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ABSTRACT

The wave-current (or wave-forward speed) interaction study is an effort to incorporate
essential coupling effects between the unsteady waves problem and the steady flow problem into
the floating structure’s dynamic. The linear solution that only considers the coupling effect with
the uniform flow is still considered the most practical way of incorporating the interaction effect.
This so-called Uniform Flow (UF) approximation model is valid for a slender body under
relatively low current speed. By considering the UF approximation, the interaction effect can be
reduced to the solution of a wave-only problem (i.e., zero speed solution) and its correction factors.
This approximation is implemented into the existing in-house 3-D BEM code in the frequency
domain. Noting the UF approximation model’s versatility and simplicity, we extend the existing

model to cover a broader range of applications.

First, a practical approach to incorporate forward speed and hydro-elasticity effect in the
frequency domain was developed. By utilizing the discrete-module-beam (DMB) method, flexible
structures are partitioned into multiple rigid bodies connected by beam elements. The forward
speed effect is taken into consideration in the multi-body hydrodynamics through the UF-based
simplified method. The present numerical results compare well with published experimental and
FEM-BEM coupling method. Several parametric studies were also conducted to quantify the

forward speed effect on the structure’s elastic behavior.

Then, a formulation for the second-order difference-frequency wave load in the presence of a
steady uniform current is presented. The free-surface integral is not included in evaluating the

difference-frequency force quadratic transfer function (QTF) considering its relatively negligible



contribution compared to other terms, significantly reducing the computational cost. The
importance of properly incorporating the uniform flow effects into both the boundary value

problem and the force formulation was underscored even for the small uniform flow speed.

Finally, all of the results except for the hydro elasticity study were compared against the
completely nonlinear CFD method. The CFD results show several phenomena not captured by the
BEM, such as the Kelvin ship’s wave, nonlinear body motion, and breaking waves. However, due

to its lower computation requirements, BEM is still preferred in the majority of cases.
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1. INTRODUCTION

1.1. Summary

Hydrodynamic problems have long been an important design factor for offshore structures.
Wave, current, along with wind forcing are the main forces that are acting on these structures.
These forces can be differentiated into two main categories: the Bernoulli pressure-driven forces
and the viscous drag forces. For structures with large displacements such as tanker ships, semi-
submersibles, and FPSOs, the time-varying inviscid Bernoulli pressure forces exerted by the wave
field and the structures' motion typically dominates the dynamics. On the other hand, the steady
shear and drag forces from the viscous effect are typically dominated by the ocean current or the
relative velocity between a seafaring vessel and its surrounding environments. Common practices
in the industry suggested that these two problems to be treated separately. The inviscid forces can
be solved in the time or frequency domain using the less expensive potential theory simulation
tools, and the viscous forces resolved by utilizing CFD simulation tools or experiments. However,
various aspects are not taken into account using these approaches; one of them is the coupled
interaction effect between steady uniform flow with the wave field. To address this problem, we
developed a potential theory-based Boundary Element Method simulation tool that is able to
account for the wave-uniform flow interaction effect at low to moderate speed. We then proposed

extensions of the method to improve its applicability to encompass a broader array of problems.

To solve the wave-uniform flow interaction problem, potential theory for inviscid,
incompressible, irrotational flow is used as the framework, and the Laplace equation is used as the

governing equation. In the steady, Kelvin ship wave problem, Brard [1] consider a linearized free

1



surface condition where the steady perturbation can be considered small, and therefore its
multiplication can be neglected by considering small uniform flow or slender body
(0/0x «< d/dyor 0/dz) Using the same assumptions, Salvesen et. al., [2] then proposed a
uniform flow — wave interaction solution where the multiplication between the steady perturbation
and the unsteady potential can be neglected for the rest of the boundary conditions (e.g., body
boundary). By considering the linearized boundary value problem, the complexity of the problem
is significantly reduced. This so called Neumann-Kelvin problem is referred to as the uniform flow

(UF) approximation in this study, due to the lack of the steady perturbation in the final formulation.

The linearized boundary value problem is then solved using the boundary element method
(BEM), specifically the free surface green’s function BEM. The free surface BEM method uses a
Green’s function that satisfies all the boundary conditions of the problem, except on the body
boundary, which is problem specific. Thus, the free surface Green function significantly reduced
computation requirement since the domain discretization is only needed on the body boundary.
With additional assumptions, the uniform flow effect can be readily calculated from the zero speed
results. Therefore, the UF method can be implemented as a post-processing tool to any fluid-
structure interaction simulation code, including the aforementioned frequency domain free surface
BEM method. The Uniform flow approximation method's versatility opens up many new
possibilities for it to be applied to other linear problems. However, for non-linear problems, the
UF approximation needed additional efforts to be implemented since all the non-linear
hydrodynamic coefficients do not solely comprise the output from zero uniform flow simulation
results. Due to these reasons, the extension of the present UF method to increase its applicability

to a broader range of problems poses a challenging and interesting research topic.



This study comprises four different chapters, all of which aim to answer all of the issues posed
above. In the second chapter, we will detail the derivation of the linear UF model, highlighting the
model's differences with the standard wave diffraction problem and its application to several test

cases to validate the results obtained from the in-house simulation tool.

In the third chapter, we explore the possibility of applying the UF model to the linear
hydroelasticity problem. This problem is particularly interesting since large seafaring vessels such
as Super Tankers typically undergo a noticeable elastic deformation when traveling across the sea.
For this problem, the vessel forward speed is hypothesized to affect the elastic deformation and
the internal forces of the body. A method was proposed so that the forward speed effect on the
hydro elasticity problem can be straightforwardly applied using any standard potential theory
simulation tools without any drastic changes. For this reason, the discrete body method was

adopted and applied alongside the newly formulated UF model for multibody.

In the fourth chapter, we increase the UF model's application range to solve the second order
problem in wave slope while keeping the first-order accuracy in wave-uniform flow interaction.
By expanding the Uniform flow approximation up to the second-order and solving the problem in
the frequency domain, we can save computational time while expanding the scheme's accuracy.
Although several studies have expanded the UF model to include the second-order forces, the
second-order QTF formulation, including second-order diffraction in the frequency domain, is still
rare. Through this investigation, we can assess the performance of the Uniform flow approximation

in various sea conditions.

In the fifth and final chapter, we investigate the wave-current interaction problem using a fully
non-linear CFD method. The commercial RANS based CFD code STAR-CCM+ is used. Like in

the potential theory, the CFD method can readily calculate the inviscid linear wave-current

3



interaction problem. On top of that, the CFD can also capture the highly non-linear phenomena
such as breaking waves, large motion, and shear forces, all of which are not considered in the UF
approximation method. To highlight the non-linearity of the problem, a case of wave exciting force
at the pitch resonance frequency is selected. The CFD results are also validated against the

corresponding in-house BEM code and experiment data.

To summarize, this study is aimed to extend the application range of the linear wave-uniform
flow interaction model while still maintaining its core advantages. This core advantages include
its compatibility with the frequency domain — potential theory based — free surface BEM that is
relatively straight forward to be applied and computationally less expensive compared to other

methods.

1.2.  General Description of the Wave-Uniform Flow Interaction Problem with Linearized

Interaction Effect

In this study, three different coordinate systems are used. The first is the earth fixed-inertial
coordinate system X = (X, Y, Z), the second is the body fixed-non-inertial coordinate system x =
(x,y,z), and the last is the inertial coordinate system that is fixed to the mean body position or the
body position at rest x = (X,¥,Z), as illustrated in Fig. 1.1. The Z, z, and z are pointing upwards,

with Z, defined as the vertical position of the origin of x.
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Fig. 1.1. Description of the coordinate systems
Assuming that the fluid is incompressible, irrotational, and inviscid, the fluid’s flow can be
described with velocity potential function ®(x,t). The relation between the velocity potential and

fluid’s velocity flow field are:
(1.1)

v, 0, 0P
POX, 0 =V(X, ) =i+ _j+k
The velocity potential should satisfy the mass conservation, which can be represented as the

(1.2)

Laplace equation as below:

Ve =0
The pressure is calculated from the velocity potential, following the unsteady form of

(1.3)

Bernoulli’s equation:

P(X,t) = —p (52 + V- VO + gX. k)



where p is the fluid density, g is the gravitational acceleration, and X is the position vector in the
inertial frame of reference. The exact free surface elevation ¢ can be derived by considering gauge

pressure P(z = {,t) = 0 as below:

d
U(XY) = — é (a—f +2V- VCD)Z:{ (1.4)

Considering wave and steady flow interaction problem, we decompose the total velocity
potential into unsteady wave potential ¢,, (x, t) and steady potential ¢ (x). The present uniform-
flow-based method considers steady potential perturbation caused by the body to be insignificant

compared to the uniform flow, such that:

d)st(X) = (I)SB(X) + (I)U(X) = (I)SB(X) —UX (1.6)

where U, ¢y, and dgg, are the uniform flow magnitude uniform flow potential, and the perturbed
steady flow potential due to interaction between the uniform flow with the body, respectively. The
uniform flow can also be considered as current speed or negative ship speed, as can be seen on

Fig. 1.2.

- g ==

Fig. 1.2. lllustration of wave-forward speed problem and wave-current interaction problem

interchangeability

The steady velocity potential satisfies all the appropriate boundary conditions and the Laplace
equation. The boundary conditions are then linearized following [1] and [2] by considering slender

body (0/0x <« d/dyor d/dz) or small uniform flow. The linearized boundary condition



assumes the steady perturbation to be small, and thus the multiplication between the steady
perturbation and the unsteady perturbation (e.g., g and ¢,,) are neglected. This approximation
significantly reduces the complexity of the problem at the expense of losing some coupling
information between the steady and unsteady solutions. However, in many practical engineering
applications, this approximation can still provide meaningful first-cut results, such as in [2-7].
These approximations are referred to as the uniform flow (UF) approximation for the remainder

of the study.

For the wave diffraction-radiation problem, the only source of the unsteady potential terms is
from the gravity waves and its interaction with the floating body. The total wave potential in

eq.(1.5) can further be separated as:

dw (X, 1) = $1(X) + ds(X) + dr(X) (1.7)
dr@E O =1 ¢, =T Midr(E V) (1.8)
n=MOyNz M) = @)= (Exr Eyr €2, Oy, Ay, O(z) (1.9)

where ¢y, ds, dr, 1, &, a are the incident wave potential, scattered wave potential, radiated wave
potential, the generalized body motion vector, body’s translation vector, and body’s rotation
vector, respectively. The scattered wave potential is for deformed waves by the fixed body. The

radiation potential is for wave generated by the body motion.

Assuming small non linearity, the velocity potential at each order with respect to the incident

wave’s slope e can be obtained by employing the perturbation theory:

¢ =0® 4 @ 4 20p®@ (1.10)



The O™ order potential ®(© is associated with the steady potential by the uniform flow.
Utilizing separation of variables and assuming harmonic motions, the first and second-order

velocity potentials can be expressed by the sum of its harmonic component as follow:

PO, 1) = (@) = dsp(X) — UX (1.11)
oD (7,t) = ¢ (X, 6) = Re T, dpy(R)e'eit (1.12)

cD(Z) (.’x\, t) — q)‘(/g) (.’x\, t) = Re Zivzl Z?]zl{q)i—j(.’x\)el’(wei —(Uej)t + (I);I}_(.’x\)el’(wei +wej)t} (113)

where ¢;(x) is the first order velocity potential, obtained from the 1st order boundary value
problem in the presence of the incident wave with a frequency we;. ¢;; represents the second-
order difference frequency potential and q){;- represents the second-order sum-frequency potential,
both are obtained from the 2nd order boundary value problem in the presence of the bichromatic

incident wave with a frequency pair of w,; and We - We is the encounter frequency, defined as

follow:
we = o + kU cos Bew (1.14)

where w,, U, k, and S, is the wave frequency without the presence of the uniform flow, the
wavenumber, and the angle between the uniform flow and wave heading, respectively. As an
example, if the wave and uniform flow are from the opposite direction, similar to the vessel with
a forward speed in following seas (8., = 180°), w, will be lower than w,. The directional
spreading of the incident wave is not considered in this study, and a uni-directional wave is
considered for the second-order problem (8; = f8;). The exact boundary conditions are described

as follow:



e Free surface boundary condition:

B = =TT+ on Sg(z = ¢) (1.15)

E_az

e Bottom boundary condition:

0d 9P
=22=0 on Sy(z = —h) (1.16)
e Body boundary condition:
9® _ ox, 1.17
on ot on Sg (L.17)
e Far-field boundary condition:
] 9 _; 1.18
Lim Tl (5; = ik) (@n + bs) 0N Sz (1.18)

where n is the unit normal direction of the boundary surface, 0®/dn = V. n is the fluid velocity
in the n direction, and V, = d/dx i+ d/dyj is the horizontal gradient vector. Note that even

though the far field condition is written as (1.18), it is not exact in the presence of uniform flow.

We define P(X)s, as the pressure on the exact body surface Sg with respect to the inertial
frame of reference X, such that x € Sg. P(X)s, can be related to the pressure on the body’s mean

position P(x)s,, by employing the multivariate Taylor expansion as follow:

P(X)s, = P(x)s,, + (* — x) - VP(x)g,, (1.19)

Applying the same Taylor expansion on the free surface and the body boundary condition, we
can describe the exact free surface with respect to the still water level z = 0, and the body boundary

with respect to the body’s mean position Sg = Sg, as follow:

09

__0® _ . 0P 1.20
o lss = 5 lsp, ¥ (X =%) -V |5, (1.20)



(xy) = —3(S+3V0 Vo) (1.21)

g z=(
= —é(aaif +2V- VCD)Z:O +g—12(aa—f +2V- v¢)z=0%(z;f +-V-
VCD)Z:O

Forces and moment are calculated by integrating the pressure on the exact body surface up to

the exact free surface as follow:
F=—[[, Pads (1.22)
= ([, dS) (P©® + eP® + e2P@)(7©® + en® + e2a®) +
(fwl dl fezﬁl)ﬂzéz) dz) (P© + ePW + 2P@)(N© + eNW + ¢2N@)
M=—ffSBP(E><ﬁ)dS (1.23)
= (ff,, dS) (P© +ePD + e2P@) (@ x W)@ + e(® x W)® + €2(% x
n)@) + (fwl dl fe(§1)+62{§2) dz) (PO + ePW + e2P@D)((x x N)©@ + e(x x
N® + e2(x x N)@)

where ¢, = { — Z is the relative wave elevation, n is the body’s unit-normal vector in the inertial
frame of reference x, n is the body’s unit-normal vector in the body-fixed frame of reference x,
and N = 7n/,/1 — 1,. Note that for the body-fixed frame of reference, n(¥ = n® = n@ =n,
The waterline integral is included to account for the instantaneous wave elevation with respect to
the undisturbed sea level and instantaneous body position. For shorthand writing purposes, we also

introduce the generalized force vector F’' and unit-normal vector n' that is defined as:

F' = (F,,F), .., FL) = (F,M) (1.24)
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n' = (ny,n}, ...,ng) = (n,n X x) = (n,,ny, 0, {nyz — n,y}, {n,x — nez}, {nyy — (1.25)
nyx})

To solve the exact-non-linear boundary value problem in the frequency domain, we decompose
the problem into each order of non-linearity with respect to e and successively solve it from the
lowest to the highest order. The linear solution (1% order in wave slope and in wave-uniform flow
interaction) and its extension to the hydroelasticity problem is explained in the 2nd and 3rd section.

While the weak second order solution (2" order in wave slope and 1% order in wave-uniform flow

interaction) is explained in the 4" section.
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2. THE FIRST ORDER WAVE-UNIFORM FLOW INTERACTION

PROBLEM

2.1. Background and Literature Review

The wave-current interaction (or wave-forward speed interaction) study is an effort to
incorporate important features of the coupling effect between the wave diffraction and uniform
flow problem into floating structure’s dynamic analysis. Hirdaris et. al. [1] shows in his study that
out of 175 papers that are used as references, roughly 20% of them are related to the wave-forward
speed or wave-current interaction problem, signifying its importance in both the industry and in
academia. Wave uniform flow interaction can become an important design factor through several
ways, including: the change of magnitude of exciting forces, hydrodynamic damping, added mass,

RAO, and added resistance.

The wave-uniform flow problems can be resolved through numerical hydrodynamic simulation
considering different level of fidelities. Several attempts were done to try to take into account both
the linear and non-linear wave-uniform flow coupling terms on both the free surface boundary
condition and the body boundary condition. New free surface green function were developed to
take into account the uniform flow effect to the free surface boundary condition either in the
frequency domain [2-5], or the time domain [6, 7]. These green function will preserve the
advantages of having the free surface green function where discretization is only needed on the
body surface. However, due to the high oscillation tendency on the free surface green function, the

complexity of integrating the value, and non-reliable result when there is a ship wave propagating
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upstream from the ship, several additional numerical technique and additional precautions are

needed when applying these green functions.

Several studies resort to the application of the rankine panel method (RPM) to resolve the
coupled wave-uniform flow boundary value problem, where the green function is conditioned to
satisfy all the boundary condition except on the free surface and the body surface boundary [8-10].
This method is highly compatible with the time domain method, and non-linearity effect such as
steady Kelvin ship wave effect on the unsteady diffraction problem can be simulated [8, 10].
Variation of this method can be found on ref. [11, 12], where rankine source function is placed on
the offset from the boundary surfaces to avoid singularity from the rankine source. By using the
RPM method in the time domain, accurate results for non-slender structure such as floating
offshore platform can be achieved [13-15]. Despite the aforementioned benefits of using time
domain or rankine panel method, the drawbacks of higher computational time due to time stepping

and additional free surface panels persist.

Timman & Newman [16] and Ogilvie & Tuck [17] shows that the wave-uniform flow coupling
effect on the body boundary condition can be formulated into the well-known “m” terms. In
addition, Ogilvie & Tuck [17] shows the equation for the wave-forward speed interaction where
the steady perturbation to the uniform flow is described as the double body potential and linearized
by considering small uniform flow magnitude. On the other hand, Brard et. al. [18], introduced an
approximate method where the boundary condition in the steady wave (e.g., Kelvin’s ship waves)
and uniform flow interaction problems are linearized by considering negligible interaction with
the steady perturbation. This so called Neumann-Kelvin problem can be satisfied when body is
either thin or slender, subjected to small uniform flow, or combinations of the two [19-24].

Salvesen [19], then applied the same Neumann-Kelvin approximation to the unsteady waves
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problem using the 2D strip theory. In this study, the same linearized wave-uniform flow coupling
problem as in the Brard et. al. [18] and Salvesen [19] is called as the Uniform Flow (UF)
approximation, due to only uniform flow coupling effect with the wave’s perturbation is

considered.

The resulting hydrodynamics coefficient in the UF approximation is found to be only depends
on the zero speed solution and correction factors that also only depends on zero speed solutions
[19]. From here, the advantages of using UF approximation is clear, that is, it can account for the
linear wave-uniform flow interaction effect by using the zero-speed hydrodynamic computation
tools. Even though UF approximation is simpler compared to the double body linearization, Kim
& Kim [22] shows in his study that UF approximation generally have comparable performance to

its double body approximation counterpart.

Loken [21], Papanikolaou [16] and Guha [23, 25] further increase the robustness of the
Salvesen [19] UF approximation method, by applying it in the potential flow based 3D boundary
element method (BEM) in the frequency domain [26]. The study take advantage of the free surface
green function where the green function is conditioned to satisfy all the governing and boundary
equation except the body boundary condition. By doing this, the computation cost reduced greatly
because no time integration is needed, and discretization is only needed on the body surface. On
this method, the coupling terms between the wave and uniform flow is ignored by considering thin
slender body condition, so that the free surface green function for zero uniform flow case can still
be used. The linear frequency domain BEM can also be coupled with either RANS or time domain
BEM simulation tools to take into account weak nonlinearity that come from the incident wave

and hydrostatic forces [27, 28].
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Considering the versatility and practicality of the UF approximation method, this study will
focus on the possibilities of extending the frequency domain UF 3D free surface BEM to wider
range of cases where unsteady waves and steady uniform flow interaction are important, while

also maintaining its advantages as mentioned in the earlier paragraphs.

2.2.  Methodology

2.2.1. The First Order Boundary Value Problem

By considering eq.(1.3) — (1.10), and considering the Taylor expansion in eg.(1.19) —eq.(1.21),

the 0" and 1%t order variables can be found in Table 2.1 below.

Table 2.1. The Oth and 1st order variables

Var. 0(e% o(eh)
n n® =n = (ny,ny,n,) a0 = g xn
x 0 =x=(xy2) XD = §W 4 q® x x
X X7 @Exn)©® = (x xn) Ex)D =D xn+a® x (x xn)
= 2@ — _ (Y O _ (00%  00% ) 3
P(X)s, | P(X)g, = p(2 +g{z+Zo}) . P(X)g, = p( - —U— +gxtYk .
D (€8]
%7 % 7)(© = 2 7)) = _1(9%w _ (j90w
(&9 (&7 =0 (Ey)® = (B -uy)

By substituting the variables from eq.(1.6)- eq.(1.9), and Table 2.1 into the boundary
conditions in eq.(1.15)-eq.(1.18), the 1%-order boundary conditions can be obtained by keeping all

the 0(e?) terms and neglecting the ¢¢g terms as follows:
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Free surface boundary condition:
) d 2 \?
[g£+(a_ua) ]q)‘(,&):LF:O on Sg(z = 0)
Bottom boundary condition:

29y
7:0 OnSh(Z:—h)

Body boundary condition of the scattering potential:

205" = __aq>§1) onSg =S
on on B Bo

Body boundary condition of the radiation potential:

@) €3]

1) 09, on ' 1 _
nl(()a—nkza—‘;nk+Unl(()mk k=1,2,....6 onSz = Sg,

(2.1)

(2.2)

(2.3)

(2.4)

where the m terms come from the interaction between the zeroth-order potential with the 1%

order normal direction (see Table 2.1 for definitions and [16] or [17] for details), and is defined

as:

(my, my, m3) = (n- V)V,

(my, ms, mg) = (N V) X (x X V)

(2.5)

(2.6)

As shown by Salvesen et. al., [19], for the UF interaction model, the m terms are reduced to:
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m] = (01 0r Or 01 n31 _n2) (2.7)

For the case without uniform flow, the body boundary condition of the radiation potential is

reduced to:
1 6(1)2(1) an(l) ,
M Tonm = ok k=12,...60n S5 = S 28)

e Far-field boundary condition:

lim \/_(—— ik )( (1) cl)(l)) 0N Sjx|- o0 (2.9)

[x|-

By using eq.(2.8) (definition of q)o(l)) and by substituting the m terms definition in eq.(2.7) to
the radiation body boundary conditions in eq.(2.4), the relation between the radiation potential

0(1)

with uniform flow q;ﬁ and the radiation potential with zero forward speed ¢~ can be written

as follows:

dot) for k<5
O =1 ON +Ub”  for k=5

(2.10)
oD — oY for k=6

The linear free surface boundary condition can be reduced back to the same form as the case

without uniform flow, if w, > U(d/0x):

a2+ (2- ]q)(” =g 2+ 2P = LF° =0 (2.11)

Z

The w, > U(d/0x) condition above can be fulfilled if one or the combination of the following

conditions is fulfilled: (1) high encounter frequency w,, (2) low uniform flow magnitude U, (3)
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slender body. In other words the longitudinal derivatives (d/dx) have to be small compared to the
transversal derivatives (d/dy & d/0z). Furthermore, even though the far-field boundary
condition is written as eq.(2.9), it is not exact in the presence of forward speed. For the results
presented in this study, a pragmatic approach was taken in that both eq.(2.9) and the 0-speed free-
surface condition are assumed to be satisfied to develop the numerically simpler approach. The
same approach was also applied in [20, 21, 23, 25]. Several important implications due to these

assumptions and approximations are:
1. Zero-speed free surface green function can be used.

2. Only body boundary conditions need to be fulfilled by the radiation and scattering

potentials; therefore, no free surface discretization is needed.

3. No additional steps compared to the zero-speed case are needed to solve the steady wave

potentials.

4. The change in wave’s diffraction forces, added mass, and hydrodynamic damping due to

the wave-current interactions can be treated as correction terms to the 0-speed values.

Therefore, c|>g) and c|>33i can be obtained by solving the same body boundary condition as the
one for the zero-speed case but evaluated at w, . From eq.(2.11), the first order incident wave at a

given frequency w, follows the Airy’s linear wave theory as follow:

igA; cosh(k;(z+h)) —ik;x
cosh(kih)

¢y, = (212)

(1)0,:

where A denotes the incident wave’s amplitude, h denotes the water depth, k; =

k;(cos B; 1 + sin 8; j) denotes the wave number where w(z,i = gk; tanh(k;h), and S; denotes the

wave heading angle of incidence to the positive x-axis.
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2.2.2. 1st Order Hydrodynamic Loading and Equation of Motion

After solving the first order potentials ¢y, ds,, and c|>?ki, the 1% order forces and moments are

obtained by collecting the 0 (') terms in eq.(1. 22)- eq.(1. 23):

F 2.13
FO =79 = [[, PORO@ds+ [ PORD ds (213)
W,
= —p [, (2 - v L )nds
—pg ffSBO(E(l) +a® x x) - kndS
—pg ffSBO(z +Z,)(a® x n) ds
UZ
+pff530?(a(1) X n) dS
(2.14)

MO =F) = [[ @xm)@PDdS+ [ (Xxm)DPO dS
_ 095 _ 1 00l
== [f,, Gexm) (P - u g s
—pgffSBO(x xn)(§Y + a® x x) -k dS
—pg ffSBO(E(l) xn)(z+Z,) dS — pg ffSBO[a(l) X (x xn)|(z + Z,) dS
U? U2
+Pff530(f(1) X n)— ds + pffSBO[a(l) x (x x W] —(a® xn)ds

where F' = (F1,F5, ..., Fg) is the generalized force vector, as defined in eq.(24). Similar to the

I lwet

eq.(12), the total time-varying forces and moments are defined as F m(t) =ReYN,
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The first term in both 1% order force and moment formula is the 1st order hydrodynamic forces.

The hydrodynamic forces can be further decomposed into the Froude-Krylov wave exciting force

F™V consisting of ¢, the scattered wave exciting force F." consisting of $$", and the added
I I S S

mass [A] and hydrodynamic damping [B] consisting of c|>(1) Meanwhile, the rest of the terms are

the hydrostatic terms that contribute to the 1% order hydrostatic stiffness [K,]. Considering
eg.(2.5)-(2.10), the 1% order hydrodynamic load components can be simplified into (see [19] for

detailed derivations):

e Incident wave exciting force:

F oM a¢(1) (2.15)
(1) - pffs ( at - Ix ) de
= pi ffSBO(me Uk cos B, )q)(l)n{(dS
= iwop [f;, & nids
e Scattered wave exciting force, with uniform flow correction:
o @
1(1) 6(])
plls, ( = —U=2 ) ngds (2.16)

The spatial derivative in the convective term in the scattered wave’s loading can be avoided

by utilizing Stoke’s theorem, as shown in ref.[17, 19]:
Fo) = iwep [f; &5 nidS —p [f;  Umdgds (2.17)

Or, by using the Haskind’s relation, it can also be written as:
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F&O = —p [, i beVds for k=1,2,3,4 (2.18)

Bo On

. —p{ffs 26" ¢°(”ds 2, 0"";’; ¢°(”ds} fork =5

Bo On

Bo On

apV U aplt
{ffs 2 (1)dS—Z)—effS =L ¢°(”ds} fork = 6

Hydrodynamic damping and added mass, with uniform flow correction:

’(1) Zm 1 (Akm - _Bkm) Tlfr? (2'19)
where,
(Akm = 2= Bim) = iwep [f;, dnidS = p [f;, Umyf)ds (2.20)

where the 6 X 6 added mass matrix [A] = Ay, and hydrodynamic damping [B] = B, can be
rewritten in terms of its relationship with the added mass and hydrodynamic damping without

the uniform flow as follow:

(A = = BEm) = fwep [, H7nids (2.21)

U U
Ays = Als - w_ngs Az = A + w_ngz Byjs = BYs + UAY;  Bys = Bjs — UA),

U U

Agy = Agl + w_ngl Agz = Agz - w_ngz Bsi = Bg1 - UA%1 Bey = Bgz + UAgz
U U

Azs = A5 — ;5333 Aye =AY + m_ng4 Bss = BJs + UAY; By = BYs — UAY,
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U? _ A0 U no
As3 = AY; + w_ngs Ay = Agy — m_gB42 Bss = B2; — UAY; Bea = By + UAY,

UZ

U2 U? U?
Ags = A5 + @Ags Ags = Age + EAgz Bss = Bgs + @Bgs Bss = Bos + @Bgz (2.22)
e e e e

The 1% order motions are needed to calculate the 2™ order force and moment. The 1% order

motion can be obtained by solving the following equation of motion:
M + A(0)]if® + [B(we)]® + [KpIn® = F® + FV (2.23)

where [M] and [K},] are the 6 X 6 mass and hydrostatic stiffness matrix, respectively. The equation
solves for 6 x 1 motion vector ¥ at each frequency component we;, Where the total motion is

defined as (" (t) = Re V., n™e“=it, We can see that the hydrodynamic forces due to radiation

potential and the hydrostatic forces can be moved to the left-hand side due to its dependency on

the body’s motion.
2.2.3. Numerical Implementation

To solve the first order disturbance potentials ¢, and ¢8ki, the boundary element method is

used. Boundary Element Method can be derived using two different ways, by the velocity potential
or Green’s formulation and the source distribution formulation. An in-house program that was
originally developed for linear zero speed wave diffraction-radiation problem was used as a base
code. In the linear wave diffraction-radiation problems without uniform flow, the Green’s
formulation BEM is used. For the problems involving uniform flow interaction and second order
wave’s problem, however, the source distribution method is more proper to be used due to reasons

explained in this sub-section.
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The Green’s formulation can be derived by applying the Divergence theorem to W, where ¥

is a continuously differentiable vector field, as follow:
M1, (V. ®)dv = b (F.n)dA (2.24)

where the left hand side is a volume integral over the enclosed volume Vy, the right hand side is
the surface integral over the boundary of the volume V, and n is a normal directional vector of
the boundary of the volume V,, with (+) value pointing outward. In our problem, V,, encompasses
all the fluid domain, while S, consist of far field, sea bottom, free surface, and body surface

boundaries.

Letting ¥ = ¢VG — GV where both ¢ and G are both a scalar function which derivative

denotes the flow’s velocity field, and with both satisfies Laplace equation, we obtain,

I va V.(pVG — GVP) dV = gfﬁsv(cpvc — GV$).ndA
(2.25)
I va(gszG — GV%p + VepVG — VPVG) dV = gﬁﬁsv(gbVG — GVd).ndA

V2¢p = V2G = 0 from Laplace equation and VG.n = Z_i = velocity projected into the normal

direction of the body. Z—i contains singularity terms that need to be excluded from the integral

solution and solved by using residual analysis. ‘;—i’ can be obtained from the normal velocity of the

fluid on the body’s surface V. the above equation can be rewritten into:
G
2np + gb ¢ dA = GV, dA (2.26)

In panel method, the continuous surface of a body is represented as the summation of
quadrilateral or triangular panels. Further assumption is made by considering that the magnitude
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of the velocity potential ¢ is constant on each panel. With these considerations, the discretization

of the integral equation can be written as:

6G(xj,xi)
6nj

2mep(x;) + L32) d(x;) Ap =3P G(x),x) Vi A (2.27)

where N, j, i, A, n are the total number of the boundary panel, index of the position vector of the
source panel, index of the position vector of the calculated panel / field points, area of the panel,
and normal direction of the panel with positive pointing into the fluid domain respectively.

G(x;,x;) is a function that can be obtained by solving the partial differential equation in the

Boundary Value Problem in the previous section while also fulfilling the Laplace condition.

Considering the linearity of the potential velocity formulation of the flow field, the total
potential velocity at a field point can be defined as a summation of the potential velocity imposed
by the source points originated from the boundaries. This methodology in formulating the
boundary element method also called the source distribution method. This formulation is written

as:
d)(xl-) = #AB a(xj)G(xl-,xj) dA (228)

where a(xj) is the source strength of the potential velocity. By taking the normal derivative with

respect to the collocation point i, we have,

Vo = 2220 — g L GCOCED) (2.29)

ani B ani
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Using the same discretization method as the Green’s method and assuming that the magnitude
of the source strength ¢ is constant on each panel, the discretization of the integral equation of the

eq.(2.29) above can be written as:

6G(xl x])

2ro(x;) + Z 10(x)) Aj =V (2.30)

The equation above will solve for a(x;). One can then obtain the potential velocity from the

source strength by using the definition of the potential velocity of:
d(x;) = 2?131 U(xj)G(xirxj) Aj (2.31)

The differences between the Green’s and source distribution formulation can be summarized

into Table 2.2 below:

Table 2.2. Differences between potential formulations Vs. source distribution formulation

. Green’s/potential Source Distribution
Difference . .
formulation formulation

What the matrix solve Velocity potential ¢; Source strength o;
NPAN
06 ([ fe = ¢,

Right hand side —ﬂ G(%;,%;)dA;

g ;g; BTU py ( J ) ] 57%

)

Left hand side coefficient ﬂ 6(%, fi).dA_ J'J' G(%;, %)) dA
matrix Y an; ’ an; !

NPAN

Velacity potential Directly from the matrix  ¢; = Z gj ﬂ G(fiffj)dAf
A.

calculation
Highest order derivative G(%;, x) G(%;, %)

) SN2 17 4
on the equation for 6n}6‘xj = i i

velocity calculation
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Note that the source distribution formulation require additional step to solve for the velocity
potential. However, since the flow’s velocity calculated from the Green’s method require a second
order derivative of the Green’s function, it will be more prone to discontinuity. For these reasons,
in this study, all 1% order wave’s potentials will be calculated using the Green’s formulation, while
the 1% order wave’s potential spatial derivatives will be calculated using the source distribution

formulation. For both boundary element’s formulation, the green function G(x;, x;) remain the

same, which are:

G(xl-,xj) = Gso(xl-,xj) + Gsoz(xi,x]-) + Gfs(xl-,xj) (232)

Gso(x1,%;) = - (2.33)
J(xi—xj)2+(yi—yj)2+(zi—zj)2

L (2.34)
\/ (xi-x)) " +(vi-y)) +(zi+2))°

Gso2 (xi' xj) =

. ek zi+z; 2.35
Grs(xi, %) = 2;” Jy i_v ) Jo(kR)dk + i2mtv],(VR) (239)

G, is the rankine / source Green’s function that satisfies the Laplace equation. G,,, is the
image rankine green function with respect with the x-y plane so that the fluid particle that’s on the
free surface z = { will stay on the free surface. G is the free surface Green function that satisfy
all the previous conditions mentioned before, along with the free surface boundary condition and
the far field radiation condition. Among many others, the derivation of the green function can be

found in [29, 30].

By only using the G, and G,,, alone, we can solve the boundary value problem by utilizing

eq.(2.29)-(2.31) and apply it to all boundary surfaces, which include the free surface and the body
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surface. This approach is called the rankine panel BEM. Since the change in the boundary
condition does not change the green function’s formulation, this approach can handle different
boundary condition with relative ease if done properly. However, this method also have
disadvantages when it comes to computation time, number of computation points, and also

required additional treatments to fulfill the bottom boundary and far field radiation condition.

The approach that is used in the present study is called the Free Surface Green’s function panel
BEM, or Green’s panel BEM for short. This approach take into account G, so that all boundary
conditions except the body boundary condition are satisfied. Note that the G in the eq.(2.35) was

derived by only considering the FSBC without any uniform flow effect (see eq.(2.11)).

2.3. Case Study

2.3.1. Case Definition

Case study was done to see how the Uniform flow approximation performed against other
method and against experimental results. These test studies can be summarized in Table 2.3 above.
CASE 1 and CASE 2 is compared against the same Uniform flow approximation numerical
simulation that was done by another independent study on ref. [23, 25], and experimental results
for both the exciting force and the motion [31]. For force calculation, additional CASE 3 are used
to inspect the robustness of the Uniform flown approximation against higher order methods. CASE
3 is compared against a UF approximation in time domain quadratic boundary element method

(ref. [14]).
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Table 2.3. Validation and preliminary result cases

NAME HULL TYPE BEM PANEL CASE DETAIL

e L=2m

e B=03m

e D=0.125m
e [, =02

* PBuo=0°

e By =180°

CASE 1 Slender Wigley

e L=25m

e B=05m
CASE 2 Blunt Wigley ’ Il: B (:)'1275 "
° w = 0.

* Pwo= 0°

e fB.,.=180°

o D=274m
e R=108m
e FE,=0.137
* Buwo=0°

e fB,.=180°

CASE 3 Cylinder
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2.3.2. Results and Discussions

2.3.2.1. CASE 1 Results and Discussion
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Fig. 2.1. Force amplitude (top) and phase (bottom) validation of the present study against similar
approach from ref.[23,25] and experiment data from ref.[31] for slender Wigley hull with F, =
0.2
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Fig. 2.2. RAO amplitude (top) and phase (bottom) validation of the present study against similar
approach from ref.[23,25] and experiment data from ref.[31] for slender Wigley hull with F, =
0.2

For the slender Wiglley Hull with F, = 0.2 case(Fig. 2.1-Fig. 2.2), good agreements for both
forces and RAOs with another UF approximation study (ref. [23, 25]) were achieved. The UF
approximation method also agrees well with the experiment results, especially the exciting forces,
and heave RAO. Exception can be found on the heave and pitch resonance RAO and the overall
surge RAO. It is well known that for slender body, the linear potential theory typically under
predict the surge damping. Furthermore, as mentioned in [31], the motion is highly non-linear and

that the viscous effect is more pronounce at the heave and pitch resonance frequency.
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2.3.2.2. CASE 2 Results and Discussion
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Fig. 2.3. Force amplitude (top) and phase (bottom) validation of the present study against similar

approach from ref.[23,25] and experiment data from ref.[31] for blunt Wigley hull with F, =

0.2
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Fig. 2.4. RAO amplitude (top) and phase (bottom) validation of the present study against similar
approach from ref.[23,25] and experiment data from ref.[31] for slender Wigley hull with F, =
0.2

For the blunt wiglley Hull with F, = 0.2 (Fig. 2.3-Fig. 2.4), we also obtained a good agreement
with another UF approximation study (ref. [23, 25]), for both forces and RAOs. The UF
approximation method also agrees well with the experiment results for both exciting forces and
RAOs. Exception can be found on the heave motion which are overpredicted, which might caused

by viscous or non linear effect that are present on the experiment.
2.3.2.3. CASE 3 Results and Discussion

From Fig. 2.5, we can see that the UF approximation agrees well with body nonlinear — free
surface nonlinear time domain rankine panel BEM on ref. [14] for the cylinder case. The same

reversal for surge and pitch where on lower period the forces becomes larger than the U = 0 in

contrast with the peak amplitude are observed on both method.
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Fig. 2.5. Comparison between the UF approximations with weakly nonlinear time domain
rankine panel UF BEM from ref.[14]

24. Summary

An in-house linear wave-current interaction simulation tool is developed by considering UF
approximation in the frequency domain - 3D BEM framework. An in-house program that was
originally developed for linear zero speed wave diffraction-radiation problem was used as a base.
The program is then extended to include the source formulation to calculate velocity more

accurately and also extended to include the linear wave-current interaction effect.

In overall, the UF wave-uniform flow interaction model are proven to be robust enough to
solve typical fluid structure interaction problem, especially when the structure is considered to be
slender. More comparative studies and validations can be found in ref. [9, 20, 22, 23, 25]. The UF
approximation also proven to be straightly applicable to any BEM simulation tools, since all
interaction terms reduced to correction terms that can be obtained from zero uniform speed
simulation. Due to the ease of implementation in the linear problem, there are still rooms for this
method to be applied to other linear theory such as linear hydro elasticity problems. For non-linear
problem however, the UF approximation needed additional efforts to be implemented since all the

non-linear hydrodynamic coefficients will not solely comprise of the output from U =0
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simulation results. Due to these reasons, we aim to present the extension to the UF approximation

method so that its applicability is extended to cover wider range of problems in the following

sections.
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3. PRACTICAL APPROACH OF LINEAR HYDRO-ELASTICITY
EFFECT ON VESSEL WITH FORWARD SPEED IN THE

FREQUENCY DOMAIN

3.1. Background and Literature Review

Different from classical fluid-structure interaction where the structure is considered as one
rigid body, hydroelasticity treats the structure as a deformable solid continuum with its own
governing equation that is different from the surrounding fluid continuum. The elastic deformation
of the body will change the body’s total local displacement which in turn will displace the
surrounding fluid differently compared to if we treated the structure as a non-deformable rigid
body. Consequently, the resulting reaction force and the fluid’s exciting force acting on the body
will be effectively changed due to the deformation of the body as well. This coupling effect
between the fluid and deformable body’s interaction is the main focus of many hydroelasticity

studies.

Unlike the traditional fluid-structure interaction that treats structures as a single rigid body,
hydro-elasticity studies consider the structure as a deformable solid continuum that interacts with
fluid motions. The elastic deformation of the structure can cause an appreciable change in local
displacements, which in turn results in different behavior of surrounding fluid and the
corresponding forces compared to the case of rigid body. Based on this theoretical background,
many hydro-elasticity studies have been performed in the past several decades to explain the

coupling effect between fluid motion and structural deformation [1].
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The hydro-elasticity effect is largely dependent on structural deformability [2, 3]. In general,
the larger the structure, the more difficult to be rigid. In recent years, Very Large Floating
Structures (VLFSs) have attracted great attention due to increased interest in ocean-space
utilization. Such structures include not only ship-shaped structures (e.g., Ultra Large Crude Carrier
(ULCC) supertankers) but also other types of floating structures (e.g., floating bridges, floating
airports, islands, storages, and floating solar power plants) [4]. These structures can be up to
several kilometers in length and relatively low in stiffness compared to traditional offshore
structures. Consequently, VLFSs require more elaborate hydro-elastic analysis to estimate their
local displacements and structural behaviors during the design process. In addition, hydro-
elasticity was also considered in several Wave Energy Converters (WECS) to accurately estimate

their local load distribution and energy extraction [5, 6].

There are two popular numerical methods for hydro-elastic analysis: the modal superposition
and direct methods. First, the modal superposition method calculates the generalized body
coordinates and local normal directions of the structures by using rigid and elastic modes, and then
the fluid dynamics solver utilizes these parameters to calculate wave and other fluid loads in each
mode. Hydro-elastic deformation is then obtained by superposing the elastic responses obtained in
each mode [2]. This method can further be categorized into dry and wet mode methods, depending
on the method to acquire the elastic modes. For example, Newman [2], Senjanovi¢ et al. [7], and
Fu et al. [8] selected the dry mode method in frequency-domain hydro-elastic analysis while the
wet mode method [9-11], which additionally considers added mass and hydrostatic stiffness in
modal analysis, was also incorporated in the frequency-domain hydro-elastic analysis. In some
cases, the Finite Element Method (FEM) is required to obtain the structural mode shapes and

natural frequencies of a complex structure with non-typical boundary conditions [8, 11, 12]. In
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addition, the modal superposition method can be combined with the 3-dimensional (3D)
hydrodynamic simulation program to estimate the interacting fluid loads in both frequency [2, 3,
13, 14] and time domains [13, 15-17]. In the time domain, this method was also utilized for load
mapping of a deformable structure in random waves [18]. Second, the direct method couples the
3D FEM method with the 3D hydrodynamic simulation at each time step, which is numerically
expensive but can be more robust [19-21]. This method has several advantages: no structural mode
shape is required, non-linearity can be taken into consideration in the time domain, complex
structural geometry can straightforwardly be incorporated, and local stresses can directly be
estimated. In some cases, Computational Fluid Dynamics (CFD) and FEM are coupled for the
hydro-elastic simulation, which is numerically very intensive [22]. A hybrid method, which
combines these two methods, was also investigated by Jagite et al. [23]. Various hydro-elastic

methods were reviewed in more detail in ref. [24-27].

Recently, a discrete-module-beam (DMB) method has been proposed for hydro-elastic
analysis [1, 4, 28], which is different from the conventional modal-superposition and direct
methods. In this approach, a deformable structure is discretized into multiple floating rigid
modules while a stiffness matrix based on beam theory, such as the Euler-Bernoulli beam,
equivalently representing the structure’s stiffness, is employed to connect neighboring modules.
No structure’s modal characteristics are required with enough number of rigid modules, which can
also save computational time and effort compared with the modal superposition method where
iteration is needed to get wet modes. Hydro-elastic problems can then be solved in both frequency
[1] and time [4, 28, 29] domains. In addition, Zhang and Lu [30] extended its application to a

complex structural shape with the rigorous FEM simulation, in which the complex structural
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stiffness is converted into equivalent beam stiffness. In the present hydro-elastic analysis, the DMB

approach with multi-floater-module hydrodynamics is used.

The presence of uniform flow or forward speed of vessels poses additional difficulties. Ref.
[19, 21, 31, 32] shows that the presence of uniform flow changes both the direction and magnitude
of local loads on structures, which means that structural design and fatigue analysis need to take it
into consideration. Numerical studies such as ref. [19, 21] took account of the uniform flow by
means of full FEM-BEM coupling in the time domain, or time-domain BEM coupled with modal
superposition method. Those methods are highly time-consuming and computationally very
extensive. In order to make a more practical approach to consider the uniform flow effect on the
linear hydro-elasticity problems, the present uniform-flow approximation [33-35] along with the
DMB method is therefore proposed. Both uniform-flow approximation and DMB method can be
applied as a post-processing after the multi-body diffraction/radiation problem in the frequency
domain. Therefore, any multi-body wave diffraction/radiation simulation tools, such as the
commercially available like WAMIT [36], can straightforwardly be used to solve the forward-
speed hydro-elastic problem as presented in this paper despite that WAMIT was developed as
zero-forward-speed code. Although multi-body wave-structure interaction is used both in the
industry and academia, the same case with forward speed (or uniform current) is hard to find in
the open literature. Using the developed computer program, the effects of forward speed or partial
structural damage on the modal characteristic of elastic structures are also investigated. This might
also be useful for future researches if the wave-current interaction model is to be paired with the
modal superposition method. To summarize, the principal differences between the proposed

method with the more rigorous FEM-BEM direct coupling methods as in ref. [19, 21, 31, 32] can
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be found in Table 3.1. Various hydro-elastic analyses in the presence of forward speed using

various different approaches can also be found in more detail in ref. [33, 37, 38].

Table 3.1. Summary of differences between the reference [19] and present methods

discretization in  box
spatial domain

Physics Das & Cheung [19] Present Study
Structural Discrete 3D multi rigid bodies
Dvnamics 3D shell finite element connected by equivalent beam

y elements

Boundary element method: Boundary element method:
D_f\éVaV? e Rankine green function e Free surface Green Function
iffraction- .
Radiation e Free surface and far-field e Body discretization only

Hydro-elastic
Coupling

Direct FEM-BEM coupling
in the frequency domain

External stiffness matrix on
multi-body diffraction-radiation
dynamics in the frequency
domain

Wave-Current
Interaction

e Steady double-body flow
is considered in the
boundary conditions and
forces

e Modification of free-
surface waves by current
is considered

e Only the  uniform-flow
coupling effect is considered
in the boundary conditions
and forces

e 0-speed free surface boundary
condition approximation

3.2.  Structural Dynamics and Hydro-elastic Coupling

3.2.1. Discrete Body Hydroelasticity Method (DBM)

The structural analysis part of the hydroelasticity problem is done using the equivalent beam

theory based element. Just like on typical experimental set up (Fig.3.2), the VLFS is modeled as
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interconnected M rigid body that are connected by beam elements that act as the *“spine” of the
whole structures. As its numerical representation, the stiffness of the whole structure will be
represented as equivalent Euler-Bernoulli beam and Saint Venant’s torsional end node stiffness.
A total of M-1 beam elements are needed to connect all the rigid bodies together, and individual
beam is considered to be connected by a fixed end connection to a lumped mass that represents
each rigid body. The end node stiffness obtained from the beam theory is then applied as external
stiffness in our hydrodynamic model, thus completing the hydrodynamic and structural elasticity

coupling.

The DMB method was first developed by Lu et al. [39] to simulate the linear hydro-elasticity
problem by adopting a multi-rigid body approach. The concept of this approach is similar to the
standard hydro-elasticity experiment’s set-up, where the floating body is partitioned into M
number of sections that are connected to one another by beam elements to simulate its elastic
behaviors as can be seen in Fig. 3.1. The blue lines illustrate the beam elements that are connected
to two adjacent module’s center of gravities. A total of M-1 beam elements are needed to connect

all the modules.

As can be seen in Fig. 3.1 Each module is treated as an independent rigid body with six degrees
of freedom, expressed in their local coordinate system (x,,, v, z,). The interaction between one
body and the others comes through the hydrodynamics interactions and the end node’s stiffness

loading from the beam elements.
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Fig. 3.1. lllustration of Discrete Module Beam (DMB) method

As its numerical representation, each module’s distributed mass is modeled as a lumped mass
located at its center of gravity, and the beam is modeled as the Euler-Bernoulli beam theory and
Saint-Venant torsion model. This beam model is valid when the structure’s plane sections remain
plane (no shear deformation), and that deformed beam angles are small (linear). These assumptions
are typically valid for slender structures with EI/kL2AG <« 1 that undergoes small deformations.
Where E, |, k, L., A and G are elastic modulus, second moment of area, shear coefficient, length
of the beam, cross-section area of the beam, and the shear modulus respectively. The 12 x 12
equivalent end node axial, bending, and torsional stiffness of two interconnected structures in the

local coordinate system can be formulated as follow [15]:
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(i) (i)
K! = le K ] (3.2)
Ke(ﬂ) Ke(u)

where K., k. K99 and K,Y7 are the 6 x 6 sub-block matrix of the 12 x 12 external
stiffness matrix in the local coordinate system, while subscript e is the beam-element number, and

the superscript (ij) denotes the i"and j" modules that are connected by the beam.

This DMB approach has several advantages compared to other linear hydro-elasticity
approaches such as does not depend on the pre-determined mode shapes, compatible with any
multi-body hydrodynamic computation tools, and therefore it can be easily incorporated into
engineering design practices. For non-slender beam or complex-shaped structures, the stiffness

matrices need to be calculated by utilizing FEM as can be found in Zhang & Lu [30]. However, a
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simplified approach to calculate the equivalent beam stiffness for ship-shaped structures based on

the matching of fundamental modes is adopted in the present study.
3.2.2. Equation of Motions

The multi-body equation of motion in the frequency domain is used in this study and is

formulated as follows:

[M + A(we)]ii + [B(we)ln + [Ky + Kgln = Fy (3.3)

(~2[M + A(w)] + 0o [B(@o)] + [Kn + Ks])n = Fa (34)

where w, is the wave’s encounter frequency, M, A(w,), B(w,), K}, and K are the 6M x 6M
sectional mass, added mass, hydrodynamic damping, hydrostatic stiffness, and external stiffness
matrices (with the number of modules, M), while n and F,; are the 6M x 1 motion and diffraction-
force vectors, respectively. The total external stiffness matrix in global coordinate system K can

be derived from the element’s external stiffness matrix as follow:

-K1(11) K1(12) 0
K1(21) Kl(zz) + Kz(zz) K2(23) .
Ke=| ¢ K2(32) K2(33) +K§33) (3.5)
0 0 0 e KO0

Note that all the local element stiffness matrices are converted into the global coordinate by

utilizing directional cosine transformation matrices, i.e. Ke(ii) = TeTK;(ii)Te (with transformation

matrix, T,), as can be found in Wei et al. [1].
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After solving the equation of motion, the vertical bending moment can be subsequently

calculated by considering the internal force balance as follow:

Fipe = Kgn = Fy — (—wZ[M + A(we)] + iw.B(we) + Kp) 1 (3.6)

Keg'= 0 (L) | o) (k) (3.7)
My(x) = Xy _,” (Fint5 + Finty - (X —Xg ))

(k)

where Fy;,, is the 6M x 1 structural loading vector, F;;  is the internal y-moment of the kth body,

Fi(r'ft)3 is the internal z-force of the kth body, x is the collocation point of the vertical bending

moment, and xg‘) is the location of the kth body’s center of gravity. All of which are illustrated in
Fig. 3.2. lllustration of bending moment on DMB method. Since the diffraction force, motion,

added mass, radiation damping, and encounter frequency are affected by the uniform flow; the

bending moment is expected to be changed as well.

S— Fp— - —— - ——— [

Fig. 3.2. lllustration of bending moment on DMB method

3.2.3. Modal Analysis

Modal analysis is done to see the effect of the uniform flow to the mode shape and natural
frequency. Because DBM does not require the solving of modal analysis before any calculation

can be done, the modal analysis can be done separately from the rest of calculation. The writer is
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interested in investigating the change of modal characteristics due to uniform flow, because for the
more popular modal superposition method, the mode shape is one of the determining factor. In
addition, the modal characteristics can gives an overview on which part of the structure is expected

to change the most due to the presence of the uniform flow.

DMB does not require solving mode shapes before hydro-elastic computation. The elastic
behavior is considered by the multi-body dynamics that are coupled through the equivalent beam
stiffness (see sub-section 2.1). The modal analysis, however, can be done separately for heuristic
comparison. We primarily investigate the change of modal characteristics due to uniform flow (or
forward speed) so that the users of the modal superposition method can have the relevant insight.
In addition, the modal characteristics can give an idea on which part of the structure is changed

the most due to the presence of the uniform flow. The natural frequencies are calculated as follows:

det|—w2[M + A(w)] + [Ky + Kg]| = 0 (3.8)

Mode shapes are calculated as follows:

{—w2,[M + A(wy,)] + [Kn + Kel}; = 0 (3.9)

where wy,; is the natural frequency of i'" mode and 1; is the mode-shape vectors of the it" mode.
Since the added mass A(w,) is affected by the uniform flow, the mode shapes and natural
frequencies are expected to be changed as well. This kind of modal analysis, which considers the
water-contact effect [A(w,,)] and [K},], is called the wet-mode method. From eq.(3.9) above, we
can see that in order to solve for w,, we need to know the added mass at w,,, which is not known
a priori. Thus to solve this problem, automated iteration method as can be seen on Fig.3.3. is

employed.
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Fig. 3.3. Automated iteration method to solve the “wet” modal characteristics

3.3.

3.3.1L

Wave and Uniform Current Hydrodynamics

Boundary Value Problem for Multi Body Wave Interaction with Uniform Flow

In the DMB method, the structural elastic behavior is treated as relative motions among

multiple floating sub-bodies; thus, the multi-body hydrodynamic model needs to be employed.

Although multi-body wave-structure interaction is used both in the industry and academia, the

same case with forward speed (or uniform current) like the present case is hard to find in the open

literature. To shorten the notation, all first order wave potentials cbf,\}) will be written only as ¢,

and the superscript will be used for the indexing of the discrete body instead. By separating the
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problem into scattering and radiation problems, also by considering the uniform flow

approximation, the 1%-order multi-body boundary conditions can be written as follows:

Free surface boundary condition:

[g% +(5- U%)z] by, =0 on Sp(z = 0) (3.10)

Bottom boundary condition:

9%w

=0 on S,(z = —h) (3.11)

Body boundary condition of the scattering potential:

s _ 99 O] 3.12
= on Sg (3.12)

Body boundary condition of the radiation potential:

Q) (k) , U () _
acbrl,- _ {nj oM for k=1 on 5O (3.13)
on(® 0 fork +1
where,
k k k
(mg ) m{, m )) = (n® - V)V
(3.14)

(. m{,m?) = (n)+7) x (e x V)

For wave-uniform-flow interaction model, the m terms are reduced to:
k) _ x) (k)
m® = (o, 0,0,0,n{?, —n} ) (3.15)

For vessels without forward speed, the body boundary condition of the radiation potential

is reduced to:

o(k) (k) _
64)”- _ {n] fOT k=1 on Sél) (316)

0 fork +1
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e Far field boundary condition:

: a .
Lim I (5 = ik) b 0N Sjxcr (3.17)
All superscripts indicate the sub-body or module indices. By using eq.(3.16) (definition of

¢2§")) and by substituting the m terms definition (eq.(3.15)) to the radiation body boundary

conditions in eq.(3.13), the relation between the radiation potential with forward speed q;ﬁ’;) and
the radiation potential with zero forward speed ¢2§") can be written as follows:
o(k) .
¢, for j<5
k U k ,
0% = {020 + -0 for j=5 (3.18)

(o0 = -y for j=6

rj iw, Pr2

In the single-hull configuration, it is known that there is a coupling effect between the damping
and the added mass term in the presence of forward speed [35]. The proposed multi-body
formulation above ensures that this coupling effect is still considered when we treat the single-hull

as a multi-body hull connected with the beam elements.

Just like on the previous section, the linear free surface boundary condition (eq.(3.10)) can be
reduced back to the same form as the case without uniform flow, if w, >» U(d/0x). This condition
can be fulfilled if one or the combination of the following conditions is fulfilled: (1) high encounter
frequency w,, (2) low uniform flow magnitude U, (3) slender body (or in other words (9/dx) is
small compared to the transversal derivatives). Considering all linearization and approximations

above, notable advantages of using the Uniform Flow approximation are:

1. Zero-speed free surface green function can be used.
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2. Only body boundary conditions need to be fulfilled by the radiation and scattering

potentials. Therefore no free surface discretization is needed.

3. No additional steps compared to the 0-speed case are needed to solve the steady wave

potentials.

4. The change in wave’s diffraction forces, added mass, and hydrodynamic damping due to

the wave-current interactions can be treated as correction terms to the 0-speed values.

The detailed derivation of the boundary conditions and m terms for a single rigid body can be
found in [34, 35]. Therefore, ¢ can be obtained by solving the same body boundary condition as

the one for the 0-speed case but evaluated at w,, and ¢; can be obtained as below:

N 8GO (ke,xj,x;) Np @
2s (1) + B2 s ) =5 Ay = — %8 TG0 (ke 1, 30) A (3.19)
¢, = igA cosh(k(z+h)) ¢~ ik(xcos B +ycos p) (3.20)

wg cosh(kh)

where G° denotes the 0-speed free-surface green function, subscript i and j denotes the panel
number, k. denotes the wave number that corresponds to encounter frequency w., Np denotes the
total number of panels over the whole un-partitioned structures, A denotes the incident wave’s
amplitude, h denotes the water depth, k denotes the wave number that corresponds to the incident
wave’s frequency w,, and S denotes the wave heading angle of incidence to the positive x-axis.
The radiation wave potentials can be solved using eq.(3.19), but changing the right-hand side to

the radiated wave’s body boundary condition as in eq.(3.13).

All of the above means that any multi-body wave’s diffraction-radiation simulation tools

developed for rigid body and zero forward speed can be extended to the forward-speed case after

51



reasonably minor modifications. Then, it can be combined with the DMB method to solve the

hydro-elasticity problem with forward speed.
3.3.2. Hydrodynamic Forces and Coefficients

Consider the 1% order hydrodynamic forces in eq.(2.13), and then decompose it into several

components in the generalized multi-body degree of freedoms as follow:

PO = p® 4 g® 4 ® 4 [A(k.l) _wLB(k.l)]ﬁ(l) (3.21)

3.22
FO = g0 4 o (3.22)

where F; is the Froude-Krylov force (contribution from ¢,), Fs is the scattering force from ¢g
terms, (A% — iB%Y /w,) are the added mass and hydrodynamic damping related to ¢, terms

and F, is the hydrostatic forces that consist of steady / lower-order terms. The mathematical

definition of each of these terms can be found as follows:

e Incident wave exciting force:

R =p ffsék) (aq>1 - U%) n®ds

ot 0x
= p Jf.00(iwe — iUk cos B)pn®)dS (3.23)
B
= i0op [[s00 dyn™dS

e Scattered wave exciting force, with uniform flow correction:

dbs - Dbs
R = p [l (G = U5z nds 2
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The spatial derivative in the convective term can be avoided by utilizing Stoke’s theorem, as

shown in ref.[35, 40]

F:g(k) — Pffsék)(iwen(k) - Um(k))(])st (3.25)

Or using the Haskind’s relation, it can also be written as,

k ? _
Féj) = —PZ 1ffsl anqii) O(k)ds for j=1,2,3,4
k U d k .
=—piL 1{ff5< P ppds + 22 o Jfsa )28 p90ds}  forj=5 (3.26)

20 0 k pU o¢; , ok .
=—pyM 1{ff5(l P (;) ( )ds — effsg)?(gd)rz( )dS} forj=6
Added mass and hydrodynamic damping with uniform flow correction:
k k k.l i SkDYe @
B = B = 7, (A% - LBV @27

By rewriting the force definition in eq.(2.13) into the generalized multi-body degree of

freedoms, and then utilizing Stoke’s theorem as shown in ref.[35, 40]
(A%~ -B3") = p ffyo(iwen(” — Um{®) (s (3.28)

The equation above can be written in terms of its relationship with the added mass and

hydrodynamic damping without uniform flow as below:

0(k,l i Ho(k,l o(
(Aii( )—w—eBi].( )) = pffs(")(”"e 4 ))q)W(r]) ds (3.29)
0 Fori<4andj=>5 0 Fori=5andj<4
) (3.30) (3.31)
(kD) _ A0(kD o(k,1) kD _ O(k ) (k1)
Air"” = A _w_gBB Ag” = Ay +— B 3

53



kD) _ o0k 0(k.1)
Bis™" = Bis " + UAj;

O Fori<4andj=6 (o]
(k1) _ A0 , U Lok
Ajg” = Ajg T+ w2 Bi> (3.32)

(k1) _ po(k,D o(k,1)
Bie - Bie - UAiz

o Fori=5andj=5

(kD _ A0kD U oD , U gokl) , U2 0kD)
A55 - A55 - m_g Bss + m_ngs + w_gA33

(kD) _ 50D o(k,D) ok,l) , U Jo(kD
B55 - Bss + UA53 - UA35 + w_gB33

O i=6andj=6

U

(k1) _ A0kD , U Lokl ok) , U okl
Age = Ags +w_gB62 _wnge +w_gA22

(kD) _ p0okD o(k,1) ok,) , UZ Jo(k,D)
B66 —Bee _UAez +UA26 +w_gB22

k1) _ po(k,D) o(k,D)

Fori=6andj <4

(kD) _ A0(kD U Lo(k,D)

kD _ pok,D ok,

(3.33)

(3.34)

(3.35)

On the single-body model, BY; — BY; and A}; — A?; typically cancel each other. However, since

gokl) _ gotkD)

o(k,D) 0 (k1)
ij ji AT —A

and i

results and need to be taken into consideration.
3.4. Validations

3.4.1. Case Definition

consist of 2 different body’s interaction, it will give non-zero

Shallow draft elastic barge, as defined in Yago & Endo [41], is used to validate the DMB

method against their experiment data in the case of zero forward speed. The hull shape and

particulars can be seen in Table 3.2 and Fig. 3.4 below. This particular case is used due to the

availability of the experiment data.

54



Table 3.2. Main particulars of the shallow-draft barge case

Item Notation Value Unit
Length L 300.0 m
Breadth B 60.0 m
Depth hym 2.0 m
Draft D 0.5 m
Water depth h 58.5 m
Mass M, 9.225 x 10° kg
Vertical bending stiffness EL, 477 x 10" | N'm?
Poisson Ratio v 0.3 -
NBODY M 8 -
Minimum wave length Amin- 120 m
Wave Heading B 0 deg

Fig. 3.4. Shallow-draft barge shape as defined in Yago & Endo [41]

Analytical Wigley Hull, as defined in Riggs et al. [42] and Das & Cheung [19], is also used as
another comparative study against their linear hydro-elasticity models. This case study is chosen

because of several reasons, such as:

1. Both references used different approaches compared to the present study; Riggs et al.
[42] used modal superposition and generalized coordinate body boundary conditions,
while Das & Cheung [19] used shell element FEM and Rankine panel BEM directly

coupled, which is computationally very intensive.
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2. Das & Cheung’s [19] method is to be more accurate than the present method, thus can

serve as a good benchmark. However, the present methodology is way more practical

than their method to be incorporated into early design processes.

3. The hull is designed specifically to accentuate the effect of linear hydro-elasticity so that

the hydro-elastic behavior can clearly be seen in the global analysis.

As an illustration for points 1 and 2, the free-surface and far-field panels used in Das & Cheung

[18] significantly increase the size of linear equations compared to the present method. Also, their

FEM computations with shell elements take much more time than the present DMB method.

Fig. 3.5. Wigley hull shape as defined in Riggs et. al. [42]

|||/ —

Table 3.3. Main particulars of Wigley hull case

Item Notation Value Unit
Length L 100 m
Breadth B 10 m
Total Depth hpm 4.5 m
Draft d 2.25 m
Water depth h Inf m
Displaced VVolume % 1000 m3
Deck’s mass density Ps 76,857 kg/m3
Deck’s thickness — mass tm 0.02 m
Deck’s thickness — stiffness th—deck 0.25 m
Hull’s thickness — stiffness te—null 0.15 m
Elastic Modulus E 7.5 GPa
Poisson Ratio v 0.3 -
NBODY M 21 -
Minimum wave length Amin 6.5 m
Wave Heading B 180 deg
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The Wigley-hull shape can be seen in Fig. 3.5, the main particulars of its FEM models Das &
Cheung [19] can be seen in Table 3.3, and the wetted area of the hull is described in eq.(3.36). The

hull is extended vertically above the water plane to reach the total height.
1 2x 2 z 2 3.36
y=38(1-(3))(1-() (3.36)

For the shallow draft barge case, the structure is considered to have a uniform beam stiffness
and mass distribution, as defined in Table 3.2. Because of these considerations, the geometric

properties I, I, I, of the barge can be simply calculated, i.e. I, = Bh}.. /12 and so forth.

For Wigley Hull case in both Riggs [42] and Das & Cheung [19], the hull’s stiffness is modeled
as equivalent hull and deck stiffness so that internal stiffeners and bulkheads are still taken into
account, even without modeling them directly with FEM. For the DMB method, however, we only
need to calculate equivalent beam geometric properties 1, I, I, so that they can best represent the
FEM structure as close as possible. The most robust approach to find these equivalent properties
for complex structures can be found in Zhang & Lu [30], where they modeled the structures using
FEM and then used the end-node forces to back-calculate the end node stiffness, which has the

same form as eq.(3.5).

To simplify the approach, we consider the equivalent beam geometric properties as the
geometric properties of the cross-section of the hull on each section multiplied by a factor a, such
that I, = a - I,, (see Fig. 3.6). To find «, we match the first two natural periods of the vertical
bending modes of the beam with the values calculated using FEM, and keep the error below 10%.

To reduce the complexity of the problem in determining equivalent stiffness of DMB, the first two
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modes are matched. However, as can be seen from the results, this consideration already gave good

agreement with the more rigorous FEM results.

““‘ Center of Area

Fig. 3.6. Cross sections of the structures, and geometric properties definitions

From the matching of the first two vertical bending modes, @ = 12.3 is used, and the resulting
1y, 17, I; and the dry natural periods of the vertical bending modes for NBODY = 21 case can be
seen in Table 3.4 and Table 3.5. The convergence with increasing NBODY was tested with 7, 14,
and 21 sub-bodies, and satisfactory convergence was achieved beyond 14 sub-bodies. Thus 21

sub-bodies were used.

Table 3.4. Equivalent geometry for equivalent beam model

Beam # L I; I Lbean
1 0.3881 0.08408 297.4125 4.2262
2 0.5925 0.3095 308.9748 4.6545
3 0.7875 0.6947 293.4534 47152
4 0.9622 1.2110 256.4946 4,7353
5 1.1135 1.8118 206.2381 4,7443
6 1.2404 2.4399 150.8212 4,7490
7 1.3423 3.0345 97.4637 47517
8 1.4190 3.5386 52.1230 4,7533
9 1.4702 3.9045 19.3430 4.7542

10 1.4961 4.0979 2.1816 4.7547

58



Table 3.5. Dry natural period comparisons between FEM model and equivalent beam model

Vertical Bending T,, FEM (sec) T,, DBM (sec) Err (%)
Mode # Riggs et. al. [42] | Present Study 0

1 2.15 2.17 0.93%

2 1.00 0.91 -9.00%

Only the first 10 equivalent beam geometric properties are shown in Table 3.4 because of the

symmetry of the ship with respect to the y-axis.
3.4.2. Validation of DMB Hydro-elasticity Model for Zero Forward Speed Case

Vertical Disp. Validation A=120m, 7 =0°, F, =0 Vertical Bending Moment Validation A=145m, 4 =0°, F,=0
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Fig. 3.7. Vertical displacement and bending moment validation for shallow barge case

From Fig. 3.7, we can see that the DMB method matches very well with the experimental data
of Yago & Endo [41] for the barge case. It is clear from the figure that hydro-elasticity changes
the vertical displacements non-uniformly from bow to stern compared to those of rigid body. The
elasticity also causes the bending moment to be smaller than that of rigid body. Higher structural

stiffness increases the bending moments and decreases the vertical displacements. Sensitivity
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analysis on the number of modules can be found in Jin et al. [29], in which to catch all essential

dynamics, each module length needs to be at least L,,, < A,in-

For the Wigley hull case, the present DMB model is compared with the modal-superposition
method and direct FEM-BEM coupling method. Using the present DMB model, the first two wet
natural periods without forward speed are found to be 7.13 sec (i.e., coupling between roll and
horizontal bending mode) and 3.85 sec (i.e., coupling between heave and vertical bending mode)

respectively, which is a good match with the FEM results from Riggs et al. [42].

The rigid body case is simulated by the same hydro-elasticity model, with a very high elastic
modulus Ey;4;q = 100 GPa. For the DMB, the vertical stern and bow displacements are obtained

by combining the pitch and heave modes as follows:

zstem = &1 + sin(a}) 2 (3.37)
7Bow = gNBODY _ qjp (o NBODY) Lngopy (3.38)

2

where &¥, aX, and L; are the heave RAO, pitch RAO, and length of body section of the k" body.
Fig. 3.8 shows the comparisons of vertical displacements at three locations between the present
hydro-elastic method with other hydro-elastic approaches when forward speed is zero. We first
see that the present rigid case agrees well with the rigid FEM case of [19, 42]. The present elastic
case also agrees very well with the more rigorous approach of direct FEM-BEM coupling in Das

& Cheung [19].

At the bow and stern locations, when compared with more rigorous FEM-BEM direct coupling
[19], the present DMB hydro-elastic method (black) provides better results than the conventional

hydro-elastic analysis based on the modal-superposition method (yellow) [42]. Das & Cheung [19]
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stated that these discrepancies might be caused by the fact that the modal superposition method
has to use discrete elastic modes (21 in total for this reference). However, the present DMB hydro-
elasticity method with the same 21 units produced as good results as Das & Cheung [19], which
implies that the difference was not caused by discrete elastic modes. We suggest that the use of
less accurate wet modes in [42] may be the reason for the discrepancy. The hydro-elasticity effect
generally decreases the vertical displacements on the bow and stern locations and increases the

vertical displacement at the midship location.

Stern, Fn=0 Midship, Fn =0
18 12
- §
] 16 |
E | e § !
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Fig. 3.8. Wigley hull hydro-elastic model comparisons for zero forward speed case. The FEM
results are from ref. [19], while the modal superpositon results are from ref. [42]

3.4.3. Validation of DMB Hydro-Elasticity Model with Forward Speed Case

For the same reason as explained in section 4.2, the Wigley hull case from Riggs et al. [48]

and Das & Cheung [19] is used as the test case of the present linear hydro-elasticity with forward
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speed. The slender ship shape is also well suited for the present uniform-flow approximation
model. The present hydro-elastic results are compared against more rigorous FEM-BEM direct-
coupling method of Das & Cheung [19]. To highlight the differences of hydro-elastic effects
between the two methods, the hydro-elastic effects are plotted with respect to the same base case

of rigid body [19].

Fig. 3.9 shows the comparison for head wave with the forward speed of F, = 0.3 (U =
9.4m/s) and Wigley hull shape is considered. The differences in methodology between the

reference method (blue line) and the present method (red line) are highlighted in Table 3.1.

From Fig. 3.9, it can be seen that both present and reference results show very similar elastic
effects even when forward speed is considered, except near the bow. The discrepancies near the
bow can be attributed to the stronger influence of steady flow and the resulting difference in
relative wave elevation there, which is originated from the approximations in the free surface
boundary condition in the present study. However, the overall marginal differences between the
reference and the present study suggest that we achieved the intended result with considerably less

effort and computational burden.

In general, both methods show that the hydro-elasticity effect causes larger vertical
displacement compared to the rigid body case except 1/L > 0.7 at bow. The encounter frequency,
convective pressure, and m-terms contribute to their changes. Interestingly, there is a distinct high
peak on 4/L =~ 0.35 — 0.4 region due to structural elasticity. These peaks do not occur in the case
of rigid body with forward speed or elastic body without forward speed (Fig. 3.8). The peak at
A/L = 0.35 — 0.4 represents resonance i.e. the wave encounter frequency coincides with the

natural frequency of first pure bending mode. Therefore, we can conclude that for elastic
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structures, it is important to consider both forward speed and hydro-elasticity effects to be able to

capture all important structural dynamics correctly.

Stern, F = 0.3, adjusted w.r.t. ref rigid result Midship, Fn = 0.3, adjusted w.r.t. ref rigid result

Lol
-
]

———== Elastic ref e = === ——
— — — Elasticcal | | r
rigid ref

IS
T

w
T
o
=)
T

[\
T
@
~
T

————— Elastic ref
= = = Elasticcal| -
rigid ref

Normalized Vertical Disp

Normalized Vertical Disp
o
()]

2
[N]
T

f=}

5 6

AL

Bow, FI1 = 0.3, adjusted w.r.t. ref rigid result

----- Elastic ref
= = = Elastic cal
rigid ref

-
e

Fig. 3.9. Elasticity effect with forward speed with respect to the rigid-body base of [19]

3.5.  Parametric Study on the Forward Speed Effect on the Ship Hydro-elastic Behavior

3.5.1. Forward Speed Effect on the Modal Characteristics

From Table 3.6, we can see the effects of forward speed and water contact on the natural
frequencies of elastic modes. The hydrostatic stiffness and added mass cause the natural periods
of the 2" and 3" elastic modes to be slightly higher when compared to the dry modes. On the other
hand, the forward-speed effect only causes a very small change to the natural period of the 1%

bending mode, while its effects on the higher bending modes are negligible. This is because the
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added-mass correction with forward speed diminishes as the period becomes smaller, i.e., added

mass at very high-frequency region is almost constant (high-frequency limit).

From Fig. 3.10, we can see how all the mode shapes (1%, 2", 3" bending) are affected by the
water-contact effect, marking the importance of the inclusion of hydrostatic force and added mass
when the modal superposition method is used. On the other hand, the change by forward speed is
negligible except for the 1% bending mode. The 1% vertical bending mode is warped towards
downstream direction when forward speed effect is considered. The modal-superposition method
has to figure out this kind of modal change in a priori, which is not necessary for the present DMB-
based hydro-elasticity analysis. That can be considered as an advantage compared to the traditional

modal-superposition-based hydro-elastic analysis.

Table 3.6. The forward-speed and water-contact effects on the natural periods of Wigley hull

Mode # Dry Mode VI!:LM(;)_ ((j)e VI!:LM(;). (Ej;e
1% Vertical Bending 2.17 sec 2.19 sec 2.27 sec
2" Vertical Bending 0.90 sec 1.21 sec 1.22 sec
3 Vertical Bending 0.51 sec 0.70 sec 0.71 sec

—o—F, = 0.0, Dry Mode, T, =0.506 sec
- - -F, = 0.0, Wel Made, T =0.704 sec
—a--F_=0.3, Wethode, T =0.706 sec

- =--F =00, WetMode, T_=1.211sec
A F” = 0.3, Wel Mode, Tn =1222 sec

- =~ F_ =00, Wet Mode, T_=2.169 sec
—4--F =0.3, Wet Mode, T =2.268 sec

i i i i i i i i
-0.5 -0.25 0 0.25 0.5 -05 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
X X X

Fig. 3.10. The forward-speed and water-contact effects on the mode shapes of Wigley hull

64



The warping of the first bending mode shape with forward speed occurs because of the change
of the added mass by the forward speed, as can be seen in Fig. 3.11. From eq.(3.28)-(3.35), it is
clear that the forward speed affected the added mass through the encounter frequency, the body

boundary condition (e.g., the m terms), and the convective term in the Bernoulli’s pressure.

same section pitch-pitch added mass coupled sections pitch-pitch added mass

5
(12) p = 7
———ae Al E =00 ————— AlZLF =00
4 | Al F =01 4l [me— A2 E =01
—— Al 203 LA
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_ AR E =01 _ —— A2 F =04
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1r 1t
’ IS S
-1 1
2 3 4 5 6 7 2 3 4 5 6 7
Period (sec) Period (sec)
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I — 12 =
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Fig. 3.11. The forward speed effect on the Wigley hull added mass (subscript index=mode,
superscript index=section; superscript 1,2 means hydrodynamic interaction between section 1

and 2; subscript 5,3 means pitch-heave mode coupling)

From Fig. 3.11, we can see how the pitch or pitch-heave added mass is affected by the forward
speed for sub-body 1 and 21 or by hydrodynamic multi-body coupling between sub-body 1-2 and
20-21. Their differences are large at larger wave periods with increasing forward speed but become
small at small wave periods less than 2s regardless of forward speed. This explains why there are
no mode shape warps on the higher bending modes.
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From the modal analysis, we conclude that the changes of the lowest elastic natural frequencies
and natural modes are mainly due to the change of added-mass coefficients depending on forward
speed if Tn > 2s. This conclusion is especially important when one is trying to solve the hydro-
elastic problem with forward speed by the modal superposition method. Note that in the DMB
method, no prior knowledge of natural modes is necessary when directly solving for the elastic

dynamic responses and stresses.

3.5.2. Forward Speed Effect on the Vertical Bending Moment

The results for vertical bending moments of the Wigley hull can be seen in Fig. 3.12 and Fig.
3.13. For F, = 0.0 — 0.2, the maximum vertical bending over the whole ship’s length can be found
when A = 0.72L while for E, = 0.3, the maximum vertical bending occurs when A = 0.36L
because the bending moment by the higher-frequency elastic mode (i.e. first vertical bending
mode) takes over that by the pitch-resonance motion (see rigid vs. elastic mode in Fig. 3.9). All
the vertical bending moment peaks are located at the mid-ship section. However, there are
possibilities of the emergence of primary and secondary peaks not located at the mid ship section
(e.g., 1 =047L; A = 0.36L & U<6.3m/s etc.), as shown in Fig. 3.13. For A = 0.36L and A =
0.72L, the bending moments monotonically increase with increasing forward speed but in other

As, it is not necessarily so.

66



Vertical Bending Moment, Fn =0 ( U = 0 m/sec )
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Fig. 3.12. Vertical bending moments of Wigley hull depending on the wave length, location of

the ship’s section, and forward speed
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Fig. 3.13. Vertical bending moments along the length of Wigley hull for various wave lengths

and forward speeds
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The encounter wave period plays an important role, especially for short waves of 4 < 0.5L.
For example, the maximum bending moment for F, = 0.3 occurred when A =0.36L or T, =
2.2 sec, which coincides with the 1% bending mode. Another example is when A = 0.29L, for
which the bending moment for F, = 0.2 was found to be larger than that for F,, = 0.3. The reason
is that A = 0.29L corresponds to the encounter period of T, = 2.2 sec for F, = 0.2, thus causing
resonant responses of 1% bending mode. With E, = 0.3, T, = 1.8 sec , which is away from any
elastic natural periods. When A > 2L the body can be considered as a heaving-only rigid body,
thus the elastic effects and bending moments will be small and the effect of forward speed can no

longer be seen, as can be observed in the last figure.

3.5.3. Forward Speed Effect on Hydro-elastic Response in Random Waves

JONSWAP WAVE SPECTRUM, 3 = 180°, Hs = 1.5m
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Fig. 3.14. Two wave spectra used in random wave simulation

Two different JONSWAP random-wave spectra as defined in Fig. 3.14 are used. The case of
T, = 12sec,Hs = 1.5m,and y = 7 represents swell condition, while that of T, = 5sec, Hs =
1.5m,and y = 2 represents an ordinary operational condition (Sea State 3). Both cases are for

head-sea condition. The resulting statistical values of Wigley-hull case can be seen in Table 3.7.
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Table 3.7. Statistical values from the random wave simulation results

Ty, M,, - max oM, Max heave &, o&;

F CASE (sec) (kN-m) (kN-m) (m) (m)

0.0 5.00 0.57 x 10" | 0.95x 10° 0.076 0.019
0.1 T, = 5sec 3.57 0.74 x 107 1.18 x 10° 0.075 0.023
0.2 y =2 2.77 1.10 x 107 1.60 x 10° 0.113 0.030
0.3 2.27 1.61x 107 | 2.67 x 10° 0.159 0.052
0.0 12.00 0.75x 10" | 1.39 x 10° 0.785 0.271
0.1 T, =12sec | 10.28 0.80 x 10" | 1.49 x 10° 0.798 0.277
0.2 y=7 8.99 0.89x 10" | 1.62 x 10° 0.808 0.287
0.3 7.99 1.03x 107 | 1.93 x 10° 0.855 0.300

From the table, we can see that both the maximum and standard deviation (o in Table 8) of the
bending moment M, always increase with forward speed. The bending moment becomes the
largest in short waves at the highest speed (see Fig. 3.15 and Fig. 3.18) i.e. this is the most serious
case for mid-ship fatigue damage in view of larger stresses at higher frequencies (see Fig. 3.16).
The heave motion changes very little with forward speed when the encounter period (T},,) is larger
than 3.5s but changes considerably when the encounter period is small and the forward speed is
high. The heave motion does not necessarily translate into elastic motion, and vice versa. The
maximum bending moments and vertical displacements, as can be seen in three consecutive time
series snapshots, are given along the length of the hull in Fig. 3.15 for various forward speeds and

two wave spectra.
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Fig. 3.15. Three consecutive time series snapshots of the Wigley hull’s maximum M,, and

vertical displacements for various forward speeds and two different wave spectra
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«107 BMy at the midship section, Hs = 1.5m , Tp = 12sec x107 BMy at the midship section, Hs = 1.5m, Tp = 12sec
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Fig. 3.16. Time series of bending moments at mid-ship with (right) and without (left) forward

speed in swell sea

Looking at the results for the two different wave spectra, we can see that for low forward speed,
the swell case causes the ship to have larger M,,, while for high forward speed the operational-sea
case causes the ship to have larger M,. This occurs because on the operational sea with high
forward speed, the corresponding encounter period becomes closer to the resonance period of the
lowest elastic mode. This enlarged elastic responses (see also Fig. 3.18) can directly be seen in the
corresponding snapshots (second row of Fig. 3.15; purple color) of vertical displacements. The
increase of bending moments with forward speed can be seen more directly in Fig. 3.16 (swell sea)
and Fig. 3.18 (operational sea). Again, the significant increase with forward speed in the
operational sea is noticeable. The time series were generated with random phases from the
response and bending-moment spectra by using the respective RAOs (response amplitude

operators) calculated from the present DMB method.
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3.5.4. Additional Demonstration of the Present Method’s Practicality: Damaged Hull

Simulation

As can be found in ref. [1, 29], the DMB method provides a simple way to change the local
structure characteristics (e.g., stiffness) to simulate various types of conditions or damages on the
hull. Therefore, to further demonstrate the practicality of the present DMB method, a damaged
hull case is simulated for the Wigley hull ( Fig. 3.5 and Table 3.3 ) i.e. the mid-ship section of the
hull is considered to be partially damaged. The damaged hull is modeled by lowering the beam
stiffness connected to body no.11 by 30% (0.7El). The resulting modal characteristic of the

damaged hull case with and without forward speed can be seen in Fig. 3.17 and Table 3.8.

1% Vertical Bending Mode 2" vartical Bending Mode 3 Vertical Bending Mode

= 0.0, Wet Mode, T_ = 1.211 sec

= 0.0, Wet Mode, T = 2.189 sec 0.5H
= 0.0, Wet Mode Damaged i0.70EI). T = 2.22 sec
'\ = 0.3, Wet Made, T = 2.268 sec.

' = 0.3, Wet Made Damaged (0.70E1), T = 2,302 sec

F 05+ = 0.0, Wet Mode, T =0.704 sex
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Fig. 3.17. The damaged hull effect on the wet modes of Wigley hull

Table 3.8. The damaged hull effect on the wet natural periods of Wigley hull

E,=0.0 E, =03
Mode # Damaged Damaged
No Damage (0.7E) No Damage (0.7E)
1% Vertical Bending 2.1893 sec 2.2202 sec 2.2683 sec 2.3015 sec
2" Vertical Bending 1.2106 sec 1.213 sec 1.2224 sec 1.2248 sec
3 Vertical Bending 0.7036 sec 0.714 sec 0.7076 sec 0.7189 sec
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From Fig. 3.17 and Table 3.8, the local damage does not appear to affect the mode shapes
regardless of forward speed. The forward speed only alters the lowest wet bending mode through
the change of added mass, as was observed in the previous section. Since the global mode shapes
are not affected by the local damage, the case is hard to be detected/analyzed by the conventional
modal-superposition approach in solving hydro-elasticity. The natural periods are slightly shifted
to higher values when the damage is imposed due to the loss of local stiffness. The anti-symmetric
mode is more affected by the damage since there is no curvature on the damaged location for the
symmetric mode. The largest change to the natural period occurred on the 3" bending mode with
forward speed, where the natural period is shifted by 1.6%. The forward-speed effect shifted the
natural period up to 3.6% when compared to the stationary case. It means that the shift in natural

frequency on seafaring vessel, does not necessarily translate into damage occurrence.

Note that the damaged hull implementation on the DMB method is straight-forward since it
only needs to convert the corresponding local stiffness. Fig. 3.18 and Fig. 3.19 shows the
comparisons of bending moments (or bending stresses) near the damage location between the
intact and locally-damaged hull. Appreciable differences can be observed for the high-frequency
oscillation in the forward speed case. This kind of change in stress-sensor signals may be used for

the structural health monitoring [43].
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Fig. 3.18. Time series of bending moments at mid-ship with (right) and without (left) forward

speed and with (red) and without (blue) damage in operational sea
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Fig. 3.19. Frequency domain analysis of bending moments at mid-ship with (right) and without

(left) forward speed and with (red) and without (blue) damage in operational sea

3.6. Conclusions

A multi-body uniform-flow-based wave-current interaction hydrodynamic model was
developed. Coupled with the DMB (Discrete-Module-Beam)-based hydro-elasticity method, the
aforementioned model can be used as a practical and efficient numerical tool for the hydro-elastic
analyses with forward-speed effect. The present hydro-elasticity model produced very accurate

results when compared with the direct but much more time-consuming BEM-FEM coupling
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method in the case of E, = 0. Also, the present uniform-flow-based wave-current interaction
model compared well with published experimental and computational results in the case of rigid
Wigley hull with and without forward speed. The developed model successfully captured the
increase of elastic responses and bending moments by forward speed especially due to the
resonance at the first bending mode. Also, with forward speed F, = 0.3, the dynamic vertical
displacements at mid-ship and stern increased for the whole wave frequency range but those at
bow decreased when 4 > 0.7L as a result of hull elasticity when compared with the rigid-hull

case.

From the modal characteristic analysis of the Wigley hull, there exist appreciable differences
between the dry and wet natural modes and the corresponding natural frequencies up to high
bending modes. The same conclusion was also presented by various studies that used different
approaches, namely in [44, 45]. The forward speed effect (up to F,, = 0.3) on the natural period
and the mode shape was nontrivial at the first bending mode but negligible at higher bending
modes. Due to forward speed, the lowest mode shape is warped towards the downstream direction,
making the application of the conventional modal superposition method not straightforward. When
the hydro-elasticity is solved by the modal superposition method, all the modal shapes should be
obtained a priori. On the other hand, the present DMB method solves the hydro-elastic problem

more directly without that kind of pre-process.

The maximum dynamic bending moment occurred at the mid-ship section when A > 0.5L.
However, when A < 0.5L, higher elastic modes can be excited to change the location of the
maximum bending moment. The bending moment (or stress) magnitudes tended to increase with
forward speed although exceptions existed. The same tendencies were also observed in the case of

two random waves considered. The increase of bending moments with forward speed in the
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operational sea was more pronounced than the swell sea because of the encounter frequencies
getting close to the first bending resonance. This kind of phenomenon is important in view of

fatigue damage since both stress level and number of cycles are increased.

The 30% local damage at the mid-ship did not change the mode shapes while a bit altering the
elastic-mode natural frequencies. The damaged hull implementation on the DMB method is
straightforward since it only needs to convert the corresponding local stiffness. More noticeable
differences in bending stresses near the damage location can be observed especially with forward
speed. This kind of change in stress signals may be used for the structural health monitoring with

the help of the big data produced by the present hydro-elastic simulation program.

In conclusion, the presently developed multi-body uniform-flow-based hydrodynamic model
coupled with the DMB method showed promise to be a highly efficient, practical tool to solve
rather complicated hydro-elasticity problem with forward speed. Nonetheless, due to several
pragmatic approximations, care should be exercised when applying the proposed method
especially when the steady free surface effect is large (e.g., close to the bow), hull shape is not
slender, and uniform flow speed is large. More studies and comparisons are needed to investigate
the validity of the proposed method, especially in the random sea case and the structural damage

assessment case.
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4. SECOND-ORDER DIFFERENCE-FREQUENCY WAVE LOADS ON A

FLOATING BODY IN UNIFORM CURRENT

4.1. Background and Literature Review

The effect of steady flow (e.g., current or forward speed) on the wave’s diffraction-radiation
problem has been widely studied [1-3]. One of the earliest studies to account for the wave-current
interaction can be found in [2], where the body was divided into 2D strip sections, and the uniform
flow approximation was applied to each section. The advances in computational power in the last
two decades have made the boundary element method (BEM) more attractive in solving the wave
diffraction-radiation problem. Among many publications, [4], for example, presented a numerical
method to solve the boundary integral equations using the Rankine source. To satisfy the free-
surface boundary condition automatically, several studies, including [5-8], proposed an oscillating
Green function. By utilizing the oscillating (also called free-surface) Green function, the numerical

evaluation on the free surface can be avoided, thus reducing the computational burden.

The inclusion of the wave-current interaction effect into the 2D and 3D BEM framework was
investigated in [9-13]. In those studies, the wave diffraction-radiation problem was solved up to
the first-order in wave slope and first-order in forward speed. There are two popular linear wave-
steady flow linearization schemes: the Neumann-Kelvin linearization [14, 15] and the double-body
linearization. In the Neumann-Kelvin linearization scheme, the free surface was linearized with
respect to the steady flow by considering low forward speed and slender body. Since the body

disturbance in the steady potential was omitted, the Neumann-Kelvin linearization method only
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used the results from the waves to solve the wave-current interaction problems [2, 10, 13]. Recent
developments have been made to account for the higher-current and non-linear free-surface effects.
For example, [16, 17] utilized the ship wave Green’s function to solve the steady free surface
disturbance, and [12, 18-20] solved the weakly non-linear problem, including the exact Froude-
Krylov force or the exact free surface evaluation. However, most of the non-linear schemes with
instantaneous free-surface and body-surface conditions significantly increased the computational

cost (e.g. [21]).

In the case without steady flow, [22-24] obtained the second-order wave force without solving
for the second-order wave potential. However, those schemes were not able to calculate local
quantities such as hydrodynamic pressures and wave elevations at any point. A more direct method
to calculate the second-order force in the frequency domain by direct pressure integration over the
body surface was shown in [25-29]. These studies were carried out without considering the steady-
uniform flow, which considerably increases the theoretical complexity. As shown by [30] [12], the
second-order wave drift load is highly affected by the currents. In this regard, [31] and [32] solved
the wave-current interaction problem that is accurate up to the second-order in wave slope and
first-order in current speed, including the second-order unsteady velocity potential. Both methods
adopted a time-domain simulation and required free-surface discretization. However, to the
authors’ knowledge, no study has tried to solve the same problem for a floating body in the

frequency domain using the direct pressure integration method.

Slowly varying force components of the second-order wave loading can be of high importance
in most station keeping problems especially when the natural frequencies of the platform are
considerably lower compared to the dominant wave frequencies. This happens in the horizontal

motion of slack moored floaters and heave-pitch motions of large-volume deep-draft platforms. In
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this paper, we focus on the second-order difference-frequency wave exciting forces including the
second-order-potential force. The present study also solves the second-order velocity potential in
the presence of small uniform flow. By adopting frequency-domain formulation, we reduce the
computational burden when solving the complete quadratic transfer function (QTF). Furthermore,
[26] showed that the free-surface-integral effect on the difference frequency wave loading is
negligible. Therefore, when combined with the uniform-flow approximation, we can further
reduce the computational cost by omitting the free-surface effect, which is to be useful in many

practical applications.

4.2.  The Second Order Problem
The 2" order variables include the multiplication between two 1% order oscillating variables.

Consider two oscillating 1%t order variables of F;e'®<i* and G]-ei“)eit, with the oscillation frequency

of we,and W, the multiplication between the two can be written as:

@ = Re(Fieimeit) Re (Gjeiwejt) _ %Re [(Fieiweit) (G]_eiwe]-t + G],_ke—iwe].t )] (4.2)

where F; and G; are time-invariant complex variables, and the (*) superscript indicates its complex

conjugates. Note that in the above equation, only the real values are considered to have any

physical relevance. We can further decompose eq.(4.1) into:
1 i . .
q;; = q]+l = ERe[FiGjel(wel-l-wel)t:l (42)
= = g7 = LRe|F.Grei(@eimwej)t
ql] - CI]l T2 e[r; j e

Considering eq.(4.2) above, and considering multiple frequency combinations, the
multiplication between two first-order solutions can be written in the symmetric form as follow:
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QG t) = ;Re T, T {Q7(R)e (@i —0ei)t 4 Qf; (R)e(@ei +oer )t} (43)

4 ®+a5 @)
2

Q; () =

4 ®+a5®)
2

Q@) =

Note that the Q(®, t) has the same form as the second-order potential ®@ (%,t) in eq.(1.13).
By considering eq.(1.3) — eq.(1.10) and considering the Taylor expansion in eq.(1.19) — eq.(1.21),

the 2" order variables can be found in Table 4.1 below.

Table 4.1. The 2nd order variables

Variables 0(e?)
n n® =[Hn+a® xn
x X® =[Hlx + &P + a® x x
XN Exn)® =[H](xxn) + &P xn+a?® x (x xn)
0?2 6@ 1 2
) =-» (22 U 2o )
SBo
P(X)s,
) 4 @ 00w _ 00 L (1) R
—p(EW + a® x x) - V( - U=+ gX .k)
X SBo
o 6(])(2) (2) 1 0(1)(1)
(&P = g< pronia |¢( I + 2\ at
(&) =
’ U a¢53)) el (a¢(” _Uu a¢53))
dx ) oz \ ot ax 220

where the second term in the P(x)s, and {(X,y) come from the Taylor expansion as defined in

eq.(1. 21). [H] is a roll-pitch-yaw second order coordinate transformation matrix which elements

are the multiplication between the first order rotational motions as explained in [3] as follow:
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[H] = (4.4)

(@) + () 0 o
a)(})ay) _ % <(0(;(c1))2 4 (oél))z) 0
o =3(() + ("))

Different from the 1st order boundary value problem, the boundary conditions in the 2nd order
problem are inhomogeneous, with the right-hand side consisting of multiplication between two
known first-order solutions. The second-order boundary value problem is subjected to the

following 2" order boundary conditions as follow:

o Free surface boundary condition:

[gai +(5- ]cp(” —QF onSy(z=0) (4.5)

Z

where QF is the free surface quadratic forcing function, defined as follow:

QF = é((’?t >¢(1) 0 (LF) — (2 _Uu ) |¢(1) (4.6)

The first term containing aa—z (LF) comes from the Taylor expansion of the free surface evaluated

at z = 0, with LF defined in eq.(2.1). Recalling that the first-order potential cl)(l) consist of

@ 1 _ 4@
S +

incident wave potential ¢;™, and wave potential due to the presence of the body ¢y

(1) , QF can be decomposed into the following components:

QF = QFy; + QF1g + QFgg (4.7)
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where, QF;; consist of multiplication between two 1% order incident wave potentials (i.e.,
f(q)(l) q)fl))), QF;g consist of multiplication between 1% order incident wave potentials and
body disturbance potentials (i.e., f(¢™,d”)), and QFgy consist of multiplication between

two 1%t order body disturbance potentials (i.e., f($%”,d$")). From these definitions, we

decompose the 2" order free surface boundary condition in eq.(4.5) into the following

formulation:
[ 9 d 2\?] (2) 48
g5+ (i U)ol = Qi 9
[ 9 d 2\?] (2) 4.9
-g£+(a_Ua) | QFIB+QFBB ( : )
[ 0 (2 0V ], @ 4.10
_gaz+(6t Uax) _¢ =0 (4.10)

e Bottom boundary condition:

a¢(2) _
0z

=0 on S,(z = —h) (4.11)
e Body boundary condition of the scattering potential:

(2) ()
e e e (): on Sg = Sko (4.12)

where QB is the body boundary quadratic forcing function, defined as follow:

_p. o Ui+ (a® (0 +a®xa) (1)) . (4.13)
QB=n-—-x — [H]n Ui+ (a® xn) ( > -V

((;(1)+a(1>><x). ) rpD

87



The last term containing second-order spatial derivative comes from the Taylor expansion of

the fluid velocity evaluated at the body at rest, i.e., V®|g, = V|0 + X5y - l7(l7<1>)|sg +

---.The effect of the second term [H|n - U i are particularly interesting since it comes from the
steady flow U i, which is not included in the typical 2" order wave diffraction-radiation

boundary value problem.

Body boundary condition of the radiation potential:

(2) ()

nd e = Mgty un®my k=12,..6 on S = Sgo (4.14)

Just like on the 1st order boundary condition, the m terms come from the interaction between
the zeroth-order potential with 2nd order normal direction (see Table 4.1). For wave-uniform-

flow interaction model, the m terms are reduced to:

m; = (0,0,0,0,n3,—n,) (4.15)

For the case without uniform flow, the body boundary condition of the radiation potential is

reduced to:
0(2) @)
nl((Z) a(z#k = ana_l:nk ,k:1,2,...,6 on SB = SBO (416)
Far-field boundary condition:
. .
Lim Tl (5 ikee ) 0 - (4.17)

The uniform flow affect the 2" order boundary problem through all the terms containing the
uniform flow speed U, and through the 1% order motions §® and a™. Just like on the first order
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free surface condition, we consider w, >» U(d/0x) to be valid throughout this study. Due to this
consideration, the second-order free surface boundary condition is reduced back to the same form

as the case without uniform flow such as below:

[g%Jr( ]q)(z):[_ at]q)(z) QF (4.18)

All of the above 2" order boundary conditions can be used to solve both the sum frequency
potentials ¢;;(%), and the difference frequency potentials ¢;; (%) without losing any generality.
However, in this study, we only consider the difference frequency potentials and the associated

loading due to the reasons stated in the Introduction section.

Considering the symmetric form in eq.(4.4), the difference frequency component of the

quadratic forcing functions and other relevant quadratic variables can be written as follow:

[H]~ (4.20)
|[ ( (1)a*(1)+a(1) *(1)) 0 0 ]|
1
z (1) *(1) *(1) (1) ) *(1) (1) *(1)
2| Oy, Oy Oy, ( o~ +oa, ) 0 |
1) *(1 *(1 1 1) *(1 *(1 1 1) *(1 1) *(1
l ;L)Z§)+ ()(L) ;i) ()+°‘()gl) (() ()+a() ())J
- 1. a\ ,maf_ o ) «(1) (4.21)
QF;; —Q(“”ei —Ug) bw, E(g£+{—1we]. } )CI)

+4—1g (—iwej ) b y ( ~ {iwei } ) oS
_i(" (e = we;) = UZ) VoL - LY

d d
F (€)) *(1) 4
Q lO] - elq) ( _a e]>¢ ( '22)

Wi 9z
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*(1) 0 (0 1
4g e]q)w] 62( 832 l(x)el)(l)

_l(wel (De]) q)(l) (I)*(l)

QB = —i(weiz_ ) [H x-n — %[H]"n Ui (4.23)

(0 xm) - (=i (5 + &V xx) - 7iS?)

(@@ xn) - (i0e, (67 + 2 x x) - 7o)

(504 xx) - 0) P — 2 (50 4 xx).
ret

By substituting the eq.(2.12) into eq.(4.18)-(4.19) the 2nd order difference-frequency incident

potential c|>1‘i]_ for uni-directional seas can be written as follow [26]:

cosh{ K gij (z+h)} (4-24)
tanh (K h)]cosh{xe” h}

eij

Cl)ij = QFy [—Ve

where,

(4.25)

2 Zu)e]- 2Wej WejWej

QF: = {igAiA}“} {(kgi_”gi) i) (0a- )(k -k, +Ve1Ve])} —i(ki—k;)-x
Vei = wgl/g

Ve_i]- = ((’oei - (*)e]-)2 /8
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4.3.  The Second-order Wave Loading

After solving the 1% order potentials, forces, and motions, the 2" order forces are obtained by
collecting the 0 (e2) terms in eq.(1.22)-(1.23) as follow:
F® =f® (4.26)
=—fl,. PO[HIndS
— I, PO (a® xn)dS - 115, PO (a® x n)dS
- IIs, P@n ds
M® =f% (4.27)
=—Jl, PO (@ xn)ds- s, p© (a(z) X (x X n)) ds
— ffSB PO[H](x x n) dS
—J[5, P® (§9 xn)ds - [f P® (a® x (xxm)) dS

—ffSBP(Z) (x xn) dS

(1)
— [, 7 pgz(x x m) dzdl

Similar to the eq.(1.13) the total time-varying forces and moments are defined as F'T(z)(t) =
Re XL, X4 { F{j‘ei(“’ei ~wej )t 4 F{]-*ei(“’ei +we;)t 3 with F’ defined in eq.(1.24) and F{;—” referred
to as the force quadratic transfer function (QTF). Collecting the forcing terms with similar

characteristics, the second-order forces can be written in the following form:

F@ — F;(Z) n F;’(Z) n F;;(Z) n [A(Z) _wLB(Z)] e (4.28)
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where F;(Z) is the quadratic wave force and moment from multiplication between two first-order
1(2) - . . 2 2 .
terms, F,>) is the second-order diffraction force from ¢ + ¢$ terms, ([A®] - i[B®]/w.)

are the added mass and hydrodynamic damping from ¢,(.2) terms, #)(® is the second-order body’s

F

acceleration, and is the hydrostatic forces that only depends on second-order motions 7

/(2) /(2)
Fq Fp

and independent from the wave potentials. and is of particular interest, since it acts as

the second-order wave exciting force F;(fg on the right-hand side of the equation of motion. With

only considering the difference frequency force, the quadratic force and second-order diffraction

force are defined as follow:

Fo =308, [¢ = (&0 + oy — oa@x)|[¢ = (8" + Py - (4.29)
a;gl)x)]%nz dl
—1p Ml V%) Vou nd

At o
o fl (87 f“xx)-'?( 0% s

at ax

+(1) +(1)

¢ oM

(1) W w
ffs ( — ax] )ndS

(1) €Y

*(1) 20w
ffs < ~ — >ndS

1 1) (1 1) (1 1) (1
__pgAwp(()a()X_l_a() ()y+ (() ()+0£()yf))Zo)

00D o4l
-0, (¢ (5@ +a® xx)- |7< bwi g2 ‘>ndS

&)

&)

1 1) *(1 1) *(1 1) *(1
__pgAwp(() ()X_l_a() ()y+ (() ()+a(l) yf))ZO)
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M‘;ij — %pg le [Zi(l) . (ES) n 0((1) (1) )] [{ (1 ( *(1) n 0(*(1)), (4.30)

a;gl)x)] ;%_?Z dl

— 50 J5, PR, - VL (xrx m) ds

1 o R ai*(l) *(1)
0 E Fa x)-V U Wi x X n) dS
4 ﬂSB( i i X ) < ot 0x >( X )

(1) 9
——pffs ( *(1)+a*(1)xx)-|7< d;t —U—= d) >(x><n) ds

ad)*(l) F *(1) aq)‘(;l)

Pw,
1 (1) _ wj 1 x(1) u
+2p§; xffSB( -~ U— >ndS+4p€j Xﬂ53<_at

(1)
U j; )ndS

X

o “1)
(1) 00wj 1y 2w,
+= ha xff —U—= J(xxn)dS

(1) 4)(1)

*(1) ff5< — >(x><n)dS

41 ng[ E(l) *(1) E*(l) (1) ((x(l)a @ 4 0(*(1) §T))xb—(a§})a;§1) n
a;}(l)agil)) 2 _( (1)a*(1) n a(l) (1))yb]i

4+ 1 ng[ E(l) (1) E*(l) (?) (a(l)a @4 o (1) (1))Z +( 1) *(1) n
o o) x| j

1) *(1 1 1 1) *(1 *(1 1 1) (1
+1 pgv[z)((l) ()+Ex]()()+§() ()_I_E()(l)_l_((i) ()_I_

;}gl) (T)) (a(l) W) 4 o (1) (T))Yb] k
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o R+ ) (e 50 s
(P + of? ;“))zkopyf]i
,1 g [( e (1)+(x*(1) (1)) L, + ( (1) *(1)_|_ *(1) (1)) Lo +

(a(l) *(1) _l_a(l) ;(1)) Zo Awpr] j

= Jfs,, ( ajf") nds (4.31)
oy =PI, ( 0 U%) (x x ) dS (4.32)
psy =P Jf SBO< 0y ) ds (4.33)
psy = P Il ( ait d)s”) (x x 1) dS (4.34)

where 4,,, = | f , 0z ds is the waterplane area, x¢ and y; are the coordinate center of floatation,
L is the second moment over the waterplane area (e.g., Ly, = ff ,xyn,dS ). When w,, =
W, (i.e., the main diagonal of the QTF), the total 2" order wave exciting force only depends on

the quadratic force, since the 2" order diffraction force is zero-valued. It is clear that the quadratic
force only depends on the 1st order variable and doesn’t require the solving of the rather

complicated 2" order boundary value problem (eq.(4.5)-(4.19)).

4.4. Implementation
Similar to the 1% order problem, the difference frequency scattering potentials q>gi]_ or each

encounter frequency combinations w,, and e, Can be obtained by solving the following boundary

integral equations:
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RUTILC 4.35
an)gi]_ @) + || fSB qui]_ (x')mds _ (4.35)

on
Js, < _( : +QBj (x')) GO (5, %, x')dS
+2 11, (QFfe o) + QRS (1)) 60 gy . x7) s

The right-hand side of the boundary integral equation contains an infinite-domain free-surface
integral part that does not exist on the 1% order problem. This additional integral significantly
increases the numerical complexity since it needs to satisfy the infinite domain boundary condition
and require free surface discretization. Kim [26] and Ma et.al., [33] show that for uni-directional
seas, the free surface contribution to the total difference frequency forces is negligible for most
engineering cases. We also validate this claim by comparing the present model (without free
surface contribution) with the industry-standard software WAMIT (with free surface contribution)
[34] in the Validation section. Therefore, to maintain the advantages of the uniform flow
approximation model, i.e., the use of zero speed free surface green function without free surface
discretization, we neglect the free surface contribution in this study. We call this approach the
weak second-order potential, which obtained the difference frequency scattering potentials by
solving the following boundary integral equation:

56O (s 1 (4.36)
2mds;, (%) + ff ds,; (x) (Ka:lx x)ds =

0oy, ( n
ffSB < —— +QBj (x’)> GO (i, x, x')dS

Considering that the right-hand side of eq.(4. 36) above is given by the body boundary

condition in (4.23)-(4.24), c|>§ij can be solved by solving the discretized form of the second-kind

Fredholm integral equation.
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In the irregular wave’s analysis, the structure is subjected to JONSWAP wave’s spectra

defined as follow [35]:

4
Sy (@) = apHZwjw; > exp (—1.25 Z_,,) (4.37)
where,
wi 2
a=yexp (— (—L — 1) /202>
Wp
ﬁ _ 0.597+0.3125y (438)

T 1.27+1.47y+0.168y2

_ 0.07, w; < wy,
o= {0.09, w; = w,

where Hg, w,, and y is the significant wave’s height, peak frequency, and wave’s enhancement
factor, respectively. Given the irregular wave’s energy spectral density S, (w;) and the complex
quadratic transfer function of the difference frequency force QTFx (ooi, u)]-), the energy spectral

density of the slowly varrying force Fj; can be readily calculated by using the following equation:
S(FZF)_(SQ)) =8 fooo Sy (@ + 80)S (W) |QTF (w + 8w, w)|*dw (4.39)

In the discrete form with fixed Aw the eq.(4. 39) can be rewritten into eq.(4.40), while its

corresponding time series can be found in eq.(4.41)-(4.42).
- Nw _ 4.40
SH " (8w;) =8 Z (5 + (= DA®)Sgy () (4.40)

]:

|QTF7(w; + (i — DAw, w;)|*Aw}
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|A;| = /25,4 (8w))Aw (4.41)

At = Z?Iz";IAiI cos(Sw;t + 6;) (4.42)

where |A;] is the frequency dependent real valued amplitude, N,, is the total number of simulated
frequency, dw; is the frequency difference, and 6; is the random phase angle between 0 and 2.
The slowly varying force time series can also be directly calculated from the wave’s amplitude

time series and the force’s QTFs, by employing a double inverse Fourier transform as follow:

Fot™(6) = i T, A Re{@TF (o, @10)} cos{ (o — ;) + (61 = 67)} + (4.43)

Im{QTF; (u)]-, wk)} sin{(wk - u)]-) + (Gk - 9]-)}]

where A; and Ay, are the wave’s amplitude as defined in eq. .(4.41)-(4.42). In this study, the slowly
varying force time series is calculated by employing the eq. (4. 44), while the wave’s elevation
time series is calculated by employing the eq. (4.42). The energy spectra can be described in terms
of the encounter frequency w, or the zero uniform flow frequency w,. The relation between the

two can be achieved by the conservation of energy as described in eq.(4.45) below:

dwo

Saa(0e;) = Saa(wo,) 7> = Saa(wo,) [g+2minios(Bcw) (in deepwater) (4.45)

dwe

45. Validation

The proposed interaction theory for wave with uniform flow is validated through comparisons
with experiments and numerical simulation data available from the literature. Also, the
approximation omitting the free surface integral in eq.(4. 36) is compared against the industry-

standard software WAMIT. In this study, a slender ship with forward speed (or a weather-vanning
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vessel in head seas) ( i.e. B, = 0°and B = 180°) is considered so that the uniform flow

assumptions are satisfied. Deepwater condition (h > 0.52) is chosen to simplify the problem.

Two types of slender hulls with analytical expression are used for the case study, with one
having a slightly larger breadth to length ratio than the other. These hull shapes are also known as
Wigley hull, and can be described as n = (1 -3 — &)1+ ay&% + a,&*) + ad?(1 -

2

78)(1 — &2)*. Where ¢ = Tx N = %y,( = % .L, B, and D are the ship’s length, breadth and draft,

respectively. The particulars of the two Wigley hulls are given in Table 4.2, and its hull shapes are

shown in Fig. 4.1.

Table 4.2. Particulars of the Wigley hulls

Name a a, ay L B D

Wigley I (Slender) 1.0 0.2 1.0 2 0.3 | 0.125

Wigley 11 (Blunt) 1 06 | 1 | 25 | 05 | 0.175

Fig. 4.1. Hull shape of the Wigley I (left) and Wigley |1 (right)
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Fig. 4.2. Amplitudes comparisons of the difference frequency force and moment QTFs for

Wigley I (Blunt), considering the free surface integral (bullets) and without free surface integral

(solid lines)

Fig. 4.2 illustrates the free-surface-integral contribution to the 2" order force and moment for
the case without uniform flow. On the figures, v,,,L = (oooi — u)oi)zL/4g is the non-dimensional
mean frequency, and v'L = (‘”01 — moi)zL/g is the non-dimensional difference frequency. The
results show that the free-surface-integral contribution is negligible in the total 2"%-order wave

I—
exti]-

I—
exti]- '

exciting force especially when the quadratic force Fﬁ,‘ijdominates the close to the
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QTF’s main diagonal (i.e., wgy, = 000,-)- In other words, when frequency differences are not large,

the present method is reliably applicable. Note that the present results give slightly more
conservative values. This conclusion also agrees with [26], which also shows the same trend for

bottom-mounted cylinder.
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| I

— EUT (Kashiwagi,2013}

16 F —— MDLHydro {Guha,2015)

© Experiment, Superposed Wave A = 1cm (Kashiwagi,2013)

Experiment, Measured A = 3cm (Kashiwagi,2013)

Experiment, Measured A = 1om (Kashiwagi,2013)

Experiment, Dynamometer A = 3cm (Kashiwagi 2013}

Experiment, Dynamometer A = 1em (Kashiwaagi 2013)
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15 ] I
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FilpgLBA)
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Fig. 4.3. Validation of the main-diagonal QTFs with forward speed. EUT results are from
ref.[30], MDLHydro results are from ref.[37], and Experiment results are from ref.[36]
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The proposed wave-uniform flow method is validated against experiments and numerical
simulation data from the literature [30, 36, 37] in Fig. 4.3. The figure shows the drift force, i.e.,

2" order force in x-dir, with Wo; = W, for various cases of experiments and numerical

simulations. This drift force with forward speed is also called the added resistance in some
literature. The present results show good agreement with other numerical simulations (EUT and
MDLHydro) developed independently by [30] and [37]. The present results also correlate well
with the published experimental results. The minor discrepancies may be attributed to higher-order
nonlinear and viscous effects. The good comparison in second-order drift force also implies that
the first-order solutions are well matched, which was confirmed but not presented here, since the
2"Y order forces consist of the products of first-order quantities. It is well known that the added
resistance (drift force with forward speed) is a small quantity and thus hard to measure in

experiment, as shown in Fig.4. 3.

4.6. Case Study

In the previous two sections, we validated the present approach in calculating the second-order
force QTFs without forward speed in bi-frequency domain and those with forward speed (or added
resistance) in regular waves. In this section, the effect of the uniform flow on the 2"%-order
quadratic, diffraction, and total exciting force QTFs are presented in the bi-frequency domain. The
same hull shapes and sea conditions as the previous sections are used. As for the QTFs in the bi-
frequency domain with forward speed, there is no published result available for comparison. The
present approach is practically important in that it provides reasonably reliable QTF solution with

forward speed in random waves with minimal human effort and computational time.
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First, the uniform flow effects on the total surge-heave-pitch exciting force QTF for both
Wigley | and Wigley Il are shown in Fig. 4.4-Fig. 4.5. The figures show that the magnitudes of
the QTFs’ are generally increased with uniform flow (U). It implies that the added resistance with
forward speed is generally larger than mean drift force without forward speed in random waves.
Similarly, the mean drift force in head current is larger than that without current in random waves.
For both hull shapes, the slopes of the surge-heave-pitch force QTFs near their peaks are also
increased. In addition, the peak locations in the QTFs are shifted to the lower frequency region,

owing to the additional —U(d¢,, /dx) in the pressure formulation.

Complete QTF of x-dir Fe_;‘, B Fn =0.0 Complete QTF of z-dir F_ |, F =0.0
£ 21.07

21.07 21.07

17.49 17.49 17.49

13.9 139 13.9

6.73 6.73 6.73

3.15 3.5 £ 3.15
315 873 10.32 138 1749 2107 3.15 673 10.32 13.9 1748 2107 315 873 10.32 138 1749 2107
sl L sl

Complete QTF of x-dir F~_, F =0.05 Complete QTF of z-dir £, F =0.05
ext n ext n

21.07 21.07

17.48

17.48

13.9 17

3.
3.15 6.73 10.32 9 17.49 21.07 3.15 6.73 10.32 139 17.49 21.07 3.15 6.73 1032 139 17.49 21.07
[ #L w L

aQ 166 332 498 664 830 996 Q0 534 1068 1802 2135 2669 3203 a 299 598 898 1187 1498 1738
FIAZ (Nim?) Fin® (Nim™) WA (Nim)

Fig. 4.4. The uniform flow effect on the complete QTF of the total wave loading of Wigley |
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Fig. 4.5. The uniform flow effect on the complete QTF of the total wave loading of Wigley Il

To examine the effect of the uniform flow more closely, the QTFs for non-dimensional
difference-frequency values of v~ = 0.00; 0.23; 2.43 are presented in Fig. 4.6. — 4.8. Small
increments of uniform flow magnitude (F, = 0.00; 0.02; 0.05) are chosen to show the gradual
change of the QTFs. From these figures, we can see that the total 2"-order forces increase with U
except for the surge force and pitch momentat v~ = 0.23 and 0, respectively. These figures also
show that the local peaks on the total exciting force are mainly attributed to the quadratic forces.
These local peaks generally increase with U, except for the pitch moment at v~ = 0.00. All the
figures shown in this section suggest that the uniform flow affects both the 2"%-order quadratic and
diffraction forces and its effect is not negligible even for small uniform flow magnitude. Therefore,

the importance of the uniform flow effect on the 2"9-order force QTFs cannot be understated.
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Fig. 4.6. Wigley Il — uniform flow effect on difference frequency surge force components and

total exciting force
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Fig. 4.7. Wigley Il — uniform flow effect on difference frequency heave force components and
total exciting force
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Fig. 4.8. Wigley Il — uniform flow effect on difference frequency pitch moment components and

total exciting force

4.7.  Comparisons with Other Approximation Methods

Considering the importance of the uniform flow effect and that the QTFs’ calculation in the
previous sections involves a high computation complexity, several less computationally

demanding solutions are examined in this section.

First, the far-field solution as presented by Aranha et al. [38] is used to calculate the horizontal

drift force in regular waves with uniform flow i.e. along the main diagonal (w,, = 000]-)- Aranha

et al. derived the correction factors by current to the transmitted and reflected waves acting on a
floating body by utilizing the far-field approach. From the difference in energy between the
incoming and transmitted waves, the drift force applied to the floating body can be formulated as

extjj (W0, U) =%pgA2|R((»e, U)|%, where R(w,,U) is the wave’s reflection coefficient. The

resulting drift force in the presence of current (or uniform flow) can be summarized into:
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Fe_xtkii((*)Or U) = ngtkii((*)e: 0) [1 - 4(Ug/0~)o)] k :1!2:6 (446)

This method is far less computationally expensive compared to the direct pressure integration
method even with the present uniform flow approximation. However, Aranha’s far-field method
also has disadvantages such as being insensitive to local hull shape variations [37], based on
heuristic arguments [39], and providing no solutions for heave-pitch-roll modes. Also, Aranha’s
formulas were validated by more direct numerical methods by others for fixed bodies but have still
been controversial for floating-body cases. A similar study for ship-shaped structures under

various wave heading angles was presented by [40].
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Fig. 4.9. Main diagonal comparisons of the difference frequency surge QTF between the
Aranha’s method and the present study

The surge drift force comparisons between the present (direct pressure integration with
uniform flow approximation) and the Aranha’s methods are presented in Fig. 4.9. The base value
of F, = 0.0 is also validated with the experiment from [36]. The figure shows that the Aranha’s
and present methods give comparable results for both hull shapes when the uniform-flow
magnitude is relatively small (F,, «< 0.1), However, for higher uniform-flow magnitude, Aranha’s
method tends to underpredict the maxima of the drift force. Note that the peaks of drift forces with
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forward speed Fn=0.2 by the present method were validated against experimental results in Fig.
4.3. Xie and Falzarano in [40] also presented the similar conclusion for different hull shapes and

various wave heading angles.

Next, we examine a couple of other approximation methods that utilize the main-diagonal
values to predict the off-diagonal QTF values, called Newman’s approximation [41]. These
approximations require less computational effort since only the diagonal values depending only
on the quadratic products of linear quantities need to be computed. Similar studies for zero uniform
flow case were conducted in [42, 43]. In the present study, two Newman’s approximation methods
are used to predict the off-diagonal QTFs with uniform flow. These approximation methods use

the arithmetic mean or geometric mean, as given in eq.(4.47) and eq.(4.48), respectively.

__ FextjtFexy; (4.47)
Fexti]- - 2

F gxti]- = sgn(F e_xtii) Foy, * F gxtjj (4.48)
The effect of the uniform flow on the surge QTFs’ diagonal is considered by using both the
uniform flow approximation and the Aranha’s method. For other degrees of freedom, only the
uniform flow approximation method is considered. The Froude number of F, = 0.05 is used so
that the Aranha’s formula is valid. All of the approximation-method combinations are presented
in Table 4.3. From all the cases presented in Table 4.3, the Approx 1 and Approx 2 cases require

the least computational effort, while the Def case requires the highest computational effort.

Fig. 4.10-Fig. 4.12 show the off-diagonal QTF results calculated by the methods presented in
Table 4.3. It shows that for the same diagonal values, the arithmetic and geometric mean models

give similar results. Even for small difference frequency pairs, no approximation methods give
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reliable results when compared to the direct pressure integration method. For both the pitch
moment and heave force, eq.(4.47) and eq.(4.48) under-predict the actual values. This under-
prediction is caused by the positive QTF slopes near the heave and pitch diagonals (see Fig. 4.4-

Fig. 4.5). The same conclusion was found in [26] in the case without uniform flow.

According to Fig. 4.4-Fig. 4.5, the slope of the QTFs near the diagonal is also significantly
increased by the presence of the uniform flow. These steep slopes cause the eq.(4.47)-eq.(4.48) to
over predict the actual value of the off-diagonal surge QTF (see Fig. 4.10 - Fig. 4.12), despite
having a negative slope near its main-diagonals. The results show that when the uniform flow is
involved, it is important to directly solve the off-diagonal QTFs without using any main-diagonal

approximation methods.

Table 4.3. Approximation-methods to calculate the off-diagonal QTFs

Case Diagonal (‘*’01 = 000,-) Off-Diagonal (‘*’01 * 000,-) DOF

Def Present model Present model Surge, heave, pitch
Approx 1 | Present model Arithmatic mean, eq.(4.47) | Surge, heave, pitch
Approx 2 | Present model Geometric mean, eq.(4.48) | Surge, heave, pitch
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Fig. 4.10. Comparisons of the off-diagonal difference-frequency QTFs between various

approximation methods — surge of Wigley Il hull

108



6000

5000

4000

Z 3000

FIA2

2000

1000

(L=02

Off Diag

I { + L = 0.52) Gomparison of Heave Forces QTF

Off Diagonal { + L = 2.43) Comparison of Heave Forces QTF

—def
—o— Approx 1
—e— Approx 2

of Heave Forces QTF

G000

5000

——def
—6—Rpprox 1
—e—Approx 2

G000

5000

——def
—b—Apprax 1
—o—Approx 2

TN

4000

-
£
Z 3000
o

o

et e

4000
-

E

= 3000
o

<
i

2000

1000

ﬁ{

2000

1000

a . 0

Fig. 4.11. Comparisons of the off-diagonal difference-frequency QTFs between various

approximation methods - heave of Wigley Il hull

6000
5000
4000

B
E
: 3000
<
=
2000

1000

)

2 4 [ 8 10

Off Diagonal ( + L = 0.23]

Comparison of Pitch Moments QTF

— def
—b— Approx 1
—e— Approx 2

6000

5000

Off Diagonal ( + L = 0.52]

Comparison of Pitch Moments QTF

— def
—b— Approx 1
—e— Approx 2

5000

500{]0" Diagonal ( »~ L = 2.43) Comparison of Pitch Moments QTF

——def
—&—Approx 1
—o—Approx 2

4000
£
z
:3000
<

=

4000
E
-4
=000
Y

=

o

2000

1000

4

2000

1000

)

a

Fig. 4.12. Comparisons of the off-diagonal difference-frequency QTFs between various

approximation methods - pitch of Wigley 11 hull

The importance of solving the off diagonal QTFs is further demonstrated in irregular wave’s
analysis (eq.(4. 39)-(4.41)). The case of JONSWAP wave’s spectra with Hs = 0.075m, Tp = 1.18

sec, and y=3 in head seas condition is simulated for Wigley Il hull. In a full scale model (L, =

100m) this case corresponds to Hs = 3m and Tp = 7.5 sec. The total slowly varying surge force
and wave’s spectra can be seen in Fig. 4.13 and the corresponding time series can be seen in Fig.
4.14. The results shows that the Newman’s diagonal approximations tends to over predict the force,
especially when uniform flow is present. Ma et.al. [33] also shows the same trend for different

type of hull in the case without uniform flow. Note that in the case with uniform flow, a good

force estimates close to Sw = 0 was not achieved.
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4.8. Conclusions

In this paper, an efficient method to compute second-order difference-frequency wave loads in
the presence of uniform flow in the frequency domain was presented. A slender body with small
uniform flow magnitude was assumed to reduce the numerical complexity associated with body-
disturbance flow and steady Kelvin-ship wave. Under the assumptions, the complete second-order
difference-frequency wave loads in uniform current (or forward speed) were obtained except for
the term from free-surface integral, which is known to be relatively unimportant in the case of
difference-frequency force QTFs. In this regard, the discretization of the free surface was avoided
in the proposed method, thus reducing the programming effort and computational burden. In spite
of employing those approximations, the present numerical results agreed well against more
complete second-order QTF results from a commercial program WAMIT in the case of zero
current (or forward speed). As for the second-order mean-drift forces with current, the present
results also agreed well against published experimental and more complex numerical results. In
the case of the off-diagonals terms of the difference-frequency QTFs with forward speed, no

comparison was made since no published results were available.

From our numerical results, it is seen that the uniform flow has a significant influence on both
the difference frequency quadratic and diffraction forces. Both the main-diagonal and off-diagonal
parts of the difference frequency force QTFs were affected by the uniform flow and the uniform
flow generally increased the total force magnitudes and their slopes. The uniform flow also shifted

the QTF-peak locations mainly due to the encounter-frequency effect.

Due to the numerical complexity associated with solving the 2" order boundary problem with
uniform flow in the frequency domain, other approximation methods, such as Aranha’s method

and Newman’s approximation, also exist. Aranha’s method only showed similar mean-drift-force

111



results compared with the present method when Froude number is relatively small (E, < 0.1). In

addition, the Newman’s diagonal approximations that evaluate the off-diagonal QTFs in terms of

the diagonal QTFs showed unreliable results when compared to the more exact present solution,

especially when the uniform flow is considered. These results further emphasize the importance

of the presently developed practical approach incorporating simplified but essential features of the

uniform flow effects on difference-frequency force QTFs.
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5. RANS CFD SIMULATION OF WAVE-UNIFORM CURRENT

INTERACTION WITH SLENDER BODY

5.1. Background and Literature Review

CFD is well known for its capabilities for solving non-linear fluid-structure interactions.
Although several completely non-linear BEMs were also capable of simulating highly non-linear
motions under wave excitations (i.e., [1]), they still assume non-breaking waves and inviscid
fluids. On the contrary, the CFD method solved the completely non-linear fluid-structure
interaction by considering real fluid conditions, including the viscous effects and breaking waves
[2-4]. The viscous effect is typically crucial in the case where flow separation is high (e.g., FPSO’s
oblique current loads [5]) or when the damping is dominated by viscous effect (e.g., bilge keel roll
damping [6]). However, for mild seas condition cases with small wave’s heading angle, the forcing
and motion is typically pressure dominated, so the inviscid fluid’s assumption can still be used in

the CFD simulation to save computation time [7].

Many studies show that the CFD gives very reliable results when set up correctly in the wave’s
radiation-diffraction problems. For instance, [8] shows a good agreement between the CFD and
experiment for head seas and oblique wave’s condition with O forward speed. Seakeeping
validation for moderate Froude number 0.1 < F, < 0.25 were investigated in [9-11] for both short
and long wave’s length, and head seas and oblique wave directions. Even more complicated
loading conditions were shown in [2], where bi-directional seas are considered in the seakeeping

analysis, and in [12], where a high speed (F, = 0.7) trimaran vessel is simulated. All of these
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versatility and capabilities comes at a cost, with the RANS method requires considerably larger
computational resources compared to the standard BEM. In addition, the typical CFD methods
requires many numerical tuning parameters and also require an intensive effort to set it up. When
not set up properly, identical problems might yield different solutions. To tackle this problem,
several efforts led by the industry were made to standardize the best practice in simulating practical

engineering problem by using CFD tools [5, 13].

This section investigates the completely non-linear wave-uniform flow simulation by an
industry-standard RANS-based CFD software. Noting that the wave-uniform flow coupling is
completely non-linear in the CFD simulation, we can expect a better numerical representation than
the BEM method. Special cases of wave periods that excites the pitch resonance are simulated to
excite large motion so that the non-linearity effect is pronounced. By comparing the proposed UF
approximation method in the previous sections with the CFD solutions, we can also gain a better

understanding of its capabilities and limitations.

5.2.  Theory and Implementations
5.2.1. Navier-Stokes Equation

An industry-standard CFD software Star-CCM+ is used to model the fully non-linear fluid-
structure interaction. Star-CCM+ software capabilities include, but not limited to, solving for the
fluid flow problem in both turbulent and laminar regimes by using the Finite Volume Method. The
governing equation is based on the mass, momentum, and energy conservation in the form of

continuity, Navier-Stokes, and the first law of thermodynamic equations.

ap _
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d(pv)

StV (v ®v) =-V-(pD+V T+, (5.2)

where  is the outer product operator, p is the fluid’s density per unit volume, v is the velocity
vector, p is the pressure, I is the identity matrix, f is the resultant body force (such as gravity or
centrifugal force), Sg is the energy source per unit volume, and T is the viscous or shear stress

tensor, defined as:

G ()
T=ny 2 "a—‘;y (32 + aaiy) (5.4)
Sym % J

where p, uy, uy, and u, is the dynamic viscosity of fluid, x-component velocity, y- component
velocity, and z-component velocity, respectively. These governing equations are then used to solve
the mass, velocity, energy, and stresses over a finite control volume (cell). This is done by solving
the weak form (integral form) of the differential equations in each time step. However, most of the
cases resulted in more unknown variables than the number of equations. Therefore, several
constitutive laws, such as the turbulence model and equation of state, are needed to close the
model. For marine application, the fluid’s density is kept at a constant value p,, while other closure

models are explained below.
5.2.2. Reynold Averaged Navier-Stokes and Turbulence Closure Model

In the RANS model, the fluctuated variables, e.g., ¢, can be represented as a mean value and

its perturbation, i.e.:
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p=¢+¢ (5.5)
where ¢ is the average value of ¢ over a particular time or spatial scale, and ¢’ is the perturbation

along ¢, such as illustrated in Fig. 5.1.

Fig. 5.1. Variables description in RANS formulation

Substituting eq.(5.5) into eq.(5.1)-(5.3), the governing equations for the RANS models are

written as:
ap —
a(pv) — o= _ _
=tV (v ®V) ==V - (D + V(T + Trans) + fo 5.7)
a(,;)tE) +V-(pEv) = -V @DV -V (T + Trans)V + f "V + Sg (5.8)

Note that eq.(5.1)-(5.3) and eq.(5.6)-(5.8) are almost identical, except for the additional

Reynold stress tensor Tgans in the RANS formulation which is defined as:

2kg + uguy Ug Uy uyuy,
Trans = —p 2krg + ugyuy uguy, (5.9)
Sym 2kt + uju,

where krg is the turbulent kinetic energy. Note that Tg4ys IS @ non-linear term, consisting of

multiplication between two unknown variables. Therefore, a turbulence closure model to describe
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the Trans in terms of the mean value is needed to solve the RANS equations. One of the most
practical and straight forward approaches is by employing the Boussinesq hypothesis, i.e., the

small scale turbulent stress Tr4ns 1S assumed to be linearly proportional to the large scale mean

. . . —_ U | 0uy
stress T.In other words, the Boussinesq hypothesis requires that ugug,~%(%+%). By

employing this hypothesis, the Reynold stress tensor formula (5.9) can be rewritten into:

2l +32) (543 (G5
Trans = PVr| 2 (kTE/ vr + %) (aa_uz_y + aa_?)_ | (5.10)
Sym 2 (krg/vr + ‘%)J

Due to the introduction of the turbulent eddy viscosity v, this approach is also called the
Eddy viscosity model. Although it is called ‘viscosity’, vy is entirely different from the fluid’s
kinematic viscosity v = u/p. Where the latter is a fluid’s intrinsic property, the former is a flow
property that highly dependent on the flow condition itself. Several different closure models are
developed to provide constitutive relations to solve for the turbulent eddy viscosity and turbulent
kinetic energy. These closure models include but are not limited to Sparat Almaras, k — €, and

k — w model.

According to recent development on the standard CFD practice in the industry [13], k — w is
the preferred choice of turbulence model when dealing with minimum flow separation and no eddy
detachment in marine application involving free surface waves. In summary, the k — w model
solves for eddy viscosity v by solving the transport equations of two turbulence related variables:
the turbulent kinetic energy k;5 and the dissipation rate per unit kKinetic energy stream wrg. The

detailed derivation, validation, and comparative study of the k — w model can be found in [14].
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However, from preliminary test cases, it is found that the laminar model is sufficient to solve
the diffraction force and ship’s motion when the uniform flow is not involved. Therefore, to reduce
the computation cost, the laminar model is used for wave only cases while the k — w with

boundary layer mesh refinement is used for the wave with uniform flow cases.

In real fluids, there exists a small thin layer of fluid close to a boundary where the viscous force
is at least of the same magnitude as that of the inertial force. This so-called boundary layer typically
has a thickness of much smaller magnitude compared to the stream-wise characteristic length of
the flow,i.e.,6/L, < 1, where § is the boundary layer thickness and L, is the stream-wise

characteristic length. The definition of the boundary layer can be seen in Fig. 5.2.

Free stream velocity [J

-

. - . Boundary
a - " Layer Edge
=i a—p > 0 o= - _"_"_-_"__.—_____ _____ e
- x - i - "___-g'.-—-""'__“_ = u < 099U
ou 7 7
. du L — ) -
P 0 — 0z 7 o Flow separation

- , g
T—)X Lx

Fig. 5.2. Description of boundary layer

Recalling equation (5.4) and (5.10), the viscous effect in the boundary layer, such as illustrated
in Fig. 5.2, causes shear stress along the stream-wise direction of the flow. Note that the boundary
layer thickness is proportional to the fluid's viscosity and that the thicker boundary layer causes

smaller shear stress (due to smaller velocity gradient).

In turbulent flow, the boundary layer is thinner compared to that of the laminar flow. This is
due to the additional turbulent kinetic energy and eddy viscosity, causing higher shear stress in

high Reynolds number flow. Furthermore, the shear stress can also cause the flow to separate from
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the body when the conditions are met. This separation effectively causes a pressure-driven non-
zero resultant force in the stream-wise direction to appear, an important phenomenon that is not

considered in the potential flow theory (D’ Alambert’s paradox).

To properly account for both flow separation and viscous shear stress effect, the computational
cell close to the non-slip surface needs a sufficiently large resolution, especially for turbulent flow.
To calculate the boundary layer thickness, first, we introduced a non-dimensional distance and

velocity such as follow [15]:

yi=- (5.11)
ut =./1,/p (5.12)

where u*, t,,, and v, are the wall friction velocity, wall shear stress, and the fluid’s viscosity,
respectively. The y* is a non-dimensional distance from the wall that divides the boundary layer

regions into several sub layer:

e yT < 5:Viscous sub-layer. Flows are dominated by the fluid’s intrinsic viscosity, causing
the flow to be streamlined and laminar

e 5 <yt < 30:Buffer later. Flows are starting to be affected by the outer flow’s turbulence,
but the viscous effect still dominates

e 30 < y* < 200: Inertial sublayer or log law region. The turbulence effect becomes more
apparent, and the velocity profile can be estimated by log function.

e y* > 200:O0uter later. Flows are dominated by turbulence

The shear stress can be calculated by its relation to the skin friction coefficient and the skin

friction coefficient approximation C; as follow [16]:
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~ 21y
Ce= 02 (5.13)
_ 0.066
Ce=

(logR, — 2.03)?2

(5.14)

where R, is the Reynold number, defined as R, = pUL,/u. The first cell’s centroid location can
then be calculated Substituting eq. (5.12)-(5.14) into eq. (5.11) and choosing the appropriate value
of y* that we want to resolves. In marine application without any significant flow separation, [13]
suggested that the first cell height has to sufficiently resolve y* value of < 10. The first cell height
can then be determined to be twice the y value computed from eq. (5.12)-(5.14) with y* = 10

such as illustrated in Fig. 5.3.

Non-slip
wall

———————-®
°
°

=yTv/u*

<[

Fig. 5.3. First cell definition with regards to the computed y value

In marine applications, the viscous effect such as turbulence, skin drag, and vortex shedding
provides significant additional forcing or damping. For example, in a ship roll resonance motion

case where wave-making damping is small, the motion is largely affected by the viscous damping

[6].

5.2.3. Volume of Fluid

In CFD, free-surface flow is considered as a non-mixing two-phase flow involving a sharp

interface boundary between a heavy fluid (water) and light fluid (air). There are several ways of

123



treating the free surface (phase interface) in both Eulerian (e.g., the volume of fluid method) and
Lagrangian (e.g., smoothed particle hydrodynamics) frame of reference. The Lagrangian approach
typically has a straightforward interface definition and can deal with a violent free-surface flow
with relative ease. However, this method typically requires a considerable computing effort since
the resolution is typically kept the same throughout the domain (no local refinement) and that each
computation point’s position is changing at each time step [17]. Since we only consider quasi-
steady flows with minimum breaking waves, the Eulerian approach is chosen to track the interface

to reduce computation cost.

In the volume of fluid method, volume fraction ;= V;/V . is used to describe the
distribution of phases and the location of the interface, with Vv; defined as the volume of phase |
that is located inside a cell with a volume of V,;;. The volume fractions of all phases in a cell must
added up to 1. In two-phase fluid flow, the interface location is located where oc;= 0.5 for any i.
The volume fraction is also applied to the governing transport equation (5.1)-(5.3) as a

multiplication factor.

The transport equation is then solved for only one of the phases in each cell, with the second
phase variables are adjusted so that the sum of the volume fraction of all the phases equals one. A

detailed description of the volume of fluid method can be found in [18].

This phase tracking approach requires the mesh resolution to be high enough in the interface
region to resolve its position and shape, as illustrated in Fig. 5.4. Considering this limitation, free
surface mesh refinement is needed to adequately capture the wave’s height (H) and wavelength (A
). According to STAR-CCM+ guidelines, the typical value of A/dx =80-120 and H/dz =15-40 is

needed in the free surface region.
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Insufficient Resolution Proper Resolution

Fig. 5.4. Grid requirements in VOF method

5.2.4. Boundary and Initial Condition

There are five types of boundary condition that are used in this study:

Velocity inlet:

Used for upstream, top, and side boundary conditions. The x-y-z velocity components are
set to match specific values at this boundary.

Symmetric plane:

Used at the horizontal half-plane of the computation domain. No normal direction velocity
is allowed, while the other velocity components are mirrored to the other half-plane. By
using this type of boundary condition, we can cut the computation domain to half (saving
a large amount of computation cost).

Pressure outlet:

Used for the downstream boundary condition. The pressure is set to match specific values.
The velocity values need to be set as “extrapolated” for flows with a significant tangential
velocity to the boundary. Furthermore, due to the periodic nature of the waves, backflow
on this boundary is to be expected.

No-Slip wall:
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Used at the bottom boundary and ship’s hull. No normal velocity direction is allowed in
these boundaries. Furthermore, the boundary layer theory is applied to these boundaries
depending on the cell resolution and outer flow conditions.
e Overset mesh:

Used at small control volume enclosing the hull and some part of the fluid domain. This
boundary is used to communicate the field functions (velocity, pressure, etc.) calculated
from the inner, freely moving, computation domain (foreground region) to the outer
computation domain (background region) and vice versa. A more detailed explanation of

the overset mesh can be found in the Overset Mesh sub-section.

The illustration of the boundary conditions in the present study’s computation domain can be

found in Fig. 5.5.
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Fig. 5.5. Boundary conditions
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Linear (Airy) wave’s kinematics (free surface position) and dynamics (fluid’s velocity and
pressure) is used as the boundary and initial values throughout the fluids. The wave tank is set so

that the deepwater condition is fulfilled d /A > 0.5. Therefore, the initial and boundary conditions

are:
Uy = A,,w, cos(kx — wyt) eX* (5.15)
u, = A, w, sin(kx — wyt) ek (5.16)
1N = Ay sin(kx — wot) e** (5.17)

where the wave’s related variables definition, including the dispersion relation, follows the
previous chapters. The wave’s steepness is chosen so that it always falls within the linear wave’s

theory limit of H < 0.00625A tanh(2mh/2).

The volume fraction of the fluid can be found from the sea level position n by employing the

level set function [19] as follows:

=0, HM®) +o¢, (1 —HMY)) (5.18)
0 ifn* < —e

H(n*) = %[1 + “? + %sin (%)] ifn*] <e (5.19)
1 ifn*>e

wheren® = (n —z) and € = 1.6dz.

5.2.5. Wave Forcing Zone

Even though the boundary values are set to follow the linear wave’s field values, it is only
enforced at the boundary location. Because of this, the wave’s reflection and flow discontinuity
can still occur, especially at the pressure outlet and velocity inlet. To avoid this phenomenon, the

wave forcing zone is introduced. The wave forcing zone enforced the momentum equation
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(velocity values) over a bounded region of the computational domain to follow the predefined
theoretical values by using the Euler overlay method [20]. In the Euler overlay method, the

following additional forcing term is added to the momentum conservation equation:
dp = —YwzP(P — ¢7) (5.20)

where qg, Ywz ¢, and ¢* is the momentum forcing term, forcing coefficient, current solution of
the transport equation, and predefined theoretical value which the solution is forced towards. The
forcing coefficient y,,, is chosen to be monotonically increasing from the edge of the wave forcing
zone to its maximum value at the boundary. In STAR-CCMH+, the cosine function is used as the

forcing coefficient:

Ywz = —Yo cos? (3=) (5.21)

2Lwo

where y, and L, is the wave forcing coefficient and wave zone distance from the boundary,
respectively. Depending on the length of the wave zone and the flow characteristics, typically, v,
is chosen to be a large value (y, > 10). We found that when the wave zone distance is set to be
L, < 24, the waves with smaller wavelength require higher y, compared to that of a longer
wavelength. In this study, L,,, is chosen to be 4 < L,,, < 21 at the downstream boundary and

0.54 < Ly, < 4 at the upstream and side’s boundary, and 50 < y, < 150 is used.
5.2.6. Overset Mesh and Dynamic Fluid-Body Interaction

Overset mesh (also called the chimera grid method) is used to discretize the computational
domain with several different meshes that overlap each other in an arbitrary manner [16]. Because
the mesh regions are independent with each other, the overset method is suitable for problems with

large relative motions without the need to regenerate the mesh throughout the whole computation
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domain. With this method, only local mesh cutting and regeneration around the enclosed
foreground region is needed (see Fig. 5.5 for the definition of foreground region). Furthermore,
the majority of overlapping meshes are only solved in the foreground region, while the same mesh
in the background region is excluded in the calculation through mesh hole cutting. There are three

distinct cell type on the overset mesh method:

e Active cells: Cells where the governing equations are solved.

e Passive cells: Cells where no equations are solved. These cell type is excluded from the
background mesh through a hole cutting procedure

e Donor cells: Cells on the overset boundaries which are used to provide interpolation
information to the other mesh acceptor cell.

e Acceptor/ghost cells: Cells on the overset boundaries which receives interpolated

information from the other mesh donor cells.

For each acceptor cell, there are typically four donor cells that are used to provide the
interpolated values to the other mesh. The information exchange between the donor and acceptor
cells ensures the continuity and conservation between the meshes. The hole cutting region and cell
type in a typical sea keeping analysis set up can be found in Fig. 5.6, while detail information and

formulations used in the overset mesh can be found in [21].
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Fig. 5.6. Overset mesh cell type

The Dynamic Fluid Body Interaction (DFBI) models solve for the rigid-body motion of an
object exposed to surface forces (e.g., shear and pressure from fluid) as well as body forces (e.g.,
gravity). DFBI calculates the resultant moment and forces acting on the selected wall boundaries
and then updated the body's new position at each inner iteration step until convergence is reached.
The equation of motion for translation degree of freedom can be found on eq.(5.22), while the

rotation degree of freedom can be found on eq.(5.23).

ov _

m—-=F (5.22)

ow
I—+wxlo=M (5.23)
where m is the body mass, I is the moment of inertia tensor, and w is the rotation vector. The
external force vector F and moment vector M is calculated by integrating the stresses over the

body’s surface. Combined with the overset mesh, the DFBI solver provides a robust tool to solve

the fully non-linear fluid-body interaction.

For steady flow analysis such as towing tank simulation, the motion solver can be frozen for
several time steps until the predetermined convergence criteria are met. After that, the body is
moved to a new position, and the same step is repeated until the change of the body’s position is
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negligible. This quasi-static approach can significantly reduce computation cost in the steady flow

analysis and was used in our uniform-flow only simulation.
5.2.7. Time Stepping Considerations

A second-order implicit unsteady scheme is recommended for free surface flow with a sharp
interface [7]. The stability Courant-Friedrichs—Lewy (CFL) stability requirement of the second-
order scheme is higher compared to that of the first order. However, it can properly propagate the
free surface with minimum numerical dissipation. The following time-stepping criteria are used to

reduce the cost of the computation while maintaining numerical stability:

1. Stopping the inner iteration within one time step and go to the next time step when one of
the following conditions are met:
e Volume fraction residual < 0.001.
e Momentum residual < 0.001.
e Continuity residual < 0.1.
e 15 iteration is reached.
2. Setting reference / initial time step value to be the minimum value of the following criteria:
a. At = T/(4.8Ny): To properly capture the wave’s behavior at each period. Where T is
the wave’s period, and N, is the number of cells per wavelength
b. At = 0.5A%,,;, max(Cg, [U + |v|]) : from CFL requirement to restrict the flow so that
in only propagates half the smallest cell size (Ax.,;,). Where Cg is the wave’s group
velocity, U is the uniform flow speed, and |v| is the magnitude of the wave’s particle

velocity.
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3. The built-in automatic adaptive time step is set to keep the maximum instantaneous CFL
number to be < 0.54. The minimum allowable time step is set to be 1/10° of the reference

time step from point number 2.

5.2.8. Computational Domain and Meshing Considerations
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Fig. 5.7. Computational domain

The computation domain needs to be large enough to incorporate the wave forcing region
without significantly changing the free surface profile close to the body. Furthermore, it needs to
be large enough so that the body's local flow field perturbation does not reach the boundaries to
avoid reflection. The water depth also needs to be deep enough (d > 0.51) so that deep water

assumption can be maintained. However, the computation domain needs to be kept as small as

132



possible to reduce the computational cost. Considering all of the above, the computation domain

size is kept at a particular ship’s and wave’s length ratio, as illustrated in Fig. 5.7.

Fig. 5.8. Mesh refinement regions
To properly capture the free surface and non-linear body motion, mesh refinements are applied

to certain vital regions, as shown in Fig. 5.8. In summary, each of the mesh refinement regions

objectives is:

o Free surface refinement (blue line): To adequately capture the incoming, diffracted, and
radiated wave’s interface. Since the body is streamlined in the head seas condition, the
refinements are only done in x and z directions (see VVoF subsection for details).

e Wake refinement (yellow line): To adequately capture the steady ship waves (Kelvin
wave). Since the waves are radiated outward from the body with 20° angle, the refinements

are done in x and y direction, while the z refinement follows the free surface refinement
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e Near overset boundary refinement (red line): To provide sufficient interpolation cells for
the overset mesh and to resolve local perturbation such as the bow and stern waves and

wave run-up close to the body (see overset and VoF subsection for details).

5.3. Case Definition

Modified blunt Wigley hull as defined in Table 5.1. This hull is similar to the blunt Wigley
hull used in [22] with a 1:2 Froude scaling ratio. Furthermore, the hull is extended vertically
upward from the water line to reach the desirable total depth so that the wave’s run-up can be
properly accounted. To validate all of the body’s input (e.g., displaced volume, inertia, the center
of gravity), we first did the hydrostatic test with a freely floating body. The body’s input is
considered correct when the body is at the equilibrium position, e.g., no pitch or heave motion (or
static offset) is observed. Note that since we use a symmetric computation domain, all the mass
properties need to be halved, while all the resulting forces need to be multiplied by two. We also
need to calibrate the wave’s height so that the comparison with other methods can be appropriately

made. This calibration is done by simulating the waves without the presence of the body.

Table 5.1. Hull’s particulars

Hull Shape Item Notation = Value Unit
Length L 5 m
Breadth B 1 m
Total Depth hym 0.85 m
Draft d 0.35 m
Displaced VVolume % 1.109 m3
Vertical CoG KG 0.062 m
~ y - Radii of Gyration Tyy /L 0.236 m
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The wave’s slope of H/A = 0.03 is chosen to match the experiment condition [22]. Three
wave’s length condition is simulated, the first, A/L = 2 is the long wave condition that is far from
any resonance or cancellation frequency (i.e., easier to simulate), A/L = 1.25 is the pitch
resonance condition (in the case of F, = 0.2, according to BEM simulation) to see the large
amplitude motion effect on the dynamics. Lastly, 1/L = 1.1 is the maximum added resistance load
condition according to Kashiwagi’s experiment [22]. In these simulations, the body is fixed in the
surge direction, but allowed to move in the pitch and heave direction, similar to the towing tank
experiment with waves. A fixed body (diffraction only) simulation is also simulated for the A/L =
2 case to validate our simulation. Since shorter waves requires higher resolution but smaller total
domain size, three type of tanks are created to reduce the computation cost. All the simulated cases

can be seen in Table 5.2.

Table 5.2. Case definitions

Case Name F, H (m) A(m) | T, (sec) Body Wave Tank

Tow 0.2 N/A N/A N/A Yes TankO
Wavel Only 0.0 0.3 10 2.53 No Tankl
Wavel Mot0 0.0 0.3 10 2.53 Yes Tankl
Wavel MotU 0.2 0.3 10 1.87 Yes Tankl
Wave2_Only 0.0 0.1875 6.25 2.00 No Tank2
Wave2_ Mot0 0.0 0.1875 6.25 2.00 Yes Tank2
Wave2 MotU 0.2 0.1875 6.25 1.38 Yes Tank2
Wave3 Only 0.0 0.1875 55 1.88 No Tank2
Wave3 Mot0 0.0 0.1875 55 1.88 Yes Tank2
Wave3 MotU 0.2 0.1875 55 1.27 Yes Tank2
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5.4. Results and Discussion

54.1. Wave Height Calibration

Wave height calibration is done to record the simulated wave height at the ship’s center of
gravity location to be used as the non-dimensionalization factor. The recorded sea-level elevation
and the corresponding wave's height can be found in Fig. 5.9 and Table 5.3 Recorded wave’s
height and period for each of A/L cases, respectively. The wave’s height is calculated by zero up
crossing method and then averaging them over several wave’s cycles (>5 cycles). The smaller
simulated wave’s height compared to the target wave’s height does not cause complication as long
as the wave’s height is stable and target wavelength (therefore, period) is achieved. As can be seen

from the figures, these conditions are successfully achieved.
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Fig. 5.9. Calibration of the simulated wave’s height and period.

136



Table 5.3. Recorded wave’s height and period for each of A/L cases

Case H (m) T (sec)
Simulated Target Diff. Simulated Target Diff
Wavel_Only 0.289 0.3 -4% 2.53 2.53 0%
Wave2_Only 0.162 0.1875 -13% 2.00 2.00 0%
Wave3_Only 0.171 0.1875 -9% 1.88 1.88 0%

5.4.2.  Uniform Flow Problem

Fig. 5.10. Steady waves (Kelvin-ship wave) pattern illustration (Tow Case)

Towing tank (uniform flow simulation without waves) simulation is done to see the uniform

flow effect on the steady wave’s pattern (Fig. 5.10) and the corresponding run up along the hull

(Fig. 5.11). As expected, the diverging Kelvin ship waves at ~19° angle from the ship’s hull along

with the transverse waves is observed. From Fig. 5.10, we can see that the sea surface elevation at

the bow is larger than that of the stern, which confirms that this might cause discrepancies in our

hydroelectricity analysis close to the bow in Chapter 3. The difference in the steady wave run-up

elevation between the bow and the stern coupled with the dynamic pressure caused a steady

sinkage and trim on the ship, which can be seen in Table 5.4.
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Fig. 5.11. Steady waves run up along the Wigley hull. Experiment result is from ref.[22]

Table 5.4. Steady displacements

Trim (Pitch) 0.128°
Sinkage (Heave) 0.01851m

A comparison with Kashiwagi [22] experiment shows that the wave’s run-up along the hull
agrees well with the present CFD method. Minor discrepancies can be found in the bow that was
caused by the method in which the wave’s run-up position is extracted from the simulation results,
which was done manually. Confirming that all of the essentials phenomena of the steady flow

problem were properly captured, we can then confidently incorporate waves into our simulation.

5.4.3. Wave and Uniform Flow Interaction Problem

Both waves only problem and waves-uniform flow interaction problem was simulated in this
section. The resulting wave’s pattern for the unrestricted heave-pitch degree of freedom simulation
can be seen in Fig. 5.12. From the waves only problem, we can clearly see the radiating waves
because of the heave and pitch motion that is moving outwards from the hull. The diffracted wave
cannot be clearly seen since the hull is slender, and the wave is coming from the head seas

direction. On the other hand, we can see that the wave’s pattern in the case with the uniform flow
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is highly affected by the flow. Both maxima and the minima of the wave’s height were both

increased due to the uniform flow.

Fig. 5.12. Wave’s profile when the body is at the wave’s peak for A/L = 2, without (top) and

with uniform flow (bottom) effect

The forces and moment time-series validation for a fixed body (diffraction problem) is shown
in Fig. 5.13. The experiment (Kashiwagi, [22]) and the BEM time series are reconstructed from
the frequency domain results using simple sinusoidal functions. From the figure, we can see that
both the amplitude and the frequency of the current CFD model matched well with the experiment.
In the case with forward speed, the encounter frequency effect is observed, and the force increase
due to additional convective pressure is also observed. Small non-linearities can be seen in the
CFD results where their profile does not match precisely with sinusoidal functions (sharper peaks

and milder slopes).
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Fig. 5.13. Forces and moment time series for A/L=2. Experiment result is from ref.[22]

The ship’s pitch and heave motion are compared against the experiment and BEM simulation
in Fig. 5.14. The results show a good agreement with both the BEM and the experiment, except
for the A/L = 1.25 case with F, = 0.2. The reason for this discrepancies is that when resonance
motion is excited (i.e., A/L = 1.25, based on the BEM analysis in Chapter 1), the problem becomes
more complicated. Because of the large pitch motion, non-linearity in the form of impact loading
and breaking waves occurs, as shown in Fig. 5.15-Fig. 5.16. this non-linearity is not considered in
the BEM method but is well documented in the experiment [22]. Kashiwagi also stated that these
phenomena caused the added resistance experiment data to be widely spread close to the resonance

frequency.
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t=T,/2 t=T,/2

Fig. 5.16. Motion visualization comparison between wave only case (left) and wave with
uniform flow case (right) for A/L = 1.25

Despite the highly non-linear nature of the problem, the CFD simulation was able to capture
all the essential dynamics properly. This claim is strengthened by comparing the slowly varying
non-linear force in the form of added resistance of the current CFD model against the experiment
and BEM results inFig. 5.17-Fig. 5.18. The added resistance is calculated by time-averaging the
surge force time series over several cycles after the quasi-static state is reached. From these results,

we see that the current CFD results compare well with both the BEM and experiments.

Even though the CFD simulation was able to capture all the non-linear interactions, it requires

a very high computation cost. For illustration, in the case of highly non-linear physics (e.g.,

142



breaking waves), 100 CPU hours typically only yield 0.5 sec of simulation time. Therefore, the
BEM method is still preferred in many engineering practices. The results from the BEM can serve
as a benchmark to choose cases with high non-linearity or viscous effect (e.g., close to resonance

frequency), to be simulated with the CFD method.
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Fig. 5.17. Surge drift force for F,, = 0.0 case. Experiment result is from ref.[22]

Surge Drift Force F_=0.2

® ——BEM - Present
B CFD - Present
* ©  Experiment, Superposed Wave A = 1cm (Kashiwagi, 2013)
10 - . Experiment, Measured A = 3cm (Kashiwagi,2013)
4 Experiment, Measured A = 1cm (Kashiwagi,2013)
= ) N x E iment, D A = 3cm (Kashiwagi,2013)
4 * Experiment, D A= 1cm (Kashiwagi,2013)

AlL

Fig. 5.18. Surge drift force for F,, = 0.2 case. Experiment result is from ref.[22]

143



5.5. Conclusion

RANS based CFD simulation was conducted for theoretical Wigley hull shape to reproduce
the real flow condition with minimum simplifications. The Step-by-step set up of the model was
explained to ensure the reproducibility of the model. Several quality assurances, including static
wave tank, wave only case, and steady towing simulation, were also conducted to ensure the

model's fidelity before wave excitation can be introduced to the model.

The CFD results for both zero and non-zero current simulations show a good agreement with
either the BEM method (with UF approximation) or the experiment results. Highly non-linear
dynamics involving wave’s breaking and large motions are observed for A/L = 1.25 with E, =
0.2 case due to pitch resonance. CFD simulation was also able to capture the second order mean
drift loading successfully. Even though the CFD simulation was able to capture all the non-linear
interactions, it requires a very high computation cost. On the contrary, the BEM shows comparable
results, with significantly less computational cost.. Therefore, in most cases, BEM is proven to be
the more reliable tool, except for several special cases (i.e., at resonance frequency). Therefore,
the BEM can be used as a guide in choosing these special cases to be simulated with CFD so that

the computation requirement in solving the completely non-linear simulations can be decreased.
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6. GENERAL CONCLUSIONS

An in-house linear wave-current interaction simulation tool is developed by considering UF
approximation in the frequency domain - 3D BEM framework. An in-house program originally
developed for a linear zero speed wave diffraction-radiation problem was used as a base. The
program is then extended to include the source formulation to calculate velocity more accurately

and also extended to include the linear wave-current interaction effect.

The linear UF wave-uniform flow interaction model was proven to be robust enough to solve
typical fluid-structure interaction problems, especially when the structure is considered to be
slender. The UF approximation was also proven to be straightly applicable to any BEM simulation
tools since all interaction terms were reduced to correction terms obtained from zero uniform speed
simulation. Due to the ease of implementation in the linear problem, there are still rooms for this

method to be applied to a broader range of problems.

In the third chapter, a multi-body uniform-flow-based wave-current interaction hydrodynamic
model was developed. Coupled with the DMB (Discrete-Module-Beam)-based hydro-elasticity
method, the aforementioned model can be used as a practical and efficient numerical tool for the
hydro-elastic analyses with forward-speed effect. The developed model shows comparable results
with more exhaustive methods. The developed model also successfully captured the increase of
elastic responses and bending moments by forward speed, especially due to the resonance at the
first bending mode. Several parametric studies were conducted to show the forward speed effect

on the elastic behavior of the structure, and several key findings were found as follow:
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e The forward speed effect (up to F,, = 0.3) on the natural period and mode shape was nontrivial
at the first bending mode but negligible at higher bending modes.

e The maximum dynamic bending moment occurred at the mid-ship section when A > 0.5L.
However, when A < 0.5L, higher elastic modes can be excited to change the location of the
maximum bending moment.

e The increase of bending moments with a forward speed in the operational sea was more
pronounced than the swell sea because of the encounter frequencies getting close to the first
bending resonance.

e Modification to local elasticity parameter was straightforward, as shown by damaged hull case.

In the fourth chapter, an efficient method to compute second-order difference-frequency wave
loads in the presence of uniform flow in the frequency domain was presented. From our numerical
results, it is seen that the uniform flow has a significant influence on both the difference frequency
quadratic and diffraction forces. Both the main-diagonal and off-diagonal parts of the difference
frequency force QTFs were affected by the uniform flow, and the uniform flow generally increased
the total force magnitudes and slopes. The uniform flow also shifted the QTF-peak locations,
mainly due to the encounter-frequency effect. The comparison results with other approximations,
such as the Aranha’s added resistance method and Newman’s QTF approximation, further
emphasize the importance of the presently developed practical approach incorporating simplified

but essential features of the uniform flow effects on difference-frequency force QTFs.

In the fifth chapter, RANS based CFD simulation was conducted for theoretical Wigley hull
shape to reproduce the real flow condition with minimum simplifications. The CFD results for
both zero and non-zero current simulations show a good agreement with either the BEM method

(with UF approximation) or the experiment results. The CFD simulation was able to capture the

148



non-linear dynamics involving breaking waves and large motions that are not considered in the
potential theory based-3D BEM. However, because of the very high computation cost associated
with the CFD method, the BEM simulation results is still needed to provide the information on

which specific cases need to be simulated.

In summary, the presently developed UF approximation model to account for the wave-current
interaction showed a promise to be a highly efficient, practical tool to solve complicated problems.
These problems include the currently presented hydro-elasticity problem with forward speed and
the second-order slowly varying force under small uniform flow. Nonetheless, due to several
pragmatic approximations, care should be exercised when applying the proposed method,
especially when the steady free surface effect is not negligible (e.g., local dynamics close to the
bow), the hull shape is not slender, uniform flow speed is large, or in the case of second-order

sum-frequency wave loadings.
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