream
function incident wave (see section 1.2), rewrite the condition by using velocity potential gives
% aai‘ ?f‘ Then transform the equation to the 3D body fixed coordinate (figure 1.2) and in-

troduce Galilean transform (18), which leads to equation (64).
99
(Ge=W7) Gt Vb g =5 onz=g; (64

Insert equation (64) into the right hand side of equation (63):

— (W —Vepy) - VS + Vi - VS + Uy - VG + V(hy + ) - VG — 22 (69)

dz2

G4 -2t o] = [Z2 0 L0070 ] .

If we further Taylor expand the right hand side of (65) and reorganize the equation, which gives:

— (W = Vo) YT+ Ty VG~ 22 (€ +8) — 2 (1 + b (s6)
= [Z—qb ¢ —%(me'V@-C—Vdn-vc—vwn +ém) VG| onze0

Then the left hand side of (66) is what we have in the current Wasim.

3.1.2 Dynamic free surface condition

We start from the the most derived dynamic F.S. condition.

Dot
Dt

= —9Gtot =5 (Veor)? onz=¢+¢ (67)

Introduce Galilean transform (18), ¢¢or = ¢p + ¢ + Py + @i and {or = ¢ + ;. Then we come to

the fully nonlinear dynamic free surface condition:

(5—W-9) (@ + b1+ b+ b)) = —g(C +3) =5 (VW + b+ + (68)
)’ onz=¢ +;
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i) Alternative 1

Move terms only including ¢; and ¢; without coupling with other variables to the right hand side

of (68) and leave all the other terms at the left hand side, then we come to equation (69).

(=W -9) @)+ ¢1+ $m) + 90 +5 (V@ + G1 + $)) + (V- Vo +  (69)

Vi Vi + Vi ! chm)] - [_ (% -W- V) bi — g8 — %(W’i)z] onz={ +
Taylor expand left hand side of (69) about z=0 and keep only terms up to O(e). Assume 0(¢y) =
0(1) while 0(¢;) = 0(¢) = 0(¢;) = 0({) = 0(S;) = 0(¢), and introduce % =0onz=

0,% = 0. Right hand side of the equation remains the same. This yields equation (70).

[(% - (W V) V) @1+ ¢m) —W -V + g7 + %(Vfl-')b)z + V- (70)
0

V‘f"']zzo - [— (& —W- V) bi — 9% — %(Vdn)z]zzmi

Equation (70) is identical to Sunhui’s approach (D-4.1-DNV, see reference list). The left hand side
of (70) is what we have in the current Wasim, i.e. the linear dynamic free surface condition (see

Appendix A).

ii) Alternative 2

We start from equation (69). Taylor expand left hand side about z=0 and keep only terms up to
0(€). But now assume 0(¢;) = 0(¢p;) = 0(¢;) = 0(1) while 0(¢p;) = 0(¢,) = 0(0) = 0(e). At
the same time we Taylor expand right hand side about z=¢;. This gives us equation (71).

(2~ (W~ Yp) V) @y + bm) = W -V + g + 2 (V)2 + Vs, - (7)

Vo + 52 (Vy V) - (C + ) + Veby - Veby + Vebi - Vb |

a3  — a((0 = 1

~[-G-W-v)pi— ¢ (-7 V) 1) - 96— 2 (V90" -

a (1

py (; (V¢i)2) : C]

z={;
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9

at_W'V)(‘bi-l_

Introduce the fully nonlinear dynamic free surface condition of incident wave (

974 +%(V¢>i)2 = 0 into (71) and further Taylor expand right hand side of the equation about z=0,

which leads to equation (72).

(2= (W = V) - V) (1 + ) — W -Vepy + g7+ (Vp)? + Ve - V| (72)

=[¢-((2-W-v)-21) - vg, - 200 ¢~ 2 (79, V) - (C + ) -

at 0z

Vo, -V, — Vo, - V]

Then the left hand side of (72) is what we have in the current Wasim.

The advantage of alternative 1 is that the update with regards to what already included in the
current Wasim, is only associated with ¢; and ¢;, which is not difficult to be implemented. The
disadvantage may be the inconsistence of the approach since different parts of the free surface
conditions are evaluated differently. Whether this approach will converge to acceptable results
should be tested. Comparing with alternative 1, the disadvantage of alternative 2 is the extra
terms required to be calculated, e.g. the terms where ¢; or ; has coupling with ¢,,,, especially
the last term in (72) which can cause problems as the dynamic free surface condition is used to
solve ¢,, implicitly (see section 1.3.3). The advantage of alternative 2 is assumed to be a better

consistence with linear theory , which will be tested later.
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3.2 Discretization and implementation of the free surface conditions
Because the basis flow is steady state and the local flow potential can be calculated straightfor-
ward after solving the motion equation (see section 1.3.3), the main computation in time
marching will be the memory flow, i.e. to solve the boundary value problem which includes

equations (40) (or (62)/(66)), (41) (or (70)/(72)) and (42), where the three unknows ¢,,, { and

a;p% are approximated in Wasim as follows:
P = La B) 73
O anzy _ b - B.(x (74)
an d)m(x) - Z J BJ(x)
@) =24 By (D) "

B; is the quadratic spline centered at ¥;, and the superscript denotes time step, i.e. aj' = a;(nAb).

Consider the initial value problem % = f(t,y) where the function f and the initial data t,, y(t,)

are known. Several time discretization schemes which are used in Wasim are presented below.

i) Explicit (forward) Euler

S OM =y = fr o ym =yt A £, y™)

ii) Implicit (backward) Euler

1
E(yn+1 _ yn) — fn+1 = yn+1 — yn + At _f(tn+1’yn+1)

iii) Explicit Leap-Frog scheme
L(yn+1 _ yn—l) — fn = yn+1 — yn—l + 2At 'f(tn, yn)

2At

iv) Trapzoidal scheme

i(yrwl _ yn) — %(fn+1 + fn) = yn+1 — yn + % (f(tn+1’yn+1) + f(tn’yn))
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3.2.1 Implementation of the kinematic free surface condition

i) Linear kinematic free surface condition (available in the offical Wasim version)

First order: apply explicit Euler scheme to (40)

J

. Antl
B ¢

= "+ AL [(W — V) - - VB; + 2L 4 20) onz=0 (76)

Second order: apply explicit Leap-Frog scheme to (40)

J

Note:

. on+1
B o

= " 20t [(W = Vb)) - B - VB, + 220+ 2] onzmg 77)

Term — i ¢b

- (¢ + ¢;) is neglected due to the difficulty of 2" order derivation calculation,
but —V¢,, - V{; can be included as an option (in source code if ifscond=1 or ilin_surf>1,
where ifscond is a variable depends on whether the base flow is inhomogeneous, i.e.
ifscond=1 indicates V¢, # 0, and ilin_surf is a variable depends on what nonlinearity
should be included in the free surface conditions).

If ilin_surf=2 or 3, a nonlinear term —V(¢,,, + ¢;) - V({ + ;) will be included. But this op-
tion gives unsatisfying results and will not be discussed in the report.

If ilin_surf=5 and the incident wave is generated by stream function method, extra terms
_ ¢ o G L
(T80 G = b0l +|(5),,,, ~ (52),, | will be included. Then it wil

be identical to the approach alternative 1.

ii) Alternative 1

First order: apply explicit Euler scheme to (62)

]

. Antl
B o

="+ At |(W - V) - T VB + 2L 200 225) + At [a¢>zn (78)

(2-w-v)-qr - vgr-vep| on 2=0

z=J+{;
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Second order: apply explicit Leap-Frog scheme to (62)

Bj- ¢ = ¢+ 20 [(W — Vgy) - N By + 22 4 200 4 (79)
20 [22L — (S - -v)- g7~ vgr - ver] . onz=0
Note:
e Term a;:;b - (¢ + {;) is neglected.
e This approach can be switched on when ilin_surf=5
iii) Alternative 2
First order: apply explicit Euler scheme to (66)
Byt =[1+a¢- "’;:’f — At (V! V)| -+ At (W - Ve, — (80)
Vor) ) - VB + 2L+ 228 _y(g, 1 g + o) - V7] on z=0
Second order: apply explicit Leap-Frog scheme to (66)
By Pt = ¢+ 28e |22 - 2 wgr - vgh)| - ¢ + 28t [(W - Vb, — (81)
Vor) - VB + 2L+ 28 _y(g, 1 g+ ) - V7] on z= 0
Note:
o Term 2%

5,2 (€ + ) is neglected.

e This approach can be switched on when ilin_surf=6
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3.2.2 Implementation of the dynamic free surface condition

i) Linear kinematic free surface condition (available in the offical Wasim version)

First order: apply implicit Euler scheme to (41)

(B, — c(W — V) - VB)] - o+ = g — Ae(gg™) — ae (S - W (82)

V) P+ g(inﬂ) onz=0

Second order: apply trapzoidal scheme to (41)

|8 - 2at(W - V) - VBy| - @t = g + 5 [(W = V) St - VB, — (83)
g+t + {n)] — At ((%_ W - v) ¢£r1+1 + g{in+1) onz=0
Note:

— 2
e Term (W- Vo, —%(qub) ) is neglected, but —V¢,, - V¢; can be included as an option.

e The linear dynamic free surface condtion of the incident wave, i.e. the last term in (83)
remains to be subtracted Euler implicitly in the trapezoidal-scheme.

e [filin_surf=1, 3 or 5, the linear dynamic free surface condition of incident wave will be

evaluated on z={ + {;

ii) Alternative 1

First order: apply implicit Euler scheme to (70) and consider only the memory flow

[B; — At(W — V) - VB)] - @ = oo — At(g{™) + At |- (2 — W - (84)
1 1_1 1 -
V) gt - ggitt 2 (Vg )2]z={+{i onz=0

Second order: apply trapzoidal scheme to (70) and consider only the memory flow
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|8 - 2at(W - V,) - VB)| - @t = g + 5 [(W = V) St - VB, — (85)

9@+ M)+ A (G- W V)P 4 ggr =S|

onz=0
Note:

— 2
e Term (W- Vo, —%(qub) ) is neglected, but —V¢,, - V¢; can be included as an option.

e This approach can be switched on when ilin_surf=5

iii) Alternative 2

First order: apply implicit Euler scheme to (72) and consider only the memory flow

5~ 8e(I = 94) - VB 4" = 5 + e | -g¢™ "+ (W~ 17, -
R aprtt a(vertt
VHI) - Vb, — gL ((5 — W)t v (a—> -
d
(V¢b 'E(W}Hl)) (@M + finﬂ)l onz=0
Second order: apply trapzoidal scheme to (72) and consider only the memory flow
A (87)

|8/ =5 (W - vey) - VB - 4t = o + %{(W ~ Vo) Y a VB —
9@+ + (2 — Ve, — (VI + VD)) - Vehy [{n“ -

o _iy.y). et n+1, 0(V{™) (2 iy .v). 22t n,
((a—W V) o Ve T (W) S v

M)] ~[(v9s- 2 @B - @ + ) + (Vg - 2 (V0D

0z

@+ (in)]} onz=0
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Note:

5 (Vb V) (€ +¢) = (az% ATy 5 (V¢i)> G450 = (Vo0 2 (V)

dz2 0z

%¢yp
d0z2

(¢ + ¢;) as terms associated with are omitted.

Term V¢, - Vb, is neglected. If we include it implicitly, the term will be moved to the
left hand side, then Wasim needs to update the coefficients matrix at the left hand side
due to V¢;, which is not allowed at present. If we include it explicitly, then the dynamic
free surface condition will be discretized emplicitly, which leads to unsatisfying results
and sometimes the method loses its numerical stability.

This approach can be switched on when ilin_surf=6
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3.3 Wave loads on a fixed cylinder

The main task of this section is to test the wave diffractions with the implemented nonlinear
free surface conditions by studying the wave loads on a fixed body. A series of analyses are
done in Wasim, and the numerical results will be compared with the experimental results in
Huseby & Grue (2000). A fixed cylinder with a 3cm radius in 0.6m water depth is set up in
Wasim which is identical to the model and environmental condition used in the mentioned ex-

periment.

Figure 3-1 The fixed cylinder model in Wasim

We keep kR=0.245, where k is the wave number and R is the cylinder radius. The dimension of
the cylinder will not be changed during all the analyses so the wave number will also be con-

stant. Then we increase kA from 0.00245 up to 0.245, where A is the wave amplitude.

kA 0.00245 | 0.0245 | 0.049 | 0.0735 | 0.098 | 0.1225 | 0.147 | 0.1715 | ©.196 | ©.2205 | ©.245

A(m) | ©.0003 | ©.003 | ©.006 | 0.009 | 0.012 | 0.015 | 0.018 | ©.021 | 0.024 | 0.027 | 0.03

Table 3-1 Wave steepness and corresponding wave amplitudes which will be used
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The horizontal wave loads calculated by Wasim will be decomposed into five harmonic compo-

nents by a small python script which is mainly based on least squares fitting, i.e.

F(t) = ¥7_, A; sin(iwt) + B;cos(iwt) (88)

89
IRl = |47 + B? &)
6; = arctan (%) (90)

where |F;| is the amplitude of the it order horizontal load and 8; is the phase angle between the
ith order horizontal load and the total horizontal load. Regarding decomposition of the results,
we have also considered to use FFT which is quite traditional for post-processing. But in this
case FFT decomposition will give a bit smaller 15t order loads because FFT principally includes
infinitive number of harmonic components and is sensitive to small local oscillations. Since the
results are always steady state and quite regular, the harmonic Fourier analysis should be a bet-

ter choice.

The first and second order numerical results compared with corresponding experimental results
are presented on the next pages. The mesh resolution is fine enough. There are 62 elements
(along the circumference) x 100 elements (along the height) on the cylinder boundary and 62 x
154 elements on the free surface. This fine mesh requires a time step down to 0.001s (1%t order
time integration), and one analysis of 10s duration will take about 3 hours. The results can be
improved slightly if we put more elements on the free surface, but it is little worth considering

the corresponding time costage.

Legend label Description

Experiment Experiment data from Huseby & Grue (2000)

Ferrant Fully nonlinear numerical results from Ferrant
(1998)

McCamy-Fuchs Theoretical solutions from McCamy & Fuchs
(1954)

Airy Wasim results, Airy incident wave
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Streamfunction Wasim results, stream function incident wave

with 11 coefficients

ilin=0 Wasim results, linear analysis

ilin=3 Wasim results, nonlinear analysis (more non-
linearity will be included in force integration,

details can be found in my project thesis P39)

ilin_surf=0 Wasim results, linear free surface condtions

ilin_surf=5 Wasim results, nonlinear free surface condi-

tions alternative 1

ilin_surf=6 Wasim results, nonlinear free surface condi-

tions alternative 2

Table 3-2 Description to the legend labels used in the plots

oo First harmonic force in horisontal direction (dimensionless)

= = Experiment

— McCamy-Fuchs

+ = Ferrant

e—e Airy ilin=0

65 - - ¢—¢ Airy ilin=3 ilin_surf=0

-~ ¢—¢ Streamfunction ilin=3 ilin_surf=0
+—+ Streamfunction ilin=3 ilin_surf=5
+—+ Streamfunction ilin=3 ilin_surf=6

6.4

6.2

6.1

S'8.00 0.05 0.10 0.15 0.20 0.25
kA

Figure 3-2 First order horizontal force on the cylinder
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Experiment
McCamy-Fuchs
Ferrant

Airy ilin=3 ilin_surf=0

Streamfunction ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=5
Streamfunction ilin=3 ilin_surf=6

Figure 3-3 Phase angle of the first order horizontal force

Experiment

Ferrant

Airy ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=5
Streamfunction ilin=3 ilin_surf=6

Figure 3-4 Second order horizontal force on the cylinder
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Arg(F,)

Fase of the second harmonic force

2.0

18

16

14

12

10

08

0.6

= Experiment

-+ Ferrant

Airy ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=5
Streamfunction ilin=3 ilin_surf=6

¢

0'3.00

0.05 0.10 0.15 0.20 0.25

kA

Figure 3-5 Phase angle of the second order horizontal force

Figure 3.2: all the 1%t order loads calculated by Wasim converge to the linear solution
when kA is small, even the approach alternative 1, which considered to be theoretically
inconsistent, does so as well when the incident wave becomes small.

Figure 3.2: all the 1%t order loads calculated by Wasim are close to each other. They
seems to be better than the fully nonlinear results from Ferrant (1998). Though a notice-
able nearly constant deviation can be observed comparing with the experiment results,
but at least the tendency is correct when kA becomes large.

Figure 3.3: the phase angles of the 1% order loads from Wasim oscillate a lot around 90
degree (theoretical solution) when the nonlinear free surface conditions are applied
(both alternative 1 and 2). All the numerical results tend to be close to the theoretical

solution, but the most experiment results are far from 90 degree.
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e Figure 3.4: Stream function incident wave combined with nonlinear free surface condi-
tions alternative 2 seems to be a little closer to the experiment results. But all the results
from Wasim give larger estimation when kA increases. The fully nonlinear analysis from
Ferrant (1998) gives better results at this stage.

e Figure 3.5: Stream function incident wave combined with nonlinear free surface condi-
tions alternative 2 seems to give the best results.

e The yellow line and the cyan line are always close to each other, but the cyan line has
quite different pattern than the red/blue line. For this diffraction problem, it seems that
the free surface conditions can influence the results more than the incident wave model.
Therefore, to update Wasim with some nonlinear free surface conditions will be im-

portant for this kind of analyses.

A certain amount of time has been used to figure out the deviations in the 1% order load ampli-
tudes. At first, the deviations were attempted to be explained by some viscous force. The non-
dimensional Morison drag was estimated and the magnitude of the drag force was a bit larger
than the deviations, so | was hoping there could be found some 1% order viscous force in the
same order of magnitude. The viscous force might be skin drag which is associated with KC-
number. But according to Huseby & Grue (2000), KC-number was between 1 and 3.6 and Re-
number was around 20000 when the experiments were done, therefore the viscous drag force

should be very small even when kA is large.

If we further take a look at figure 3.2-3.5, the results from Wasim have lower 1°t order ampli-
tudes but higher 2" order amplitudes when kA becomes large. This could be caused by that the
horizontal load time histories from Wasim have higher crests and flatter troughs, i.e. the pattern
of the load time histories from Wasim should be more asymmetric about x-axis comparing with
the experiment results. The picture below gives an illustration of this phenomenon. The magni-

tudes in the picture are just for a clear demonstration so they are meaningless.
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Illustration 1

— Experiment results
— Wasim results

- - Experiment 1st order
- - Wasim 1st order
Experiment 2nd order
Wasim 2nd order

1.0

0.5

0.0

...........

Dimensionless load

40
Time(s)

Figure 3-6 lllustration1: Asymmetry about x-axis causes lower 1st order amplitude and higher 2nd order amplitude

Another observation is that the phase angles of the 1%t order loads from the experiment results
have values father away from 90 degree, which could cause the 1% order load amplitudes from
the experiment results to be larger than those which have phase angles closer to 90 degree, see
figure 3.7 (apologize for my painting skills...). This may due to that the load time histories from
the experiments are more asymmetric about some axis at x=2nm + % This asymmetry can also
make the least squares fitting converge to more than one possible solutions Figure 3.8 gives an
illustration of this phenomenon. Both two solutions have almost the same sum of squared re-
siduals, i.e. both of them are numerically correct. But if only one of them is physically correct,
then we need some physics law as constraint when we least squares fit the objective function,

which may be expressed as:

0 = |[Normy(loadgyqer) — Norm,(loadgpprex)| + X 4; - law; = 0 (91)
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The problem is that the constraints and the Lagrange multipliers are unknown, then the conver-
gence direction of the least squares fitting works like which direction a pen tends to fall down
when you balance it on fingertip. This may also explain why the phase angle of the 1% order

loads from Wasim oscillates around 90 degree after harmonic Fourier analysis.

Experiment results Wasim results

1st order load ----Load time history

Figure 3-7 lllustration 2: Phase angle closer to 90 degree causes lower 1st order amplitude

Load time history

e 1st order load

solutionl
_____1storderload \
solution 2 / \
4 \
!
! 1
{ |
%

Figure 3-8 lllustration 3: Horizontal asymmetry causes more than one possible solutions
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The load time histories should have both vertical and horizontal asymmetry when kA becomes
large. But for practical problems, the maximum and minimum load values are more important
than the exact load profile. Since the values of both harmonic amplitudes and phase angles up
to 6! order are available from Huseby & Grue (2000), to reproduce the time history of the total
horizontal wave load would not be difficult. The maximum and minimum values from the load

time histories are picked up and compared with the results calculated by Wasim.

oo Max value of the total horisontal force

Experiment

Airy ilin=0

Airy ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=5
Streamfunction ilin=3 ilin_surf=6

6.5

11111

4

B

6.1 -

6'8.00 0.05 0.10 0.15 0.20 0.25
kA

Figure 3-9 Maximum value of the dimensionless horizontal wave load on the cylinder

The load profiles from the experiments seems to have lower maximum magnitudes and higher
minimum magnitudes. The implementation of the nonlinear free surface conditions alternative
2, which may due to more nonlinear terms as 0(¢;) = 0({;) = 0(1) is assumed, seems to give
results more compatible to the experiment data. When the linear free surface conditions
(ilin_surf=0) are applied, the nonlinear analyses give underestimated minimum load values but

acceptable and conservative load amplitudes. On the other side, the linear solutions (ilin=0),
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Streamfunction ilin=3 ilin_surf=6

Figure 3-10 Minimum value of the dimensionless horizontal wave load on the cylinder

Experiment

Airy ilin=0

Airy ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=0
Streamfunction ilin=3 ilin_surf=5
Streamfunction ilin=3 ilin_surf=6

Figure 3-11 Amplitude value of the dimensionless horizontal wave load on the cylinder
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which due to that linear systems with regular harmonic inputs always give regular harmonic
outputs, will not give satisfying load profiles, especially when kA > 0.1 the results are too con-
servative. The difference of the results which due to the incident wave model is noticeable

when kA>0.2 (the difference between the yellow and cyan lines).
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3.4 Ship motions in steep regular waves

After we have studied the diffraction problem, it is logical to do some analysis further with a

floating body so that wave radiations can be tested. Traditionally we should go for a forced os-

cillation analysis, i.e. a pure radiation analysis, since problems often should be spilt into compo-

nents which are simpler to study. But considering the update of Wasim will be a combination of

both the stream function method and the nonlinear free surface conditions, it is worth to in-

clude incident waves as excitations. In addition, a series of ship model test data, which is gener-

ated within the EC project Extreme Seas, is available at DNV and will be used for comparison

purpose in this section, therefore the analyses will be estimation of ship motions in some steep

regular waves. However, wave loads on the ship will not be studied because it requires detailed

mass distribution of the ship model in Wasim, which is time consuming.

3.4.1 Ship model

The ship model used in the analyses is a LNG carrier. The following table and picture gives a de-

scription and demonstration respectively of the model.

Scale=70 Full scale (in Wasim) Model scale
Loa 197.13 m 2.816m
Lop 186.90 m 2.670 m

B 30.38 m 0.434m

D 18.20 m 0.268 m

d 8.40m 0.120 m

M 35614.03 t 103.831 kg
CGyx 94.87 m 1.355m
CGy 0.00m 0.000 m
CG; 8.26m 0.118 m
RGy 11.27 m 0.161m
RG, 40.53 m 0.579 m
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RG;

40.18 m

0.574 m

Water Depth

70m

1m

Table 3-3 Main dimensions of LNG carrier

3.4.2 Wave data

The following table includes the data of the regular waves used in the model tests. Units:

Figure 3-12 The LNG carrier with simplified superstructure

[length]=meter, [time]=second, [angular frequency]=rad/second. The basin is 110 m long, with a

measuring range of 90 m, the width is 8 m and the water depth is 1 m.

Wave | A, Am Hs | Hm Wy w, |Ts Tm H/gT? d/gT? kA

1 112.14 | 1.6020 | 2 0.02857 | 0.7421 | 6.2091 | 8.4664 1.0119 | 0.00284 | 0.09955 | 0.05603
2 149.52 | 2.1360 | 2 0.02857 | 0.6407 | 5.3608 | 9.8062 1.1721 | 0.00212 | 0.07420 | 0.04202
3 168.21 | 2.4030 | 3 0.04286 | 0.6030 | 5.0448 | 10.4204 | 1.2455 | 0.00282 | 0.06571 | 0.05603
4 186.90 | 2.6700 | 3 0.04286 | 0.5698 | 4.7670 | 11.0277 | 1.3181 | 0.00251 | 0.05868 | 0.05043
5 205.59 | 2.9370 | 3 0.04286 | 0.5405 | 4.5223 | 11.6243 | 1.3894 | 0.00226 | 0.05281 | 0.04584
6 224.28 | 3.2040 | 4 | 0.05714 | 0.5148 | 4.3067 | 12.2062 | 1.4589 | 0.00274 | 0.04789 | 0.05603
7 261.66 | 3.7380 | 4 | 0.05714 | 0.4694 | 3.9269 | 13.3867 | 1.6000 | 0.00228 | 0.03982 | 0.04803
8 299.04 | 4.2720 | 5 0.07143 | 0.4313 | 3.6088 | 14.5667 | 1.7411 | 0.00240 | 0.03363 | 0.05253
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9 336.42 | 4.8060 0.07143 | 0.3983 | 3.3328 | 15.7731 | 1.8852 | 0.00205 | 0.02868 | 0.04669

10 373.80 | 5.3400 0.08571 | 0.3699 | 3.0947 | 16.9870 | 2.0303 | 0.00212 | 0.02473 | 0.05043

11 411.18 | 5.8740 0.08571 | 0.3447 | 2.8836 | 18.2304 | 2.1789 | 0.00184 | 0.02147 | 0.04584

| oo oo U»

12 112.14 | 1.6020 0.11429 | 0.7598 | 6.3573 | 8.2690 0.9883 | 0.01193 | 0.10436 | 0.22412

13 149.52 | 2.1360 | 11 | 0.15714 | 0.6577 | 5.5027 | 9.5532 1.1418 | 0.01229 | 0.07819 | 0.23112

14 168.21 | 2.4030 | 12 | 0.17143 | 0.6177 | 5.1679 | 10.1723 | 1.2158 | 0.01182 | 0.06896 | 0.22412

15 186.90 | 2.6700 | 13 | 0.18571 | 0.5833 | 4.8804 | 10.7714 | 1.2874 | 0.01142 | 0.06150 | 0.21852

16 205.59 | 2.9370 | 14 | 0.20000 | 0.5532 | 4.6286 | 11.3575 | 1.3575 | 0.01106 | 0.05532 | 0.21393

17 224.28 | 3.2040 | 16 | 0.22857 | 0.5282 | 4.4192 | 11.8956 | 1.4218 | 0.01153 | 0.05043 | 0.22412

18 261.66 | 3.7380 | 18 | 0.25714 | 0.4818 | 4.0312 | 13.0404 | 1.5586 | 0.01079 | 0.04196 | 0.21612

19 299.04 | 4.2720 | 20 | 0.28571 | 0.4432 | 3.7077 | 14.1784 | 1.6946 | 0.01014 | 0.03550 | 0.21011

20 336.42 | 4.8060 | 22 | 0.31429 | 0.4103 | 3.4328 | 15.3139 | 1.8304 | 0.00956 | 0.03043 | 0.20544

21 373.80 | 5.3400 | 24 | 0.34286 | 0.3821 | 3.1965 | 16.4456 | 1.9656 | 0.00905 | 0.02638 | 0.20171

22 411.18 | 5.8740 | 25 | 0.35714 | 0.3566 | 2.9834 | 17.6203 | 2.1060 | 0.00821 | 0.02298 | 0.19101

Table 3-4 Wave data used in the model tests

The period/frequency values in the table above are different from those given in the model test
report from TUB, Clauss, G & Klein, M & Dudek, M (2011). The values above are calculated by
stream function method (with wave length, wave height and water depth as inputs) while the
values given in the report are calculated by using w? = kg, i.e. by deep water assumed, which

should be bad approximation for some of the waves.

These 22 waves can be divided into two series according to the wave steepness. The first wave
series includes wave 1-11 which have relatively lower kA, and the rest waves are in series 2. We
plot all the waves in the wave theory validity range diagram, see figure 3.13, where the horizon-
tal axis is a measure of the water shallowness while the vertical axis is a measure of the wave
steepness. The waves in series 1 are not far from the limitation of the linear wave theory, but
the waves in series 2 require higher order theories. Some of the waves in series 2 are outside of
the validity region of the Stokes 5™ wave theory, but after tests it seems that we can still use
Stokes 5t waves there without visible unphysical “humps’ on the wave profile. In this section
we will still use stream function method with 11 coefficients to generate incident waves, i.e.
11% order, so that all the waves can be handled correctly. In addition, we will also use Airy

waves as bad approximation to check how the incident wave model will influence the results.

79




Airy

3rd order theory
5th order theory
7th order theory
9th order theory
11th order theory
0.9 breaking limit
Breaking limit

Figure 3.13 Figure 3-13 All the waves plotted in the theory validity range diagram

Since the measurement of the incident wave elevations during the model tests is also available,

it is worth to investigate these data to make sure that the wave inputs to Wasim are exactly the
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same as those in the experiments. The following picture is plot of the time history of wave 2.

The elevations are not as steady state as expected.
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Figure 3-14 Time history of wave 2 elevations

The elevation signal is modulated by an envelop which has a frequency about 0.766 rad/s and
may due to reflected waves from the basin sides. If we assume deep water condition for wave 2,
it will take about 8 seconds for the wave to travel back to the ship model from the basin sides.
Another considered factor which may pollute the model tests is so called seiching phenomenon,
but it is less dangerous as the natural period of the basin is around 70 seconds (the basin has
length/depth ratio 110, so the natural period of the basin can be evaluated by the highest natu-

ral sloshing period in shallow water).

The following table gives the mean values and standard deviations of the wave heights and
wave periods calculated from the incident wave measurements. The measurements of wave 1

and wave 12 are not available.
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Wave Hmean Hsta Hsta/Hmean Trmean Tsta Tstd/ Tmean
2 0.03108 0.00065 2.0921% 1.16963 0.00545 0.4663 %
3 0.04277 0.00022 0.5092 % 1.24045 0.00360 0.2900 %
4 0.04704 0.00026 0.5501 % 1.30770 0.00369 0.2824 %
5 0.04344 0.00060 1.3854 % 1.37150 0.00331 0.2414 %
6 0.05818 0.00028 0.4831% 1.43278 0.00356 0.2483 %
7 0.05803 0.00058 0.9992 % 1.54771 0.00408 0.2634 %
8 0.07314 0.00047 0.6494 % 1.65402 0.00507 0.3063 %
9 0.07250 0.00082 1.1378 % 1.75386 0.00553 0.3150 %
10 0.08707 0.00027 0.3152 % 1.85050 0.00568 0.3069 %
11 0.08676 0.00028 0.3243 % 1.94111 0.00737 0.3797 %
13 0.16968 0.00349 2.0542 % 1.16958 0.01207 1.0319 %
14 0.17633 0.00343 1.9451 % 1.24150 0.01898 1.5288 %
15 0.19314 0.00203 1.0527 % 1.30714 0.01221 0.9338 %
16 0.19943 0.00307 1.5383 % 1.37313 0.01779 1.2958 %
17 0.23395 0.00470 2.0087 % 1.43558 0.01258 0.8765 %
18 0.24333 0.00248 1.0211 % 1.55000 0.03700 2.3869 %
19 0.28674 0.00424 1.4776 % 1.66227 0.02354 1.4159 %
20 0.32126 0.00461 1.4349 % 1.75950 0.02350 1.3356 %
21 0.34414 0.00472 1.3719 % 1.86075 0.03226 1.7337 %
22 0.35921 0.00518 1.4417 % 1.95528 0.02401 1.2278 %

Table 3-5 Statistics calculation of the wave parameters from the experiment measurements

The std/mean ratios are acceptable so the mean values may represent the wave conditions well.
Some of the mean wave height and mean wave period values differ a certain amount from
those values directly given in the model test report, i.e. the values in table 3-4. In this case, we

use the mean values multiplied with the scale factor as inputs to Wasim.

3.4.3 Post-process the experiment results
One strange observation has been found before the post-processing. The heave responses are
quite unsteady state while the time histories of the pitch responses seems to have better quali-

ty. The following two pictures give an example.
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Figure 3-16 Pitch responses of the ship model when incident wave is wave 2
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One possible reason is that the heave motions are not measured at the ship model’s center of
gravity, but then the wrongly measured heave motions should still be quite steady state as the
measurement will be a linear combination of the heave and pitch motions, which both are as-
sumed to be steady state and have the same frequency as the excitation. Another possible rea-
son is the influence of the reflected waves from the basin sides. As mentioned earlier in the pre-
vious section, the incident wave time history is modulated by a high frequency envelop. This
may cause the observed oscillation of the heave amplitudes since heave motions are most af-
fected by wave amplitudes while pitch motions are most affected by wave slopes. Unluckily, this
oscillation of the heave amplitudes makes the post-processing of the heave signal cost quite a
bit of time. If we FFT the response signal and compare the 1%t and 2" order responses with the
corresponding results calculated from Wasim, the comparison will not be a good assessment of
the new implementations to Wasim, because ship motions calculated by Wasim are always
steady state without oscillation of amplitudes when the incident waves are regular. So instead

we end with to compare the mean values of the response amplitudes.

There are two approaches to calculate the mean amplitudes. We can divide the time history of
responses into separate windows which has a length equals to the excitation period, and then
find the extreme value among all the local maximums and minimums within each window. Fig-
ure 3.17 presents an example. Another approach is to smooth the response time histories be-
fore we calculate the mean amplitudes so that the unnecessary local maximums and minimums
can be filtered out. Then we find the position of all the remaining local maximums and mini-
mums to further calculate the mean amplitudes. The algorithm of smoothing is based on convo-
lution of a scaled window with the signal. The mean amplitude values are still calculated from
the unsmoothed data so that the error due to smoothing will not be included, see figure 3.18.

Both approaches will give the same results, but the latter one is quicker as it requires less loop-

ing.
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— Response time history
= ® Maximums

® ® Minimums

Figure 3-17 Calculate mean amplitudes by dividing the time history into separate windows

— Response time history
— Response after smoothing
= = Maximums

= = Minimums

Figure 3-18 Calculate mean amplitudes by smoothing the data first
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Then we calculate the mean amplitudes and the corresponding standard deviations. The stand-

ard deviation gives an estimation of error band.

Wave | M3lmean | M3lsta M3lsta | Mslmean | Mslsta Inslsta | Time start | Time end
(m) |“3|mean (deg) |"5|mean (s) (s)
2 0.00276 | 0.00029 10.58 % | 0.50821 0.01049 2.06 % 100 150
3 0.00406 | 0.00105 25.79% | 0.94326 0.01392 1.48% 100 150
4 0.00510 | 0.00071 13.82% | 1.17830 0.01125 0.95% 100 150
5 0.00598 | 0.00047 7.81% 1.26044 0.00945 0.75% 100 150
6 0.01002 | 0.00021 211 % 1.78074 0.00821 0.46 % 80 120
7 0.01304 | 0.00027 2.07 % 1.85342 0.00851 0.46 % 80 120
8 0.01877 | 0.00031 1.67% 2.25561 0.00977 0.43% 80 120
9 0.02180 | 0.00040 1.85% 2.18413 0.00938 0.43% 80 120
10 0.02853 | 0.00031 1.08 % 2.60883 0.00920 0.35% 80 100
11 0.03039 | 0.00024 0.80 % 2.48974 0.01179 0.47 % 80 100
13 0.01129 | 0.00262 23.21% | 2.28477 0.08843 3.87% 120 150
14 0.01200 | 0.00148 12.31% | 3.41069 0.08551 251% 100 120
15 0.01821 | 0.00112 6.12 % 4.72382 0.06865 1.45% 100 120
16 0.02565 | 0.00140 5.45% 5.68399 0.10553 1.86 % 80 120
17 0.03874 | 0.00165 4.25% 7.04654 0.13021 1.85% 80 100
18 0.05718 | 0.00132 231 % 8.04996 0.08167 1.01% 80 100
19 0.07865 | 0.00115 1.46 % 9.36943 0.10840 1.16 % 80 100
20 0.10360 | 0.00656 6.33% 10.21011 | 0.53364 5.23% 80 100
21 0.11915 | 0.01109 9.31% 10.02668 | 0.48275 4.81% 80 100
22 0.12279 | 0.00698 5.69 % 10.08579 | 0.89505 8.87% 80 100

3.4.4 Comparison of the results

Table 3-6 Statistics calculation of the model responses from the experiment measurements

Two mesh resolutions have been applied in Wasim. The finer one gives a bit better answers ac-

cording to the experiment results. Even higher resolutions have not been tested because the

mentioned meshing can already predict quite accurate rigid body motions.
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Mesh Resolution on the ship boundary Resolution on the free surface | Time step

1 44 (girthwise) x 15 (along the height) | 44 (girthwise) x 119 (axial) 0.1s

2 80 (girthwise) x 30 (along the height) | 80 (girthwise) x 164 (axial) 0.05s

Table 3-7 Description of the mesh resolutions

For each wave condition, a linear analysis with Airy incident wave and a nonlinear analysis with
the combination of stream function incident wave plus nonlinear free surface conditions alter-
native 2 will be run in Wasim. The results in wave 3, 4, 5, 13 and 14 will not be presented, be-
cause these wave conditions have the same kA as some of the rest but larger standard devia-
tions. The approach alternative 1 has not been tested, but we plan to do so if alternative 2 can-
not give acceptable results. The following pictures compare the heave and pitch amplitudes cal-
culated by Wasim with correponding mean amplitudes collected from the experiment results.
The error bands are based on the standard deviations calculated earlier in table 3-6. The num-

bers in the pictures denote wave condition. The finer mesh is used for all the analyses.

o8 Heave amplitude, wave series 1

=—a Experiment

- - Error band

+— Wasim Airy ilin=0

0.7 +—+ Wasim stream function ilin=3 ilin_surf=6

(773,71101_ 7’3,min) /2Ca

009042 0.044 0.046 0.048 0.050 0.052 0.054 0.056 0.058

kA

Figure 3-19 Comparison of dimensionless heave amplitudes in wave series 1
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Figure 3-20 Comparison of pitch amplitudes in wave series 1
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Figure 3-21 Comparison of dimensionless heave amplitudes in wave series 2
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Figure 3-22 Comparison of pitch amplitudes in wave series 2

The response is not increasing or decreasing monotonously when kA increases. This is
because neither k or A remains constant in all the wave conditions, i.e. the wave condi-
tions given does not have control variables.

The numerical results from Wasim seems to be good when comparing with the pitch re-
sponses from the experiments, especially when the nonlinear free surface conditions al-
ternative 2 is applied, but noticeable deviations can be observed in several waves when
we compare the heave responses. Unlikely, we cannot make a concrete assessment of
Wasim’s accuracy of predicting heave motions since the quality of heave measurement
from the experiments by itself is questionable.

The difference between the results from the linear and nonlinear analysis is quite small
overall, except in wave 22 where the responses are largest. Three extra analyses are thus

made because nonlinearity seems to affect the response amplitudes by most in this
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wave condition. The green rectangular is very close to the red point while the green cir-
cle is some distance away from the green triangular, which gives us an impression that
the incident wave model affects the results more than the free surface conditions do.
This may due to that the wave diffractions and radiations are relatively small so that the
free surface conditions do not play an important role, and instead the incident wave is
dominating. It is worth to mention here that whether ilin=0 or 3 is applied makes the
most difference in the force responses (more details can be found in my project thesis

p39), ilin=3 is mandatory if the incident wave is nonlinear.

We then plot the elevations of wave diffraction plus wave radiation, the incident wave eleva-
tions and the total wave elevations at three positions around the ship. The figure below pre-

sents only the positions so the meshing is not used in any analysis.

”’
”»
e

Figure 3-23 Positions where the time history of the wave elevations are plotted

The elevations in the following three pictures are collected from the nonlinear analysis at the
red point in wave 22 in figure 3-22. The elevations of wave diffraction plus wave radiation are
much smaller than the incident wave elevations, so whether ilin_surf=0 or 6 is applied does not

affect the motion responses significantly. It is the incident wave condition and the body
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Figure 3-24 The time history of the wave elevations in front of the ship bow

Figure 3-25 The time history of the wave elevations beside midship
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Figure 3-26 The time history of the wave elevations behind the ship stern

boundary condition which decides the motion responses by most, and the body boundary con-
dition is always evaluated at the mean position when solving memory flow. On the other side,
the nonlinearity in the incident waves affects the motion amplitudes very little, except in wave
condition 22 and 21 which has a period about 1.96s and 1.86s respectively (16.36s and 15.57s in

full scale) close to the pitch resonance.

At last, we take the wave condition 22 where in figure 3-22 the difference between the red and
blue points is largest, and keep the wave period constant while decrease the wave height to
20m, 15m, 10m, 5m and 1m respectively. The purpose is to check if the combination of the
stream function method and the free surface conditions alternative 2 will gives results converg-
ing to the linear answers. The pitch responses have also been divided by wave amplitude so that
the linear answers will become a horizontal line. The following two figures give evidence of the

good consistence with linear theory regarding the new implementations to Wasim.
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Figure 3-27 Heave responses from the nonlinear analysis converge to the linear results
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Figure 3-28 Pitch responses from the nonlinear analysis converge to the linear results

93



References

Clauss, G & Klein, M & Dudek, M (2011), “model test report — LNG Carrier (TUB)”, Extreme Seas

Ferrant, Pierre (1998), “Fully nonlinear interactions of long crested wave packets with a three

dimensional body”, Twenty-Second Symposium on Naval Hydrodynamics
Greco, Marilena (2011), Lecture Notes “Sea loads”, NTNU
Greco, Marilena (2001), “A two dimensional study of green water loading’’, NTNU

Huseby, M & Grue, John (2000), “ An experimental investigation of higher-harmonic wave forc-

es on a vertical cylinder”, Journal of Fluid Mechanics
Intel® Fortran Compiler XE 12.1 User and Reference Guides

Kring, David C (1994), “Time domain ship motions by a three-dimensional Rankine panel meth-

od”, MIT

McCamy, R.C. & Fuchs, R.A. (1954), “Wave forces on a pile: A diffraction theory”’, Technical

memorandum No. 69
Numpy and Scipy documentation, Numpy 1.7 reference
Python 2.7.5 documentation, the python language reference

Sesam HydroD User Tutorial (2010), “Analysis of a Semi-submersible with anchors by use of

Wadam and Wasim”, DNV

Sesam User Manual HydroD (2011), “Wave load & stability analysis of fixed and floating struc-
tures”, DNV

Sesam User Manual Wasim (2011), “Wave Loads on Vessels with Forward Speed”, DNV

Sun, Hui (2012), D-4.1-DNV, DNV

94



Vada, Torgeir (1994), DNV Research Report NO.94-2030, DNV

Vada, T. & Nakos, D.E. (1993), “Time marching schemes for ship motion simulations”, 8" Inter-

national Workshop on Water Waves and Floating Bodies

95



4 Summary and comments

Generation of incident waves by stream function method is now available in Wasim and verified.
The method not only covers the Stokes 5™, but also extends the validity range for possible wave
inputs. This will be an important update for Wasim considering nonlinear analyses in shallow
water. But the use of Dalrymple’s approach is still not perfect due to the disadvantage when
handling extremely long waves, so further implementation of Fenton’s approach may be rea-

sonable.

The stream function method and the free surface conditions alternative 2 seems to cooperate
well through several verification analyses. Although not all the tests are in shallow water due to
limited public references available to be compared with, we assume that the water shallowness
affects mainly the nonlinearity in waves by more asymmetry forming in the wave profile when
potential theory is applied. We focus thus by most at how the nonlinearity will change the re-

sponse results.

In the wave diffraction problem, nonlinear free surface conditions are quite necessary to predict
accurate load response when kA gets value larger than 0.1. As we assume that the body bound-
ary condition remains the same in both linear and nonlinear analyses, then the free surface
conditions rule how waves will be diffracted, which is directly associated with the dimension of
wetted surface on the body, i.e. how the free surface conditions are implemented is the most
essential factor to force integration. The nonlinearity in the incident wave, on the other side,
determines the asymmetry of the incident wave profile which further determines the instanta-
neous wave kinematics impacting on the body. This nonlinearity may give a vertical translation
to load responses, but it will not change the load amplitudes so much until kA increases to 0.2.
According to the comparisons, the nonlinear free surface conditions alternative 2 combined

with stream function method gives the most satisfying results.

In the “body motion” problem, the wave diffractions and radiations are so small that we cannot
throw a concrete vote to the nonlinear free surface conditions, though the results are a bit
more compatible to the experiment results when the nonlinear free surface conditions are ap-

plied. Whether this superiority will rise up with growing wave diffractions and radiations cannot
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be decided at present without further testing. The nonlinearity in the incident wave affects the

motion amplitudes very little except for the excitations approaching to body’s resonance fre-

quency.

After all, | need to say that this master thesis is very interesting, and | have learned a lot from

both literature and practical sides. Actually it is a great combination of theories and implemen-

tations. In addition, | also want to mention some of my impressions and several comments by

the following.

It may take much longer for verification and evaluation than to implement some theory
or method when we consider both stability and accuracy.

When comparing with experiment results, we should not always trust these numbers as
reference. It is worth to keep a critical mind and make sure that they are in good quality.
Post-processing plays also an important role as the results may be sensitive to the pro-
cess algorithm. Fourier analysis is a traditional way and can be the first choice to handle
the result signal. FFT may be the best for signals which have some random parameter
while harmonic analysis suits better for regular signals. But we should pay attention if
the regular signal has a horizontal asymmetric profile. To choose a proper algorithm will
be time saving if there are huge amounts of data, e.g. to find every local maximums can
be realized by several approaches: by looping through all the values, by differentiating
the signal, and can also be done by some fancy approach such as genetic algorithm.
HydroD (the housing of Wasim, which provides GUI for some pre- and post-process func-
tionality) can generate the mesh of free surface automatically, and the size of free sur-
face is determined based on the dimension of the body. But this may lead to too small
free surface area for some shallow water analysis, i.e. the radius of free surface is short-
er than the wave length, because slender bodies are dominating in shallow water and
relatively long waves become frequent. The limited free surface area will act as a tank
and cause oscillations due to reflected waves. Therefore it would be better if the size of
free surface is determined based on the wave length instead when the program detects

a small water depth.
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Considering long crested waves, Airy wave, Stokes 5" wave and stream function wave
are now available in Wasim. It would be nice to include also pre-established or measured
wave time history as input to Wasim. This may extend the program from prediction by

idealized modeling to kind of postmortem analysis.
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Appendix A Linearization of free surface conditions for 3D

wave body interaction

i) The kinematic free surface condition:

(% + Vior - V) [z — ] = 0, and introduce Galilean transform % = % -W-v
0 — ) —
> (=W V4 Vo V)z= (5 WV Voo - V)¢
L.H.S: % = 0 since z is only coordinate of a certain point on the free surface and it does not

follow a water particle, so it is not a function of time.

W-Vz=0 sinceVz= (0,0,1) and W has no k-component.

9¢
Voior Vz = %

R.H.S= (% —W- V){ + Ve - V{ since ¢y, P, = O(€)

=>%_(W_V‘f’b)'V(: %(¢b+¢z+¢m)onz=(

Apply Taylor expansion for small { about z=0 for all z-dependent terms, e.g.
(). = )+ 5 (G, e 0@

(58),. ~ (52),, + 0D

Since%: Oonz=20

ac — % d
=5~ (W=7dy) V¢ =22 ¢+ (1 +dm)onz =0

Now we consider only the memory flow and introduce ¢; and {; due to incident wave.
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> 28D (W - 7,) V@ +3) = T2 (4 0) + = (i + b + D)

And further we introduce the linear kinematic free surface condition for the incident wave.

D% _ (2 _j5.y)q,

0z Dt

=% (W-7¢y) V0= 22 (¢ +¢) + 282 _ (v, . v¢))

ii) Dynamic free surface condition:

Dot

— gt -1 2 - - D_0 w.
o = —9¢ 2(V¢tot) , and introduce Galilean transform ——=——W -V

= (% —-W- V) (Pp + ¢y + ) = —g¢ —%(V(d)b + ¢, + qu))z, keep the linear terms
0 — —

= (2 (W = Vy) V) (b + bm) = —g¢ + W - Vb, — 2 (V) on z = ¢

Apply Taylor expansion for small { about z = 0 for all z-dependent terms, e.g.

(W V), ~ W (Vhy)zm0+ W - 3 (Vy) 0 - § + O(€?)

. 0 %y ¢y 62¢b) (62¢b 0%y 62<l’b) (
since oz (Vd)b)zzo - (azax'azay' 8z2 ) ~ \oxdz’dydz 98z2 )

32y
’ 9z2

W o (Vn)smo = 0
= (W- Vd)b)Z:{ ~ W - (Vp),=0

(Voo Vp)z=¢ = (Vb - Vpp) =0 + % (Vop - Vpp) 7= - { + 0(€?)

09p\? | (066)?\ _ . 28p 3*¢p . ., 0¢b P¢p
(E) +(¥) )_2 0x 626x+2 dy 0zdy

0 _ _ 2 ((9¢n)?
smceE(V(Pb V¢b) - az<( ax) +

0%y %y _
0z 0z2

= (Vo - V) z=¢ = (Vop - Vobp) =0
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= (%— (W —V¢b)'v) (b1 + ) = —g¢ + W'V¢b —%(prb)z onz=0

Now we consider only the memory flow and introduce ¢; and {; due to incident wave.

> (5= (W = Y,) V) (i + bm) = —g({ +3) + W - Vb, — 2 (Vp)?

And further we introduce the linear dynamic free surface condition for the incident wave.
g5 =02 (5 W V)i +g5 =0

Dt

= (2= (W= V) - V) b = —gC + W - Vepy, — 3 (V) — (Veby - Vepy)
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