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Preface

Common practice in ship design is to determine the wave loads by applying rules and
standards. The design rules and requirements are important to obtain international quality
standards and design basis for ships. For example, Unified Requirements and Common
Structural Rules for Bulkers and Tankers have been developed within International
Association of Classification Societies (IACS) to improve safety of bulkers and tankers and to
rationalise rules and requirements between different classification societies. In addition, Goal
Based Standards for ship construction are under construction in International Maritime
Organization (IMO). It is possible also that the role of ship owners in design process is
coming more important in the future. Ship owners can set additional requirements and the
designer hasto prove that the ship will fulfil the requirements already in early design phase.

However, general standards and rules can be sometimes difficult to apply for unconventional
ships. For example, size of the ships is increasing and new structural designs have been
introduced. For complex structures and designs direct calculation procedures are necessary.
The direct calculation of the wave loads in the structural analysis is howadays a common
practice in the offshore industry. However, the direct calculation procedures, especially the
calculation of the wave loads, are seldom applied in the shipbuilding industry. One reason is
the rather large uncertainties in the wave load predictions for ships as well as lack of
experience. In addition the theoretical background of the calculation methods are not
necessarily sufficient to get reliable predictions. For example, the forward speed of the ship is
not properly taken into account in the methods or the methods are based on linear theory so
that extreme load predictions of the nonlinear responses are not possible. Furthermore
uncertainties exit also in all assumptions involved in stochastic methods and prediction
procedures including environmental and operational conditions. Sometimes these are difficult
to determine accurately in advance and hence assumptions need to be made to estimate life
time conditions that have influence on fatigue and ultimate strength. Fatigue strength
predictions can vary significantly depending on applied approaches and how different
conditions are taken into account.

Project “Laine - A numerical and experimental study of nonlinear wave loads on ships’, was
started a VTT in Merike - Technology Program in the autumn 2006. Participants of the
project were Finnish Funding Agency for Technology and Innovation (TEKES), VTT, Aker
Y ards, Technip Offshore Finland, Finnish Navy and SWECO Marine. The aim of the project
was to get insight of design wave loads for novel ship types and to develop calculation
methods and procedures to estimate wave loads. The project consisted of numerical and
experimental investigations. Theoretical background of nonlinear effects was studied and
numerical methods was developed and applied during the project.

Espoo 30.3.2009, Authors
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1 Introduction

1.1 Background

Elements in the load and strength analysis of marine structures are presented in Figure 1.1.
One of the starting point for the structural design and analysis of the ships and marine
structures is to define environmental and operational conditions. For ultimate strength
analyses, extreme environmental conditions have to be defined in order to obtain the design
loads for structural analyses. Typically the extreme condition is the most severe sea state in
the ship’s lifetime that induces the largest stresses in structural details. Because different wave
conditions or different types of loads might induce large stresses, several different conditions
have to be considered. In a fatigue analysis, the whole operational profile of a ship is needed
to obtain all the stress cycles that the ship will encounter during her service life. This means
that all of the different loading and operational conditions in the ship’s lifetime have to be
considered. In addition, because the random nature of the ocean waves, probabilistic methods
have to be applied in the analyses. To obtain predictions in reasonable time, the calculations
are usually carried out in the frequency domain by linear methods (Kukkanen and Mikkola,
2004). Responses are linear with respect to excitation, if a change in the magnitude of
excitation induces the same magnitude change for responses. However, in high waves the
linearity assumption of wave loads with respect to wave height is not usually valid. For
example, the sagging moment is clearly larger than the hogging moment for ships in a heavy
sea. If the responses are strongly nonlinear the determination of loads are usually carried out
in time domain.

Environmental conditions are typically defined by the waves, winds and currents. Depending
on the operation of the ship or marine structures some other factors can be equally important
or even more important, e.g. ice or water depth. In here the main emphasis will be focused on
waves. The waves and their occurrence probabilities are normally given in wave scatter
diagrams for different sea areas, for example, Global Wave Statistics (GWS, 1986). For the
extreme wave loads of the ships, the International Association of Classification Societies
(IACS, 2001) gives recommendations to use the wave data of the North Atlantic sea area. In
rules this sea area is usually defined as the worst sea area and it is intended to use to design
ships for unrestricted service. Typically the North-Atlantic data is use for ultimate strength
analyses but fatigue strength is predicted applying more realistic sea areas. If the route or
operating area of the ship or marine structure is known in design phase site specific scatter
diagram can be utilised. However, this can be difficult if the route of ship is not known
beforehand. Det Norske Veritas (DNV, 2005) has produced a scatter diagram that is
combination of different sea areas where the shipstypically sail world wide.

The main operational conditions for ships are the speed and heading with respect to waves.
The operational profile can vary considerably between different ship types. Depending of the
ship type other operational conditions should be also taken into account, for example, loading
conditions and time spent in harbour. Furthermore, voluntary speed reduction or possible
restrictions in speed or heading in high waves should be considered in order to define extreme
waves where the ship can safely operate.
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The return period is defined as a event that is being exceeded on the average once every n-
year. Usually the return period is used to define so called n-year wave. Thus the n-year wave
is a wave that is being exceeded once every n-year. The return period is not necessary the
same as the service time of the ship or marine structures. For example, in offshore structures
the 100-year wave is one of the typical design condition.

In ship structural design the wave load and response predictions are often defined at the
probability level of 10, This corresponds of an occurrence that is expected to encounter once
in 20-25 years. In the IACS recommendations (IACS, 2001) a return period of at least 20
years, corresponding to about 10°® probability of exceedance per cycle is recommended to use
for design wave bending moments. It can be noticed that the IACS recommendations relate
the return period of 20 years and probability level 10®. Thus, for ships the return period
corresponds to the service time of the ship. However, for the offshore structures the return
period is used for environmental conditions that occur seldom and hence including higher
safety margin against loads. Thisis justified because ships can avoid the heavy weather easily
changing the route but offshore structures should be able to withstand all possible weather
conditions that might occur in the sea area during the service time.

The uncertainties in wave load prediction can be taken into account using safety factors, for
example using extreme values with additional risk parameter instead of using the
conventional most probable extreme value. In addition, appropriate safety and usage factors
are used in structural designs and the safety margin can be higher for critical structures. In
ultimate strength analyses, part of the structures can be designed above the elastic limits to
allow some extent of plagtic deformations. It is important also to define the strength and
fatigue criteria together with the safety factors in order to take into account all possible
uncertainties in loads and structural designs. Because different safety factors can be used in
different stagesin structura design and analyses it is important to realise the overall margin of
safety from environmental conditions to the strength criteria of structures. In addition,
appropriate strength criteriaand safety levels, i.e. safety margins or factor of safety, should be
defined in particularly if first principle methods are be applied.

Wave loads are given for ships in rules of classification societies that are generally used in
ship design. In present rules the rule loads and structural responses can be determined
separately, e.g. external pressures and wave bending moments can be first determined and
then use to determine structural scantlings. In principle, the rule loads can be compared to the
loads calculated by direct methods. However, the rule requirements for loads and structural
responses are still related to each other to fulfil the strength criteria. The rule loads and
directly calculated loads can be compared but the final structural scantlings can depend on the
used strength criteria.

Direct calculations of wave loads in structural analyses are generally based on linear theories
but recently several different approaches have been developed to take into account
nonlinearities in wave load predictions. Summary of different methods in seakeeping
computations are given by Beck and Reed (2000). Usualy the linear frequency domain
methods give reliable results at zero speed. However, significant differences can exist
between different nonlinear methods (Guedes Soares et al, 2000).
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Environmental conditions
Tz (s)
Hs (M) 4.5 55 6.5 75 8.5 9.5 10.5 115 12.5 13.5
115 1
10.5 1 1 1
9.5 1 2 2 1 1
8.5 1 2 3 3 2 1
75 1 4 6 5 3 1
6.5 1 3 9 12 9 4 2 1
55 1 9 20 22 15 6 2 1
4.5 4 21 40 37 21 8 2
35 1 12 45 67 50 22 7 2
25 3 28 75 80 45 15 4 1
15 9 48 73 48 17 4 1
0.5 2 11 20 13 4 1
Operational conditions
Responses in waves
Extreme load and strength predictions Fatigue strength predictions

Figure 1.1. Elements in load and strength analyses of marine structures.
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1.2 Objectives and scope

For ship type structures, an important wave induced response is the vertical wave bending
moment that induces global hull girder stresses. If the hull girder has compression on deck it
is called sagging condition and hogging if compression on bottom. The sagging bending
moment occur if wave crests are at the bow and stern and hogging if wave crest is amidships.
Typical example of time history in model tests for vertical bending moment amidships is
shown in Figure 1.2 together with the calculation result based on the linear theory. The linear
theories can not predict the differences between sagging and hogging moments. In the model
test results higher order harmonic components are clearly visible and the time histories are not
sinusoidal. The first harmonic component without the mean shift can be obtained only from
the linear frequency domain wave load calculation methods. The linear methods can not take
into account the body geometry above the mean water level especialy the hull form changes
at the bow and stern. In addition, the forward speed of the ship change the steady pressure and
wave profile around the hull.

This project was focused on the hydrodynamic responses in waves and the emphasis was in
the investigations on the nonlinear wave loads. Studies were concentrated on the nonlinear
effects in the vertical bending moment. One of the aims of the present project was to get
insight of design wave loads for novel ship types. Goal was to obtain reliable numerical
method for nonlinear ship-wave interaction problems. In particular so that the calculated
pressure loads acting on the hull surface can be used in the finite element analysis. The
hydrodynamic pressures and the global finite element model of the ship hull is illustrated in
Figure 1.3. In addition, statistical predictions were also studied in order to estimate the
extreme loads in random waves for the ultimate strength analyses. Fatigue loading can be
estimated from the time history results of the responses using a standard rainflow counting
algorithm.

The project consisted of numerical and experimental investigations. Model test was carried
out to get insight into the important factors of nonlinear effects and to obtain validation data
for the numerical simulations. Theoretical background of nonlinear effects was studied and
numerical methods was developed and applied during the project. In addition, approaches to
predict extreme loads for structural analyses were examined.
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Figure 1.2. Typical example of time histories in model tests for vertical bending moment
amidships and the linear calculation result.

S

Figure 1.3. Pressure acting on the hull surface in waves and aglobal finite element model of a
ship (M&kinen, 2005).
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2 Calculation method

2.1 General

A brief description is given here for the theoretical background of the boundary value
problem of the moving body in water waves to give insight of the simplifications and their
possible effects on the wave load predictions. Detailed derivation of the boundary value
problem can be found, for example, from Newman (1978). Summary of different methods in
seakeeping computations are given by Beck and Reed (2000).

It is assumed that the fluid is irrotational, incompressible and inviscid and hence the potential
theory can be used to solve the flow around the body. The velocity potential has to fulfil the
Laplace equations in the whole fluid domain and the boundary conditions at the free surface,
bottom of the sea and infinity far away from the body. In addition, the velocity potential has
to fulfil body boundary condition on the hull surface. Because the free surface condition has
to be solved at the instantaneous free surface elevation around the body and the body
conditions have to be solved on the instantaneous wetted surface, the boundary value problem
is nonlinear.

Linearization of the free surface and the body boundary conditions with respect to the wave
amplitude means that the wave amplitude is assumed to be small compared to other length
dimensions of the fluid and the body. In linear frequency domain methods the body and free
surface boundary conditions are linearized. When a linear theory is used, all hydrodynamic
guantities are calculated up to undisturbed mean water level. Typically the solution of the
linear problem is carried out in frequency domain, for example Chang (1977), Inglisand Price
(1982), lwashita and Ohkusu (1989), and Iwashita (1997). The solutions and based on the
frequency domain Green functions. In Green function based methods (Neuman-Kelvin
theory) only body surface is modelled by panels. The calculation is still time consuming when
several different speeds, headings and frequencies are used. Usualy the steady state
disturbance potential is neglected, which smplifies the problem and hence makes the
computations easier.

Time domain representation of the Green function allows that the nonlinear body boundary
condition can be applied. This means that the perturbation potential can be solved in the
actua floating position and not only at the mean water line of the ship. In time domain three-
dimensional linear and nonlinear methods are presented Ferrant (1991), Lin and Y ue (1991)
and Sen (2002). Bingham et al (1994) applied transient Green function method to solve the
boundary value problem in time domain and frequency domain.

In this report, theory of the wave load calculation method is given that was developed in the
LAINE — project. The method is based on time domain representation of the Green function.
The applied and developed method in LAINE-project is based on the Neuman-Kelvin theory
and blending techniques is used to take into account the additional nonlinearities due to the
incoming wave elevation in Froude-Krylov and hydrostatic restoring forces and moments.
The theoretical background is the same as presented, for example Ferrant (1991), Linand Y ue
(1991) and Sen (2002).
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2.2  Theory

The theory is based on potential theory and hence the motion of the fluid can be expressed by
a single scalar function, i.e. velocity potential. Boundary conditions are applied at the
boundaries of the fluid. The nonlinear free surface boundary condition is linearized but exact
body boundary condition is applied on the body surface (body nonlinear version).
Calculations can be performed also with linear body boundary condition (body linear
version). In addition, boundary conditions are needed at infinity and at the bottom of the sea.
Two co-ordinate systems are used; space fixed co-ordinate system, x,y,z and body fixed co-
ordinate system Xo,Yo,20. The co-ordinate systems are shown in Figure 2.1. The hydrodynamic
boundary value problem is solved in the space fixed co-ordinate system. Body normals are
defined as positive into the body (out of the fluid). Ship speed is U in the direction of x-
coordinate and head seas is heading angle ¢ = 180 degrees. The six degrees of freedom body
motions are surge (h1), sway (hy), heave (hs), roll (hs), pitch (hs) and yaw (he) defined with
respect to the space fixed co-ordinate system.

Figure 2.1. Co-ordinate system used in the time domain cal culation method.

Total velocity potential can be expressed as follows:
F=Ff+f (2.1

where the perturbation velocity potential is f =F - f, and the velocity potential of the
incoming wave isf,. The perturbation potential f have to fulfil the Laplace - equation:

~

N’f =0 everywhere inthe fluid. (2.2)

In addition, the velocity potentials have to fulfil the boundary conditions on body (Sg) and on
the free surface. Linearized free surface boundary condition is
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A 4
T gl = =0. 2.
'ﬂt2+gﬂz Oonz=0 (2.3)

wheret isthe time and g is the gravity acceleration. The body boundary condition is given as
follows

LISV, LN on body boundary Sg. (2.4)
n fin

Here n isthe unit normal to body pointing out of the fluid and V is the instantaneous velocity
of the body.

In addition, the bottom boundary condition

"11]—’;:0, Z® ¥, (2.5)

and the radiation condition (r =+/x* + y?):
f®O0, r® +¥. (2.6)

are taken into account at infinity. Furthermore, the boundary value problem has to fulfil the
following initial conditionsat t = 0:

f=0and ¥ =g 2.7)
it

The velocity potential of the incoming wave fulfil the Laplace equation, the linearized

boundary condition at the free-surface and the bottom boundary condition. The velocity
potential of the wave can be given in the following form

f| — Rei i g_l/je— i (kxcos ¢ +kysin c)ekzeiwt u (28)
I

where a is the wave amplitude, w is the wave frequency and k is the wave number.
The hydrodynamic pressure acting on the body is obtained from Bernoulli’ s equation
éTF

1~
p; (P,t) =- rﬁ+E|NF|2 +gz

u
i

where the velocity potential is F =f +f, , see Equation (2.1). The hydrodynamic forces and
moments of the body are

(2.9)

FO)= (P, dS, i=12..6 (2.10)
Ss(t)

where ng; is acomponent of the generalized unit normal pointing into the body.
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The accelerations of the body can be solved from the equation of motion. The equation of
motion is expressed in body fixed co-ordinate system and co-ordinate transformations are
applied between body fixed and space fixed co-ordinate systems.

The boundary value problem can be solved by applying Green's theorem and using panel
method with unknown source strength distributions over the wetted body surface. The source
strengths can be solved using the body boundary condition. Applying Green's theorem and
using body boundary condition the source strengths can be solved from

1 1G9 (P,Q)
- Qt)———=/d3 =—nx{V - Nf, (Pt
p D ®s Q= q (P,1))
1 '€ 16V (P,Q,t,t) U
+— s(Q,t) dSidt
4 ?SSS? fn i
0) u
R oY S AT T 2.11)
g 0@&«) Tin s

Here G is the Green function, s isthe source strength, P = P(X, y, 2) isthe field point and Q =
Q(x¢, y¢, z¢) isthe source point. Present timeist and t <t. The normal vector n is located at
point P, n = n(P). The velocities u, and Uy are three- and two-dimensional normal velocities,
respectively, of the body boundary intersection at free surface at source point Q. The two
normal velocities are related by Uy = uy/(N>). The last line integral is around the body
boundary at the free surface. Two-dimensional normal at waterline is N. Once the source
strengths are solved the velocity potential can be obtained from

F(P1) = 4i a5 (QHGO (P.Q)ds

Sg(t)

0
N “c‘ﬁ;(Q,t)G“)(P,Q,t,t)dSL’dt
4'0 085 (1) g
11'€
- == & FQHGO(P,QLIUU dGudt 2.12)
4 9 Oé&(r)

The time dependent Green function is (Wehausen and Laitone, 1960)

¥
G=2. L iodeen [oksnc ok (t- )3, kn)ldk (213

0

forz<0O,t <tand P(x,y, 2 * Q(x¢,y¢, z() and where
R=(x- x§” +(y- y9* +(z- 29°
Re=/(x- X7 +(y- y§* +(z+ 29’
r=yJ(x- X9 +(y- y9?

The field point isP = (X, y, 2) and the source point is Q = ( x¢, y¢, z(). The time dependent
Green function G can be given in the following nondimensional form:
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GY(X,Y,Z2,T) = %c’;m(m b) (2.14)
where the nondimensional expression is
¥
GY(mb) :Zde"’"«//_sin(b«//_)Jo(/ V1- nf)]d/ (2.15)
0

In the above equations T =t —-t, X=x—-x(, Y=y -y(,Z=2z-2(and Z(=z +2(. The

/ (
nondimensional timeis b =T %1: and the nondimensional vertical coordinate is m= - %q:

The nondimensional wave number is / = kR(. The Green function term G® (m b) is shown
in Figure 2.2.

In the calculation the most time consuming part is the solution of the time dependent Green
function. Because of the time convolution integral the solution time is proportional to the

number of panels N, squared times the number of the previous time stepsN, . At every time
steps N2 ° N, evaluations of the Green function is necessary in the body nonlinear solution.

Usually the time-dependent Green function is solved using series expansion together with
asymptotic expansions (Newman, 1992). Applying the series and asymptotic expansions the
solution domain in b-mplane is divided in sub domains where different solution strategies are
applied. Numerical integration rules, such as Filon' integral formulas have been used also for
higher values of b. The time dependent Green function can be solved also using Taylor series
expansion. Clement (1998) showed that the time dependent Green function is a solution of
ordinary differential equation and a solution for this problem using Taylor series expansion
was presented by Chuang et al (2007).

In the present calculation method the time dependent term G and corresponding derivatives
were solved using numerical integration. Gauss-Kronrod numerical quadrature formulas were
applied to solve the time dependent terms of the Green function. In the adaptive integration,
the integration interval was subdivided into smaller intervals where the estimated largest
errors exist. The interval with estimated largest error was bisected and the Gauss-Kronrod rule
was applied for each subinterval. The error for each interval was estimated by comparing
between the result obtained by 21-point Gauss—Kronrod rule and that by ten-point Gauss rule.
The numerical integration solution was compared to the series solution given in Newman
(1992). The series solution was based on the series and asymptotic expansions. Series solution
was performed in two parts, the Legendre function representation was applied for interval b =
0 ... 9 and the asymptotic expansion for b > 9. High numerical accuracy is needed in the series
expansion solution because of the large values in the denominator and numerator if
nondimensional time b is increasing. This is one reason why the Green function term solution
is split in two intervals with respect to b. One advantage of the numerical integration
approach is that the same solution strategy can be applied in the solution domain for all b and
mwithout using different solutions in different subdomains.

The time dependent Green function term G® solved by the numerical integral rule and the

series solutions are shown in Figure 2.3. The Green function term G® is given for two
different values of the nondimensional co-ordinate m The lines for the two different solutions
are indistinguishable in the figures.
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The direct numerical integration is time consuming during the simulation. On each time step
Green function and its derivatives have to be solved between all of the panels. In addition the
functions have to be solved also for the past time steps because of the convolution integral.
The time dependent Green function is function of the co-ordinates between source and field
points and between the past and present time, and it is not depend for example of the
frequency of the incoming wave, heading and speed of the ship. Hence the Green function can
be evaluated beforehand for several nondimensional parameters b and m and during
simulation the Green function values can be interpolated from the tabulated values.

In the developed computer application the Green function was solved beforehand and the
results were stored in the file. In the beginning of the simulations the matrix é“)(m b) was
read into the computer’'s memory. During the simulation the Green function values were
interpolated from the matrix using finite element shape functions. Nine-node quadrilateral
elements were used to describe the shape functions. The pre-calculated Green function values
were evaluated in constant intervals of b and m The pre-calculated values were modelled as
global finite element mesh with nodes at b and m During the simulation for given b and mthe
nodal values for interpolation can be easily found from the global element mesh without time
consuming searching algorithms if constant size elements are used in b-mplane.

\

/]

/
/

Figure 2.2. Time dependent Green function term G®© as a function of the nondimensional
parameters b and m
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Figure 2.3. Green function term G© given at m= 0.1 (left) and m= 0.5 (right). The solutions
based on the numerical integration rule and series solution are shown in the figures. The lines
for the two different solutions are indistinguishable.

The time derivative of the perturbation velocity potential f in Bernoulli’s equation (2.9) is
approximated as follows

W T Tes yor (2.16)
. D

where f is the velocity potential at time step k. The solution of the time derivative of the
velocity potential can be determined also by solving a separate boundary value problem
defined for the time derivative of the velocity potential. This approach was presented Wu
(1998) and another approach using new velocity potential definition and boundary value
problem was presented in Greco (2001). Here dlightly different approach is adopted defining
first new velocity potential and the determining the corresponding body boundary condition
that have to be solved. Hence, defining first the following velocity potential:

J =3 v
It

Thus, first the velocity potential ; is solved and from the above equation the time derivative
f ; is obtained. The derivatives of the velocity potential f are already known from the original
boundary value problem. The velocity potential ; has the same solution as the normal
velocity potential f but different body boundary condition on Ss. The body boundary
condition can be defined starting from the original body boundary condition as expressed in
Wu (1998). First taking total time derivative from both sides of the body boundary condition
for velocity potential f :

dadfo_d ~
— & I=—|(v-Nf .
dtg'nng dt( )l on Se



V7T RESEARCH REPORT V/TT-R-02391-09
16 (44)

It can be shown that (Greco, 2001)

W _Tesdfo_dadifo

I fnédty dtéfng

and hence

7 _d N
—=—|(V - Nf ) on .
o = grllY - NF )] S
The right hand side of the above equation can be further developed to obtain the following
body boundary condition for the velocity potential ; on the body surface S:

11% =nA+é r)- (® u) —nxgm:;—tf'+((u+m’ r)RIN7, - (o Klfl)l:J

H

This is implicit boundary condition because of the body accelerations on the right hand side.
Thus iterative solution procedure is needed in the time integration of the equation of motions.
The solution has been implemented in the calculation program. Good results were obtained
for example for the added mass and damping coefficients of the hemisphere presented in
Kukkanen (2008b) where calculations were carried out using the normal numerical
approximation for the velocity potential time derivative. An example of the direct solution of
the f; compared to the approximation is presented in Figure 2.4. In the figure the heave
radiation force is presented for the Seatech-D ship in irregular waves. The direct solution and
the approximation are the same but some peaks and irregularities are clearly visible in the
approximated solution. However, the boundary value solution should be further investigated
and detail verification and validation is still needed. All of the calculations presented here
were solved using the approximation for the f ; unless otherwise stated.

F (kN)
30000
——— Approximation
Calculated
20000 -

10000 -+

-10000 -

-20000 -~

-30000 T T T T T T
80 100 120 140 160 180 200 t (S)

Figure 2.4. Heave radiation force based on the direct solution of f and the approximation.
Example isfrom irregular wave calculatios for the Seatech-D ship.
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2.3 Calculation procedure

The calculation procedure is presented in Figure 2.5. The exact body boundary condition is
applied on the body surface in the body nonlinear version. In the body nonlinear solution all
the pressure components are calculated at the instantaneous position of the ship up to the level
of z = 0. Calculations can be performed also using the linear body boundary condition (body
linear version).

The program includes two options to evaluate the Green function. The Green function can be
calculated beforenand or solved during the simulation. The pre-calculated version is
considerably faster and it was used in all of the results presented in this report. The Green
functions were determined at panel centroid or using numerical integration over panel area by
Gauss quadratures.

Before the simulation the panel mesh of the hull is constructed and the basic hydrostatic
calculations are carried out. The simulations are performed in the defined operational
conditions in regular or irregular waves at forward or zero speed in arbitrary heading angle.

In body nonlinear solution hull surface can be re-panelised at each time step fitting the hull
cross sections with cubic splines up to the water level and taking into account the ship
instantaneous position. Alternatively constant panel sizes can be used and during simulation
the panels are checked if they are below or above the water level.

The ship motions are solved using explicit time integration. At the present version of the
program the single step Euler method or Adams type predictor — corrector methods can be
used.

The nonlinearity in hydrostatic and Froude-Krylov forces and moments can be included to the
solution also. The nonlinear hydrogtatic and Froude-Krylov forces and moments are
calculated up to the actual incoming wave elevation.
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INPUT DATA
Hull geometry (NAPA)

INPUT DATA
v :

Min & max of b,m

Panel mesh
Hydrostatic

INPUT DATA
Calculation conditions

Non-Linear

N
¥

Update ship position

Potentials and derivatives:Green G(0)

Linear

A 4

DATAFILE
G(b,m

Potentials and derivatives:Green G(t)

v

Solve source strength

¥

Generate potentials

)

Hydrodynamic pressures

Hydrodynamic forces and moments

Equation of motions
v
t=t+Dt

Figure 2.5. Calculation procedure.
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3 Verification and validation

3.1 Simple hull forms

3.1.1 Added mass and damping of hemisphere

The solution of the hydrodynamic boundary value problem presented in the previous Chapter
is carried out in time domain. Hence the solution of the conventional frequency domain added
mass and damping coefficients are not needed. However, the added mass and damping
coefficients can be determined applying Fourier transformation for the impulse response
function. Assuming small motions the hydrodynamic pressure can be linearized and the
pressure can be expressed without the velocity potential squared term. Considering only
radiation pressures the contribution of the hydrogtatic pressure can be neglected and the
radiation force can be expressed as follows

1If;

Li(t)= g ndS (3.1)

where n; is a component of a unit normal into the body. Integration is performed about mean
wetted surface S because small motions are assumed. The unit excitation was generated
using unit acceleration at the beginning of the calculation.

Added mass and damping coefficients were calculated for a hemisphere and the results were
compared to the analytical solutions given by Hulme (1982). The hemisphere was modelled
by panels and the number of panels for the half body was 162. Radius of the hemisphere is d
and the displacement is N = 2/3pd®. Heave impulse response function Las(t) is shown in
Figure 3.1. Impulse response functions are given in nondimensional form and the

nondimensional time is ¢ ,/g/d . Thetime step was Dt ,/g/d = 0.157 in the calculations. The

heave added mass and damping coefficients are presented in Figure 3.2. The calculated
impulse response functions correlate well with analytical solution given by Hulme (1982).
The oscillation of the calculated impulse response function at the higher frequencies is due to
the irregular frequencies. The irregular frequencies can be seen well from the added mass and
damping figures. The first irregular frequency for heave exists approximately at kd = 2.5. The
added mass peak became higher and more concentrated in the vicinity of the irregular
frequency if the number of panelsisincreased (Lin and Y ue, 1991).
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Figure 3.1. Heave impulse response function as a function of nondimensional time.
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Figure 3.2. Heave added mass coefficient (left) and damping coefficient (right) as a function
of nondimensional wave number.

3.1.2 Exciting forces and motions of Wigley - hull

For Wigley hull forms comprehensive model test programme was conducted by Journee
(1992). Four different Wigley hull forms were tested and different responses were reported
including motions and exciting forces and moments. Here the Wigley version | was used to
validate the developed method. The main dimensions of the Wigley | hull are length L = 3.0
m, breadth B = 0.3 m and draught T = 0.1875 m. Calculations were carried out using the body
linear and nonlinear versions of the program. Hull was re-panelised at each time step in the
body nonlinear calculations fitting the hull cross sections with cubic splines. Number of
panels of the half hull was 120.

The linear transfer functions of the responses were determined using harmonic analysis for the
calculated time histories. In the harmonic analysis a Fourier series is fitted to the recorded
data. The transfer functions or the response amplitude operators (RAO) are defined as the
ratio of the response first harmonic to the wave first harmonic. The response phase angles are
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defined as leads with regard to the maximum wave elevation at the centre of gravity of the
ship.

Exciting heave force and pitch moment at forward speed of Fn = 0.20 are shown in Figure
3.3. Nondimensional wave frequency is w,/L/g where w is the wave frequency and L is the

ship length. Wave number is k = |/|/2/g . During the calculation the body was fixed so that the
body motions were zero. Hence, the calculated forces and moments corresponds the model
test conditions. In addition, the body nonlinear calculations are the same as the body linear
calculations because the body motions are zero.

Heave and pitch motions at forward speed Fn = 0.30 are shown in Figure 3.4. In the
simulations wave amplitude was a = 0.02 m and time step was 0.02 s. The total duration of
the simulations was 20 s. Calculations were performed with the body linear and nonlinear
versions. The heave and pitch motions are somewhat lower level than the model test results.
The body linear and nonlinear versions gave the same type of the results. The calculated
phases follow well the model test results. The motions correspond well with the measured
ones in spite of the rather coarse panel mesh.

*  Model tests
Calculated
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Figure 3.3. Heave and pitch exciting force and moment of Wigley | at forward speed of Fn =
0.20 at head seas.
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Figure 3.4. Heave and pitch motions of Wigley | in head seasat Fn = 0.30.
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3.2 Model tests and comparison to model test results

3.21 Model tests

Model tests were carried out for the Seatech-D ship model in the project. The aim of the
model tests was to investigate the seakeeping characteristics of the ship in waves. Seakeeping
model tests consisted of the experiments in irregular and regular waves and in calm water.
Tests were carried out in head waves at zero and forward speed. Main dimensions of the
Seatech-D ship are given in Table 3.1 and the lines drawings of the ship are shown in Figure
3.5.

The ship model was segmented ship model and force and moment transducers were installed
in two cut-off sections. The locations of the force and moment transducers are shown in
Figure 3.5. The midship transducer was at frame 4 and the fore ship transducer at frame 6.5.

The main results from the model tests and comparison to calculated results are presented in
this Report. The calculations in waves were performed using body nonlinear method
including additional nonlinearities due to Froude-Krylov and hydrostatic restoring forces and
moments. The panel mesh used in the calculations is shown in Figure 3.6. Number of panels
for half ship was 648. Constant panel mesh was used in the simulations.
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Table 3.1. Main dimensions of the Seatech-D ship.

Unit Value

Symbol
Loa

Quantity

171.4
158.0

25.0

6.1
13 766

_

Length over all

Length between pp.

BWI

Breadth max. at waterline

Draught

Displacement

0.55

Block coefficient

13.66

2345678910112

01

1

12111898 76543°¢2

104 m

10

— 1

64.5 m

Figure 3.5. Lines drawings of the Seatech-D. The longitudinal locations of the force/torque
transducers are measured from AP. The midship transducer was at frame 4 and fore ship at

frame 6.5.

Figure 3.6. Seatech-D panel mesh in the calculations.
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3.2.2 Model test results and comparison to calculations

Responses in still water were calculated in time domain as well as measured in model tests.
The aim was to investigate the steady flow effects on the bending moment responses due to
the pressure variation and the wave elevation. Sinkage at the centre of gravity and the vertical
bending moment amidships in calm water as a function of the ship speed is shown in Figure

3.7. Froude number is Fn :V/qlgL . The vertical bending moment is increasing when the

speed increases. The forward speed effects induced sagging bending moment on the hull
girder. The correlation between calculations and model tests is good. The time domain
calculations were performed with the body nonlinear version. The calculation deviates from
the model test results only at the higher speed.

. —+— Model tests . —%— Model tests
Sinkage (m) A Calculated Bending (kNm) A Calculated

0.05

0.00 o A
-0.05 - -20x10°
0.10 4 A -40x103 4
-0.15 -60x10°
-0.20 -80x103
-0.25 A -100x10°

-0.30 A -120x10° -

-0.35 T T T T -140x10° T T T T
0 5 10 15 20 25 V (kn) 0 5 10 15 20 25 V (kn;

r T T T T T T En
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Figure 3.7. Sinkage at the centre of gravity of the ship (left) and the vertical bending moment
amidships (right) in calm water as a function of the ship speed. Fn is Froude number.

Linear transfer functions were determined from the time domain calculations as well as from
the model test results. Harmonic analyses were performed for both time histories obtained
from the calculations and model tests. The first harmonic component gives the linear transfer
function for the responses. Hence the given transfer functions do not show directly any
nonlinearities. In the harmonic analysis a Fourier series is fitted to the recorded data. The
transfer functions or the response amplitude operators (RAO) are defined as the ratio of the
response first harmonic to the wave first harmonic. The phase angle of the response is defined
asthe first harmonic component with respect to the wave amplitude at the centre of gravity of
the ship.

Linear transfer functions at zero speed in head seas are presented for the heave and pitch
motions in Figure 3.8 and for the vertical shear force and bending moment in Figure 3.9. At
speed of Fn = 0.26 the linear transfer functions are shown for the heave and pitch in Figure
3.10 and for the vertical shear force and bending moment in Figure 3.11. The model tests
were carried out a different wave amplitudes. The wave amplitudes are shown in the figures.
The time domain calculations were carried out a wave amplitude of a = 3 m. The calculated
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VIr

results in regular waves gave good results for the ship motions comparing to the model test
results. The shear forces and bending moments are well predicted by the nonlinear time
domain calculations at forward speed. However differences existed at zero speed. However,
the transfer functions include only the first harmonic component. Hence the transfer functions
do not give correct picture of the responses that can include also nonlinearities that can be
presented only by the higher order harmonic components.
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—2— Modeltestsa=3.0m
A Calculated,a=3.0m
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Figure 3.8. Transfer functions of heave (left) and pitch (right) at zero speed in head seas.
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Figure 3.9. Transfer functions of vertical bending moment (left) and shear force (right) at zero
speed in head seas.
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Figure 3.10. Transfer functions of heave (left) and pitch (right) at Froude number of Fn = 0.26
in head seas.
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Figure 3.11. Transfer functions of vertical bending moment (left) and shear force (right) at
Froude number of Fn = 0.26 in head seas.

The nonlinearities in the responses were investigated analysing separately the positive and
negative amplitudes of the responses. The positive and negative amplitudes were analysed
from the time histories of the calculated and model test results. The positive and negative
amplitudes at zero speed are shown in Figure 3.12 for the heave and pitch motions and in
Figure 3.13 for vertical bending moment and shear force. The same for the forward speed of
Fn = 0.26 are shown in Figures 3.14 and 3.15. The calculated results (A) are given together
with the positive (Max) and negative (Min) amplitudes from the model tests (m). In addition
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the first harmonic component (%) for heave and pitch motions based on the model test results
are also shown. The calculation and model test results are given at wave amplitude of a =3 m.

The difference between sagging and hogging bending moments as well as in the vertical shear
forces could be distinguished well. The forward speed effect due the sinkage of the ship can
be seen in the heave response. The difference in sagging and hogging can be partly explained
by the steady flow effects due to forward speed. However, the steady bending moment in
sagging has rather small effects at higher waves.

Based on model test results in regular waves the hogging moment was well predicted at zero
speed and at the forward speed. The sagging moment was well predicted at forward speed but
the calculated results deviated from the model test results at zero speed. Sagging was
overestimated roughly about 10...20 % at zero speed. The difference can be due to the flat
stern bottom close to water line. The rapid change in geometry due to the relative motions is
challenging in the calculations. Better results would be obtained if the number of panels was
increased and smaller panel sizes were used.

The given positive and negative amplitudes from regular wave tests and calculations were
obtained directly from the time histories. The time histories of the responses include also local
peaks and valleys between the global ones. Hence the given figures with the maximum and
minimum amplitudes do not give the whole picture of the behaviour of the responses in
regular waves.

The calculation model and the model test ship had some differences in the mass distributions.
The locations of given bending moments and shear forces were also dlightly different.
However the differences were rather small and the differences do not explain the deviations
between the model test and calculation results at zero forward speed case.

Snap shots for stern up and down in the model tests at zero speed are shown in Figure 3.16.
The bow up and down case is shown in Figure 3.17 at forward speed of ship, Fn = 0.26. At
zero speed the stern slamming is clearly visible as well as rather severe bow slamming if the
ship has forward speed.

Time histories of the vertical bending moment from the model tests and from the time domain
simulations are shown in Figure 3.18 for two different wave amplitudes,a=1manda=3 m.
The forward speed is Fn = 0.26 in head seas and the nondimensional wave frequency is

wy/L/g = 2.6 (I /L = 0.9). In addition, the linear frequency domain prediction is also shown at

the wave amplitude a = 3 m.

The position of the ship from the time domain simulations with respect to incoming wave as
well as the snap shot pictures from the model tests are shown in Figures 3.19 and 3.20 at the
zero forward speed. The first figure shows the bow entry into wave and the second one shows
stern impact. In slamming problems the correct free surface elevation during the water entry is
important in order to obtain reliable predictions for the impact pressures. Impact can occur at
bow as shown in Figure 3.19 or at the flat stern bottom shown in Figure 3.20. It can be seen
that the free surface elevation at the bow impact include significant water spray deformation
or jet flow due to high water flow velocities at the body and free surface intersection.
However, inside of the jet flow the pressure is close to the atmospheric pressure and the
influence on the responses is insignificant. In Figure 3.20, the free surface elevation at the
stern is rather moderate and the submergence of the body in calculations is similar as in the
model tests. However, in the flat bottom impact the local pressures can be very high but it has
not necessarily significant contribution on the global forces, i.e. the duration of impact is short
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and local so that the total impulse is moderate. The sagging moment is lower at the zero speed
than at the forward speed case in spite of the stern slamming.
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Figure 3.12. Positive and negative amplitudes of the heave (left) and pitch (right) at zero
speed in head seas. Wave amplitude was 3 m in model tests and calculations.
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Figure 3.13. Positive and negative amplitudes of the vertical bending moment (left) and shear
force (right) at zero speed in head seas. Wave amplitude was 3 m in model tests and

calculations.
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Figure 3.14. Positive and negative amplitudes of the heave (left) and pitch (right) at speed of
Fn = 0.26 in head seas. Wave amplitude was 3 m in model tests and calculations.
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Figure 3.15. Positive and negative amplitudes of the vertical bending moment (left) and shear
force (right) at speed of Fn = 0.26 in head seas. Wave amplitude was 3 m in model tests and
calculations.
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Figure 3.16. Stern of the Seatech-D model in hogging (left) and sagging (right) conditions in
regular head waves at zero speed, w = 0.60 rad/s and wave amplitude a = 3.0 min full scale.

: = = = = : A
Figure 3.17. Bow of the Seatech-D model in hogging (left) and sagging (right) conditions in
regular head waves at zero speed, w = 0.60 rad/s and wave amplitude a = 3.0 min full scale.

Calculated, non-linear
Vl(r gal’B) —_—— ;\:Aa:;z:?;es?,rggﬂl;linear Vyl(r galL’B) ::: mr?::: ‘(enfgirieeslltjgst, 1st harmonic)
0.04 0.04
0.03 4
0.02 4 0.02

0.01 4

0.00 + 0.00 4

-0.01 A
-0.02 1 -0.02

-0.03

-0.04

-0.04

Figure 3.18. Non-dimensional vertical bending moment from model tests and calculations for
the wave amplitude of a = 1 m (left) and a = 3 m (right). The nondimensional wave frequency

is w,y/L/g =2.6 (I /L = 0.9) and the speed is Fn = 0.26 in head seas. At the wave amplitude a
=3 mthe linear 1st harmonic component is shown also.
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Figure 3.19. The bow down and stern up position of the ship with respect to the incoming
wave in calculations and model tests, wave amplitude a=3m, w,/L/g = 2.4 and Fn = 0.0.
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Figure 3.20. The bow up and stern down position of the ship with respect to the incoming
wave in calculations and model tests, wave amplitude a=3m, w,/L/g = 2.4 and Fn = 0.0.
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4 Wave load predictions

4.1 Design load predictions

In order to obtain extreme value predictions for responses it is necessary to apply probabilistic
methods in the analyses due to the random nature of the ocean waves. Stochastic methods in
linear frequency domain approaches are well known and widely used. Short and long-term
distributions of responses can be easily determined using linear superposition principle and
using spectral moments in order to obtain necessary statistical properties of the response.
However, the extreme value predictions from the time domain simulations are not so well
establish and usually the probabilistic distribution function of the response peaks are not
known. Peak distribution is probability function of the maximum values that occur in sample
data. The single extreme value is the maximum of all of the maximum peaks. However, the
extreme value can vary between different sample time histories even if they are simulated in
the same conditions, for example in the same sea states. This is due to the random nature of
the irregular waves. Hence, the extreme value for one sample follows its own probability
distribution. The probability distribution of peaks and the probability distribution of extremes
areillustrated in Figure 4.1. The most probable extreme value is defined as an extreme value
where the extreme value distribution has the most probable value. However, the exceedance
probability of this most probable value can be rather high. In some applications the extreme
value is defined using so called risk parameter or safety factor that defines the probability
level where the extreme value can be exceeded, for example using 1% exceedance probability
level for the extreme value.

Stochastic methods and different probability density functions for nonlinear responses in time
domain were studied Wang and Moan (2004). They applied Weibull, Generalized Gamma,
and Pareto distributions for time history data of nonlinear bending moments in waves. Here
Weibull distribution function is used to determine the extreme values for responses in short-
term sea states.

The analysis flow chart is shown in Figure 4.2. Firgt, the n-year wave in terms of contour plot
(Baarholm and Moan, 2001) of wave heights Hs and wave periods T, are determined for the
sea area where the ship will operate. In addition the speed profile as well as the headings with
respect to waves should be estimated where the maximum responses can occur. The short-
term predictions at different sea states defined by the Hs-T, contour plot of the n-year waves
are determined using linear frequency domain methods. The linear most probable extreme
value (MPEV) is determined for the response at each sea state. Nonlinear ssmulations in the
irregular waves are conducted in the sea state where the linear predictions get the maximum
value for the response in the question. From the time domain simulations the MPEV can be
defined using the Weibull distribution. This is rather straightforward for wave induced
responses that can be directly obtained from the simulations such as for ship motions or hull
girder loads. However, in detail structural analysis the finite element model is used and the
loads are given as hydrodynamic pressures. Hence the stresses are usually determined at one
time instant and the probabilistic predictions for stress responses are not defined. The worst
condition in structural analysis can be defined for example using design wave approach where
regular wave is determined that gives the same response as the reference response that can be
for example vertical bending moment amidships.
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Figure 4.1. An example of peak distribution and corresponding extreme value distribution.
The most probable extreme value (MPEV) and the extreme value with risk parameter a; (EV

with &) are also presented in the figure.
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Figure 4.2. Flow chart of the analysis procedure.
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4.2 Application of design load predictions for case ships

In this Chapter examples are given to determine the design wave load predictions for the
Seatech-D ship.

It was assumed world wide operation of the ship but the high waves can be avoided changing
the route. To take into account heavy weather avoidance in the design wave predictions the
operational limit for wave height can be defined by re-scaling the Weibull distribution
(Baarholm and Moan, 2001). The rescaling means that the extreme wave height will be
limited to some realistic wave height where the ship can safely operate. Design waves of 1-
and 20-year and 20-year wave with wave height limit of 10 m are shown in Figure 4.3. The 10
m limit is based on the re-shaping of the Weibull distribution of the wave heights. The n-year
waves are based on the World Wide Trade scatter diagram (DNV, 2005). The irregular wave
results given in this Chapter corresponds to the 20-year wave with Hs limit of 10 m. Irregular
long-crested waves were described using the Pierson-Moskowitz wave spectrum.

For the Seatech-D ship model, linear frequency domain calculations were applied first in
order to determine the linear predictions of the most probable extreme value (MPEV) for the
vertical bending moment and to obtain the worst sea state that maximise the response. The
time domain simulations are still time consuming and hence the linear approach was used to
get approximations for the responses in several different irregular sea states. The time domain
simulations were carried out in the sea state that gave the maximum linear MPEV for the
vertical bending moment amidships. The linear frequency domain predictions for the MPEV's
were calculated along the Hs- T, contour that was based on the 20-year wave limited to the re-

shaped distribution at I—A|S =10 m. The maximum linear MPEV will be get in wave height of

Hs= 9.4 mand wave period T, = 8.5 s. The time domain simulation was carried out in this sea
state. An example of the time history of the vertical bending moment amidships is shown in
Figure 4.4.The significant wave height was Hs = 9.4 m and the zero crossing period T, =85s.

In nonlinear predictions the Weibull distributions were applied in order to determine the
MPEV for different responses. Weibull distributions are given for the vertical bending
moment in Figure 4.5. The difference in the sagging and hogging moment can be
distinguished well. Applying the probabilistic approaches for the simulated time historiesit is
important to define also what is the sufficient length of the simulation time. The Weibull
distributions were here estimated using the mean and standard deviation of the peaks. Thus
the simulation length should be long enough that these parameters are stabilised. The
simulation length was 15 min in the present studies.

The MPEVSs for the wave, heave, pitch and vertical bending moment in three hours sea state
are given in Table 4.1. The linear frequency domain as well as the nonlinear time domain
results are given in the table. The time domain calculations in irregular waves gave the
predictions for the hogging and sagging bending moments 581 MNm and 1139 MNm,
respectively. According to Det Norske Veritas rules the sagging wave bending moment is 970
MNm and hogging 773 MNm. The ratio of calculated and rule sagging moment is 1.17 and
for hogging the same is 0.75. Thus the rule gives lower moment for sagging and higher for
hogging. At zero speed and Hs = 9.4 m the ratio of calculated sagging/hogging is 2.0. On the
other hand the rule gives 1.3 for the sagging hogging ratio. Hence the rule gives lower
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estimate for the sagging and hogging ratio. However, these results are based only one
irregular sea state ssimulations. Other sea states should be studied also as well as the forward
speed cases. In addition the comparison to model test results showed that the calculated
predictions in irregular waves at zero speed have rather large uncertainties and the calculation
over estimated the responses. Results of the model test comparison are given in next Chapter.
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Figure 4.3. Contour plot of Hs-T, and scatter diagram. Wave scatter diagram is based on data
given by DNV (2005) for World Wide Trade. The occurrences of Hs T, are given as parts per
100 000.
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Figure 4.4. Time history example from the time domain simulation in irregular head waves at
zero forward speed, Hs =94 mand T, =85s.
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Figure 4.5. Calculated vertical bending moment amidships (kNm), Hs=9.4 mand T, =85,
in head seas and at zero forward speed.

Table 4.1. The most probable extreme values in sea states of three hours, Hs=9.4mand T, =
8.5 s, in head seas at zero forward speed.

Response Linear Nonlinear Nonlinear
Frequency domain Time domain Time domain
Maximum Minimum
Wave (m) +8.9 9.6 -9.5
Heave (m) +3.6 4.1 -35
Pitch (deg) +7.7 9.8 -7.3
Bending (MNm) + 643 581 -1139

Shear (MN) +15 25 =15




V7T RESEARCH REPORT V/TT-R-02391-09
37 (44)

4.3 Comparison to model test results

Model tests were carried out in irregular head waves at forward speed and at zero speed in
different sea states. The calculations were performed also in the same conditions and the
calculated results were compared to the model test results. The most probable extreme values
(MPEV) of the response amplitudes were determined from the nonlinear time domain
calculations as well as from the results from the model tests. Both predictions were based on
the fitted Welbull distributions. The predictions were defined for the sea state duration of
three hours. The MPEV's were determined for the wave, heave, pitch, heave acceleration at
centre of gravity, vertical bending moments amidships and vertical shear force at fore ship.

In Table 4.2 the MPEV s are given for the response amplitudes at forward speed of 19.1 knots
in the sea state of Hs= 5.0 mand T, = 8.5 s. The peak distributions of the response amplitudes
from the model test and the calculations are presented in Figure 4.6 for the vertical bending
moment amidships and for the vertical shear force at fore ship. The forward speed results
correlate well with the model test results.

At zero speed, the first calculations gave rather poor correlation between the model test and
calculated results. Typicaly the calculations over predicted the responses, especialy the
vertical bending moments and shear forces. Hence the MPEV predictions presented in
previous Chapter are also conservative estimates and rather large uncertainties can exist in the
results. It was noticed that the calculated results have clear discontinuities in the time
histories. The differences in calculations and model tests can be due to the flat aft bottom
close to water line. The rapid change in geometry due to the relative motions of the ship in
waves is challenging in the calculations. In the model tests it was observed slamming impacts
at stern.

The zero forward speed calculations were repeated applying improved methods and using
more accurate calculation parameters. The new calculations were performed using 2° 2 point
integration rule instead of the midpoint rule and using smaller panel sizes at aft body. In
addition the time derivative of the velocity potential f ; was solved directly using the boundary
value problem approach.

The model test and calculated results for the MPEV's are given in Table 4.3 in sea state of Hs
=9.0 mand T, = 10.5 s a zero forward speed. The peak distributions from model test and
calculation are presented in Figure 4.7.

The improved calculations gave rather good results and clearly better than the original
calculations. The global hull girder loads are somewhat overestimated comparing to the model
test results. On the other hand, the calculation time is considerably longer because of the
higher order integration rule. However, the calculations gave promising results and the
accuracy of the calculated results was significantly improved at zero forward speed for the
hull form with flat stern bottom. Systematic calculations and further investigations should be
carried out to investigate the effect of the different calculation parameters as well to
investigate the theoretical approaches to model the physical phenomena correctly. In addition
the calculation time in irregular waves should be longer in order to get larger number of peaks
that will improve the MPEV predictions.
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Table 4.2. The most probable extreme values (MPEV) of the response amplitudes in the sea
states of three hours, Hs= 5.0 mand T, = 8.5 s, speed 19.1 knots.

U =19.1 kn, 180° Model test Calculation Model test Calculation
Hs=5.0m,T,=85s Maximum Maximum Minimum Minimum
Wave (m) 6.0 5.3 -4.7 -5.0
Heave (m) 2.6 2.4 2.4 -2.3
Pitch (deg) 45 4.2 -5.1 -4.1
Heave acceleration (m/sz) 1.7 2.0 2.1 -1.8
Bending (MNm) 401 399 -557 -564
Shear (MN) 12 13 -10 -7
Response
7.0e+5
O  Tests, min
6.0e+5 - 5 O Tests, max
N 4 Calc., min
5.0e+5 _;. A Calc.,max
4.0e+5 -
3.0e+5 -
2.0e+5 -
1.0e+5 A
0.0
-1.0e+5
1 2 3 5 10 20 30 40 50 60 70 80 90 95 99 99.9 99.999 F(X) %
Response
14000.0
O  Tests, min
12000.0 O Tests, max
4 Calc., min
10000.0 | 4 Calc.,max
8000.0 +
6000.0
4000.0 +§
2000.0 +
0.0 1
-2000.0
1 2 3 5 10 20 30 40 50 60 70 80 9095 99 99.9 99.999 F(X)%

Figure 4.6. Amplitude peaks from model tests and calculations. Top: Vertical bending
moment amidships (kNm). Bottom: Vertical shear force at fore ship (kN). Sea gate Hs = 5.0
mand T, = 8.5 sin head seas at forward speed of 19.1 knots.
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Table 4.3. The most probable extreme values (MPEV) of the response amplitudes in the sea
states of three hours, Hs = 9.0 m and T, = 10.5 s, zero forward speed. The calculated and
model test predictions are based on the fitted Weibull distributions.

U =0kn, 180° Model test Calculation Model test Calculation
Hs=9.0m, T,=105s Maximum Maximum Minimum Minimum
Wave (m) 9.9 9.4 -8.3 -9.3
Heave (m) 4.7 4.9 -4.6 -4.5
Pitch (deg) 8.3 10.1 7.2 -7.3
Heave acceleration (m/sz) 1.2 1.4 -1.1 -1.5
Bending (MNm) 456 519 —670 -804
Shear (MN) 13 18 -10 -10
Response
8.0e+5
o Tests, min
N O  Tests, max
R A Calc., min
6.0e+5 - a4 Calc.,max
4.0e+5 -
2.0e+5 -
0.0
1 2 3 5 10 20 30 40 50 60 70 80 9095 99 99.9 99.999 F(X)%
Response
16000.0
O  Tests, min
14000.0 N O Tests, max
a 4 Calc., min
12000.0 o 4 Calc.,max
10000.0 +
8000.0
6000.0
4000.0 +
2000.0 +
0.0 1
1 2 3 5 10 20 30 40 50 60 70 80 9095 99 99.9 99.999 F(X)%

Figure 4.7. Amplitude peaks from model tests and calculations. Top: Vertical bending
moment amidships (kNm). Bottom: Vertical shear force at fore ship (kN). Sea gate Hs = 9.0
mand T, = 10.5 sin head seas at zero forward speed.
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5 Conclusions

The present project was focused on the hydrodynamic responses in waves and the emphasisin
the investigations was on the nonlinear wave loads especially on the nonlinearities in the hull
girder loads. One of the aims of the present project wasto get insight of design wave loads for
novel ship types and to obtain reliable numerica method for nonlinear ship-wave interaction
problems to structural analyses. In addition, statistical predictions were also studied in order
to estimate the extreme wave induced loads. The project consisted of numerical and
experimental investigations. Model test was carried out to get insight into the important
factors of nonlinear effects and to obtain validation data for the numerical simulations.
Theoretical background of nonlinear effects was studied and numerical methods was
developed and applied during the project.

The calculation method used in wave load predictions was based on time domain
representation of the Green function. The nonlinear free surface boundary condition was
linearized but the exact body boundary condition was applied on the body surface. In the body
nonlinear solution all the pressure components were calculated at the instantaneous position
of the ship. In addition the nonlinearity in hydrostatic and Froude-Krylov forces and moments
can be included to the solution also. The nonlinear hydrostatic and Froude-Krylov forces and
moments were calculated up to the actual incoming wave surface. In the calculation the most
time consuming part was the solution of the time dependent Green function. In the developed
computer application the Green function was solved beforehand and the results were stored in
the file. In the beginning of the smulations the table of the Green function terms was read
into the computer's memory. During the simulation the Green function values were
interpolated from the matrix using finite element shape functions. The pre-calculated values
were modelled as global finite element mesh. During the simulation the nodal values for
interpolation can be easily found from the global element mesh. One advantage of the
numerical integration approach was that the same solution strategy can be applied in the
whole solution domain without splitting the domain in different subdomain. The method
using pre-calculated Green function terms was significantly faster than the solution of Green
function terms at each time step.

Validation and verification of the developed calculation method were given for the
hemisphere and the Wigley hull form. The added mass and damping coefficients were
calculated for the hemisphere and the results were compared to the analytical solutions. The
calculated impulse response functions and the added mass and damping coefficients
correlated well with analytical solution. For Wigley hull form the calculations were carried
out using the body linear and nonlinear versions of the program. The calculated forces and
moments corresponded well with the measured ones in spite of the rather coarse panel mesh.
The heave and pitch motions were somewhat lower level than the model test results. The body
linear and nonlinear versions gave the same type of the results. The calculated phases
correlated well with the model test results.

Model tests were carried out for Seatech-D ship model to measure ship motions and hull
girder loads in regular and irregular head waves. The calculations gave good predictions for
the wave induced responses comparing to the model test results.

Responses in still water were calculated in time domain as well as measured in model tests.
The aim was to investigate the steady flow effects on the bending moment and shear force
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responses due to the pressure variation and the wave elevation. The shear forces and bending
moments were increasing when the speed increased. The forward speed effects induced
sagging bending on the hull girder. The correlation between calculations and model tests was
good.

The calculated results in regular waves at zero and forward speed gave good results for
the ship motions comparing to the model test results. The difference between sagging and
hogging bending moments as well as in the vertical shear forces could be distinguished well.
The shear forces and bending moments were well predicted by the nonlinear time domain
calculations but differences existed at zero speed.

The forward speed effect due the sinkage of the ship can be seen in heave response and
in vertical bending moments and shear forces. The difference in sagging and hogging can be
partly explained by the steady flow effects due to forward speed. The steady bending moment
in sagging was the major contribution at the lower wave amplitude but had quite small effects
at higher waves. Furthermore the nonlinear effects in shear forces were also clear and
difference existed in sagging and hogging conditions. The nonlinearities in shear forces are
not usually considered in wave load analyses.

The nonlinear effects in the hull girder loads can be explained with the body geometry and
changes in above and below the mean water level. The important factor was also the loads at
the bow and stern of the ship. The given maximum and minimum amplitude peaks from
regular wave tests and calculations were obtained directly from the time histories. The time
histories of the responses include also local peaks and valleys between the global ones. Hence
the given figures with the maximum and minimum amplitudes do not give the whole picture
of the behaviour of the response in regular waves.

Based on model test results in regular waves the hogging moment was well predicted at zero
speed and at the forward speed. The sagging moment was well predicted at forward speed but
the calculated results deviated from the model test results at zero speed. The difference can be
due to the flat gern bottom close to water line. The rapid change in geometry due to the
relative motions is challenging in the calculations.

The zero forward speed calculations in irregular waves were calculated also applying
improved methods and using more accurate calculation parameters. The new calculations
were performed using higher order integration rule instead of the midpoint rule and using
smaller panel sizes at aft body. In addition the time derivative of the velocity potential was
solved directly using the boundary value problem approach.

The improved calculations gave clearly better results than the original calculations. The global
hull girder loads were close to the model test results. On the other hand, the calculation time
was considerably longer because of the higher order integration rule. However, the
calculations gave promising results and the accuracy of the calculated results was
significantly improved. Systematic calculations and further investigations should be carried
out to investigate the effect of the different calculation parameters as well to investigate the
theoretical approaches to model the physical phenomena correctly.

The impact at the flat stern bottom has large influence on the sagging loads in the calculated
results but based on the model tests the effect was overestimated in the calculations. At higher
forward speeds the bow submergence and bow impact have obviously larger effect on the
global hull girder loads than the zero speed stern impacts. However, in the present method the
numerical solution for impact type loads is not properly taken into account and the effects due
to rapid changes in hull geometry at flat stern bottom should be further studied.

The extreme value predictions from the calculations correlate well with the model test results.
The calculation method can predict the important responses that are needed in the structural
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analyses. The calculations and extreme value predictions were carried out and the analyses
showed that the method can be applied in demanding structural analyses. However, the
calculation time is still too long that the nonlinear time domain method can be apply several
different operating and environmental conditions. Linear frequency domain methods are still
important to define the design sea states for different responses and hydrodynamic analyses.
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