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A B S T R A C T   

A floating Ocean Thermal Energy Conversion (OTEC) plant requires a large-diameter Cold Water Pipe (CWP) to 
be attached to a floating structure. For the design of the mooring system and the CWP, a coupled analysis of a 
floating body, mooring system and CWP should be employed due to the huge mass of the internal fluid in the 
CWP. The aim of this paper is to construct a simplified coupled response model to facilitate the preliminary stage 
of the design. The equations of equilibrium and motion are derived based on modeling as a two-dimensional 
floating body and an elastic pendulum. In order to verify the applicability for a practical design and limita-
tion of the present model, a 100 MW ship-shaped platform, a spread mooring system and a CWP with an inner 
diameter of 12 m and a length of 800 m are configured. The results of the extreme analysis in the frequency 
domain with equivalent linearization of drag force by using the present model agree well with the time domain 
coupled analysis using OrcaFlex. Subsequently, the influence of the design parameters for CWP to the coupled 
responses is also clarified by a parametric study combining the bending stiffness, the linear density and the 
boundary conditions. The proposed model will facilitate the preliminary study with a large number of design 
trials, and a comprehension of the results of numerical simulations and model experiments.   

1. Introduction 

An ocean thermal energy conversion (OTEC) is the system which 
utilizes a temperature difference between surface seawater and deep 
seawater to drive a heat engine. Fig. 1 shows the principal configuration 
of a floating plant which is widely adopted in latest conceptualization 
(Adiputra et al., 2020). It is well known that increasing the capacity of 
OTEC plant will significantly reduce the cost of energy; thus, the 
development of large capacity plant for base-load power is one of the 
objectives toward commercialization (Ocean Energy Systems, 2015). On 
the other hand, a commercial operation requires a large amount of 
surface and deep seawater to generate electricity from the temperature 
difference of only the order of 20 ℃ (Nihous, 2007). The deep seawater 
is transported from 600–1000 m depth through a large diameter of Cold 
Water Pipe (CWP). The flow rate depends on the output of the plant 
(Nihous, 2007); the diameter of CWP thus becomes large along with the 
increase of the capacity of the plant. For a 100 MW-NET capacity plant, 
above 10 m diameter pipe will be required. 

As the first floating OTEC plant in history, Claude in 1933 developed 
the plantship with CWP which has 2.5 m diameter and 700 m length 

hanged off (Avery and Wu, 1994). However, the CWP broke off in storm 
thus the sea experiment was forced to abandon. The rapid development 
of the component technologies including the CWP began after the oil 
crisis in 1973. Important preliminary works were carried out in this 
period including: extensive designs of structure, material, joint system 
with hull and installation, as well as the assessment of those risks and 
costs (McGuinness et al., 1979). As the result, a rigid pipe made as Fiber 
Reinforced Plastic (FRP) sandwich wall was rated as the most promising 
candidate. Recently, SBM (Kibbee, 2013) and Lockheed Martin (NAV-
FAC ESC, 2010) reported the development of FRP sandwich pipe for a 10 
MW ship-shaped plant and a 100 MW semisubmersible plant, respec-
tively. However, CWP that has been successfully operated at sea are 
limited to 1–2 m dimeter for demonstration plants (Miller and Ascari, 
2011). A large diameter CWP still remains one of the most challenging 
components in OTEC to be overcome, in contrast to the growth of deep 
water mooring, risers and floating structures. 

As the major hydrodynamic characteristic of OTEC CWP, the internal 
fluid mass and added mass can be much larger than the risers for oil and 
gas development. There exist two major problems due to the charac-
teristics. The first is a flow induced vibration problem due to the large 
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internal flow. Fundamental studies on this problem have experimentally 
and analytically proven that internal flow may cause instability and self 
induced vibration as same as the vortex induced vibration (Kuiper and 
Metrikine, 2008; Giacobbi et al., 2012). Since the phenomena may 
interfere development of larger capacity plant, Adiputra and Utsuno-
miya (Adiputra and Utsunomiya, 2019, 2021) have carried out an 
application to OTEC CWP. According to the results, they have pointed 
out the necessity for designing a 100 MW plant. The second is the strong 
interaction between floating platform and CWP. In the mooring and riser 
design for FPS/FPSO, it is well known that the interaction cannot be 
neglected in deep water, and a coupled analysis is therefore required 
(Ormberg and Larsen, 1998; Low and Grime, 2011). Cruces Girón et al. 
(Cruces Girón et al., 2014) have reviewed and classified design meth-
odologies of mooring systems and risers, and as an efficient method, 
they have proposed an integrated design which selects the levels of 
interaction corresponding to the design stages. Although the CWP is 
different from the risers for FPS/FPSO where it is larger in diameter than 
the risers and always hanged-off state, the OTEC system will require the 
coupled analysis as well. Several numerical works have mentioned that 
stresses computed by a coupled model are different from the decoupled 
model (Paulling, 1979; Shi et al., 2012; Hisamatsu and Utsunomiya, 
2021). 

Currently, these problems are studied separately, and we focus on 
the latter problem in this paper. For the structural design of CWP, a fully 
coupled analysis of a floating body, mooring system and CWP has been 
commonly employed since the beginning of OTEC development. Paul-
ling (Paulling, 1979) developed a frequency domain analysis method for 
the coupled system by using the finite element method with beam ele-
ments. The hydrodynamic force acting on CWP was predicted with the 
equivalent linearization form of the quadratic drag force. As the same 
time, two other computer codes which are frequency domain coupled 
analysis and time domain decoupled analysis, were developed and three 
codes were totally compared for a test of their relative accuracy and 
computational costs (Jawish and Scotti, 1981). Moreover, those theo-
retical evaluations were validated with experiments on small and me-
dium scales and it was observed that the code developed by Paulling 
(Paulling, 1979) was in good agreement with the experiments (Hove and 
Lee, 1981; Vega and Nihous, 1988). Shi et al. (Shi et al., 2012) reported 
the coupled analysis for a 100 MW semisubmersible plant by two 
different state-of-the-art time domain simulation codes. One of those 
codes was also validated by comparing with a tank test at a scale of 1:50 

(Halkyard et al., 2014). The present authors (Hisamatsu and Utsuno-
miya, 2021) have also carried out the coupled analysis for the pre-
liminary design of mooring system and CWP for a 100 MW ship-shaped 
plant by using commercial software OrcaFlex. However, the analysis has 
not yet been validated with a scale experiment due to the limitation in 
the depth of the wave tanks. 

Previous studies have focused on establishing the design method and 
discussing feasibility. Although the studies have made a significant 
contribution to commercialization, the design methodology has been 
developed for individual projects and has hardly been systematized 
(Zhang et al., 2018). The numerical analysis has been validated only by 
comparing multiple codes and experiments in deep water tank, which is 
costly and time consuming to develop. As far as we know, there exist few 
studies focusing on basic characteristics for rational design, such as the 
coupled response and the sensitivity of design parameters. In addition, 
although a state-of-the-art time domain coupled analysis is accurate and 
practical at the middle to final design stage, it requires high computa-
tional resources and is not suitable for the early design stage dealing 
with a large number of design trials. 

The aim of this study is to construct a simplified analysis model/ 
method to easily comprehend the coupled responses of the floating 
platform, CWP and mooring system for the preliminary design stage. We 
formulate the coupled system of an OTEC floating plant based on the 
basic principles of mechanics in first of this paper. Such formulae are 
based on a classical method; however, they mathematically yield trac-
table and essential characteristics. The model/method will hence facil-
itate the preliminary design of an OTEC floating plant and explanation of 
the results of numerical simulations and model experiments. 

Subsequently, this paper verifies the applicability for a practical 
design and limitation of the present model. The preliminary design of a 
100 MW ship-shaped plant is configured as a study case to compare 
proposed model with time domain analysis by using OrcaFlex. This 
paper additionally discusses a sensitivity of design parameters of CWP 
including linear density, bending rigidity, top joint system and clump 
weight at the bottom, as a preliminary design methodology using pre-
sent model. 

2. Formulation 

An OTEC floating plant is configured with a floating structure, 
mooring system and riser system. In a typical modern design of floating 

Fig. 1. Sketch of a floating OTEC plant.  
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plant, the floating body is directly moored with multiple lines and CWP 
is hanged off from the floating body. The floating structure has been 
proposed as semisubmersible, spar and ship. The higher rated structure 
for CWP has been rigid wall (McGuinness et al., 1979) and can be 
handled as a continuous beam. The joint system between floating body 
and CWP is considered as a fixed joint, a gimbal (pinned) joint or a 
flexible joint. If the wet weight is not large, a clump weight which is 
additionally attached at the bottom of CWP is effective to reduce the 
lateral displacement due to current. If the wet weight is large in contrast, 
a buoyant structure may be concentratedly attached between the 
floating structure and the CWP in order to counter the dead weight of 
CWP. 

In this paper, we discuss the characteristic of an OTEC floating plant 
with all components as a coupled system. Additionally, in order to 
comprehend the response more essentially, we simplify the system into a 
plane motion. As shown later, the two-dimensional assumption is suf-
ficiently accurate to identify a significant response such as a ship in 
beam seas. 

Fig. 2 shows an overview of the coupled system with several coor-
dinate systems, and the symbols are explained in Table 1. The physical 
model is configured as a moored floating body and an elastic pipe which 
is attached at an arbitrary position with rotational spring kr and damper 
br. The point mass mc is additionally attached at the bottom of the pipe 
as a clump weight. The global coordinate system O-YZ is defined on the 

mean sea surface. The body-fixed local coordinate system for the 
floating body is defined with its origin at the center of gravity G-x0y0z0. 
Mooring lines are attached at an arbitrary position and the elastic pipe is 
attached at [ y0 z0 ]

T on the same section of the floating body. The 
position is denoted as C and the local coordinate system for the elastic 
pipe is C-yz. Note that the axes y and z are basically inverse to Y and Z 
directions, respectively. 

The coupled system is formulated by the following procedure. First, 
the moored floating body - elastic pipe is divided into two free bodies. 
The subsequent three subsections explain the formulation for each body. 
Second, constraints are made at the joint position between two bodies. 
At last, the constraints are eliminated for the number of unknowns be-
tween two bodies, thus a coupled equation is obtained. 

The equation of motion is separated into three stages based on 
framework of coupled frequency domain analysis with equivalent line-
arization in (Low and Grime, 2011) which has been used for risers and 
mooring design. Static analysis is solved for the equilibrium state 
considering nonlinearity of mooring force, drag force and finite defor-
mation of the elastic pipe. In the dynamic analysis, the equation of 
motion is linearized around the static equilibrium position and then 
solved in frequency-domain: Wave Frequency (WF) domain of 3–30 sec. 
and for Low Frequency (LF) domain over 50 sec. 

Fig. 2. Definition of symbols and the coordinate systems.  
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2.1. Floating body 

The floating body is assumed rigid, in which the degrees of freedom 
are three: x = [ η ζ θ ]T, that is, we consider only sway, heave and roll 
motions in the YZ plane (or we fix surge, pitch and yaw motions). The 
equation of motion is represented as below 

(M0 +Ma)x + B1⋅x + B2(⋅x) + C0x + R(x) = F0 + λ (1) 

Here, λ is constraint force vector with top of the elastic pipe, and F0 is 
load acting on the body. The current and wind forces are modeled as a 
drag force. Interaction effect between body and waves is modeled by 
radiation/diffraction forces, mean drift force and slow-varying drift 
force. The wave diffraction effect from the elastic pipe can be neglected 
for >7 seconds of wave period since the applicable elastic pipe is 
assumed below 15 m of diameter as 100 MW OTEC CWP. Besides, the 
mooring lines and the elastic pipe could be affected by the radiation/ 
diffraction waves from the floating body. However, these effects are not 
considered in this simplified formulation, since the wave forces are 
considered to be small in comparison to the structural interactions. In 
addition, nonlinear damping due to viscosity is modelled as a quadratic 
damping: B2(ẋ) = [B2,1η̇|η̇| B2,2ζ̇|ζ̇| B2,3θ̇|θ̇| ]T. 

2.2. Mooring system 

The more accurate analysis for the middle to final design stages 
should consider the dynamic tension, hydrodynamic forces and geo-
metric nonlinearity of mooring lines. It is well known that their 
contribution would be significant on LF motions and mean displacement 
of a floating body especially for a deep water mooring (Ormberg and 
Larsen, 1998). However, a simplified analysis considering only stiffness 
and damping of the mooring system can be employed in an initial design 
stage (e.g., Cruces Girón et al., 2014). In this formulation, we thus 
consider the stiffness of the mooring system based on their methodology, 
and the damping due to the mooring system is assumed as a linear 
damping ratio for the moored floating body. 

A restoring force on a moored floating body is exerted by two 
characteristics of a mooring line: axial elasticity and dead weight of the 

mooring line. The restoring force can be determined from the shape of 
the line between the floating body and the anchor. The stiffness matrix K 
in Fig. 2 can be obtained by a differential coefficient of the restoring 
force vector R at the steady position xst : 

K =
∂R
∂x

⃒
⃒
⃒
⃒

x=xst

(2)  

2.3. Elastic pipe 

The equation of motion or equilibrium is derived from the principle 
of energy. The elastic pipe is assumed as a Bernoulli-Euler beam, besides, 
the pipe has the rigid motion: the translational motion at the top as rc =

[ yc zc ]
T and the rotational motion of angle ϕ. In order to consider the 

initial tension, the axial strain due to bending as the geometric nonlinear 
effect is also involved. The axial tension resists lateral load and tradi-
tionally considered in riser analysis (Chakrabarti and Frampton, 1982). 
In summary, the strain and the global position of a point on the neutral 
axis are described as 

ε(y, z, t) = u
′

+ 0.5w
′2 − yw′′ (3)  

r(z, t) = rc −

[
cosϕ − sinϕ
sinϕ cosϕ

][
w

z + u

]

(4) 

By using Eqs. (3) and (4), the kinetic energy K and the potential 
energy U are given as 

K =

∫ l

0

1
2

ρA|r⋅ (z)|2dz +
1
2
mc|ṙ(l)|2 (5)  

U =

∫ I

0

∫

A

1
2

Eε2dAdz (6) 

In addition, we have the virtual work of the external forces. 

δW =

∫ l

0
FT δrdz + Mδ(ϕ − w’) (7) 

Here, the external force F and the moment M include hydrodynamic 
force, gravity, buoyancy, inertia of internal fluid and constraint force 
with the floating body. The hydrodynamic force acting on normal di-
rection of the pipe is calculated by the modified Morison’s formula. 
Inertia force due to internal fluid is additionally acting on normal di-
rection. Since both top and bottom ends are open, the axial inertia force 
of the internal fluid is not considered here. The normal force can thus be 
denoted as 

Fn =
1
2
ρf CdDout(Vn − Un)|Vn − Un| − ρf CaAoutU̇n − ρAinU̇n

+ ρ(Ca + 1)AoutV̇n (8) 

Where, Fn is the normal hydrodynamic force acting on section of 
pipe, Vn is the normal fluid velocity of waves and current and Un is the 
normal velocity of the pipe. 

Eqs. (3), (4) and (8) have high nonlinearity. Especially if the diam-
eter is large and the wet weight is small, the angle ϕ is to be regarded as 
finite rotation. Thus the inclined pipe should be considered in the 
equation of motion. 

Since loads and boundary conditions are complex, we cannot derive 
an exact solution. Instead of this, the axial and the lateral displacement 
are represented by the generalized coordinates a, b and the mode shape 
functions based on the Galerkin’s method: 

w(z, t) = aT(t)ψ(z), u(z, t) = bT(t)τ(z) (9) 

Here, power series functions can be used for the mode functions ψ(z)
, τ(z) in static analysis. In dynamic analysis, an exact solution of rota-
tional spring – mass beam and fixed – mass column is assumed as mode 
shape functions (see Appendix A). Although finite element method 

Table 1 
Parameters for coupled system.  

Parts Symbols Meanings 

floating 
body 

η,ζ, θ sway, heave and roll 
OG distance of center of gravity from sea surface 

Note: center of gravity is basically under the surface 
M0 mass matrix 
Ma added mass matrix 
B1 linear damping matrix 
B2 nonlinear damping vector 
C0 hydrostatic stiffness matrix 
F0 hydrodynamic force vector 

elastic 
pipe 

ϕ angle of rigid rotational 
u axial displacement 
w lateral displacement 
l length 
E Young’s modulus 
ρ material density 
Din/Dout inner/outer diameter 
A sectional area 
Ain/Aout inner/outer area 
I moment of inertia of area 
Ca added mass coefficient 
Cd drag coefficient 
mc mass of clump weight 

mooring 
system 

R restoring force vector 
K linearized stiffness matrix 

constraint kr rotational stiffness 
br rotational damping 

environment ρf fluid density 
g gravity acceleration  
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(FEM) (Paulling, 1979) can be an alternative candidate of the engi-
neering discretization of CWP, the Galerkin’s method has an advantage 
of more directly describing the interaction between the elastic modes of 
CWP and the rigid motions of the floating body. 

Therefore, the equation of motion or equilibrium is obtained by 
Euler-Lagrange equation with the kinetic energy K, potential energy U 
and virtual work δW. 
[

−
∂U
∂p

]T

δp + δW = 0 for static (10)  

[
∂(K − U)

∂p
−

d
dt

∂(K − U)

∂p⋅
]T

δp + δW = 0 for dynamic (11) 

Here, p =
[

rc ϕ aT bT
]T is the generalized coordinates. 

2.4. Constraints 

The joint system between the floating body and the elastic pipe is 
simplified into a pinned joint, a rotational spring and a damper. The 
model can reproduce a gimbal, an universal or a flexible joint system 
that is employed in several preliminary designs (Nihous and Vega, 1993; 
Shi et al., 2012; Kibbee, 2013). Therefore, two constraints are applied to 
the floating body and the top of the pipe. 

(1) The elastic pipe is connected at an arbitrary position on the 
floating body: 

rc =

[
η

ζ − OG

]

+

[
cosθ − sinθ
sinθ cosθ

][
y0
z0

]

(12)   

(2) Two bodies are connected with a rotational spring and a damper: 

M0 = kr(ϕ − θ − w
′

) + br(ϕ̇ − θ̇ − ẇ
′

) (13)   

2.5. Equation of equilibrium 

Along with a diameter of CWP becoming larger, a horizontal 
displacement of the floating body is significant due to current acting on 
the pipe. To consider the nonlinearity of the mooring system and the 
rotation of the pipe, we firstly calculate the steady state. The equation of 
equilibrium is obtained as 

S(p) =
[

ST
x Sϕ ST

w ST
u

]T
= 0 (14)   

Here, p =
[

xT ϕ aT bT
]T is the generalized coordinate, and a 

vector that satisfies Eq. (14) is the steady state. The vector and scalar S 
on the left side mean the sum of forces in each component of p. Fd is drag 
force due to wind and current, Fdrift is mean drift force due to waves, T is 
tension, γ is wet weight of the pipe and f is current force acting on the 
pipe. The constraint force λ and those forces are represented by 

λ =

∫ l

0
f (z)dz[ cosϕ sinϕ y0sin(ϕ − θ) − z0cos(ϕ − θ) ]T

− (γgl + mcg)[ 0 1 y0cosθ − z0sinθ ]T + kr[ 0 0 ϕ − θ − aT ψ(0) ]T

(16)  

T = EA
(

u′

+
1
2

w′ 2
)

(17)  

f (z) =
1
2
ρf CdDout(Vccosϕ)|Vccosϕ| (18)  

2.6. Equation of motion 

After solving the equilibrium equation above, the equation of motion 
is linearized for frequency domain analysis. Then, we will obtain a 
Response Amplitude Operator (RAO) not only of the floating body 
(sway, heave and roll) but also for the rotation ϕ and the modal am-
plitudes a,b of the elastic pipe at WF. The LF response can be predicted 
by the same procedure. The linearization is carried out by the assump-
tions below. 

(1) Replace the trigonometric function about the steady rotation 
angle ϕ to first order Tayler expansion approximation. 

sinϕ = s + cϕ, cosϕ = c − sϕ (19)   

Here, s = sinϕst ,c = cosϕst . In addition, the mooring force is linear-
ized by Eq. (2) at the steady position xst . 

(2) The quadratic damping in Eqs. (1) and (8) is approximated by the 
equivalent linearization method for both waves and current (Low 
and Grime, 2011). 

The roll damping 

B2,3θ̇|θ̇| =

(

B2,3

̅̅̅
8
π

√

σθ̇

)

θ̇ (20) 

The drag force 

(15)  
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(Vn − Un)|Vn − Un| = (Vc +Vw − Un)|Vc +Vw − Un| ≡ b1(Vw − Un) + b0

(21) 

Here, 

b1 =

̅̅̅
8
π

√

σuexp

[

−
1
2

(
Vc

σu

)2
]

+ 2Vcerf
(

1̅
̅̅
2

√
Vc

σu

)

(22)  

b0 =

̅̅̅
2
π

√

σuVcexp

[

−
1
2

(
Vc

σu

)2
]

+
(
σu

2 +Vc
2)erf

(
1̅
̅̅
2

√
Vc

σu

)

(23) 

The error function 

erf(x) =
2̅
̅̅
π

√

∫ x

0
e− y2 dy (24) 

Where Vc is the velocity of steady flow, Vw is unsteady flow due to 
waves, Un is the normal velocity of the motion of CWP, b0, b1 are the 
intercept and the slope of the linearized drag force and σθ̇, σu are the 
standard deviations of the amplitude of roll angular velocity and relative 
velocity on the CWP in irregular waves. The standard deviations can be 
estimated by a statistical procedure using RAOs and the wave spectrum. 

(3) A high order term is assumed infinitesimal and neglect a constant 
term. 

As the result of formulation and linearization, the equation of motion 
can be denoted as a general shape: 

Mp̈ + Bṗ + Cp = F (25) 

Here, M is inertia matrix, B is damping matrix, C is stiffness matrix, F 
is load vector and p =

[
η ζ θ ϕ aT bT

]T is generalized coordi-
nate. Those matrixes and vectors are configured by a matrix of floating 
body and coefficient matrixes h which represent the elastic pipe and 
constraint (see Appendix B). 

M = M0 + Ma + ρA
∫ l

0
h(z)dz + ma

∫ l

0
hhT(z)dz + mchm(l)

B = B0 +

∫ l

0
bhhT(z)dz + brhr(0)

C = C0 + K +

∫ l

0
hk1(z)dz + γg

∫ l

0
hg(z)dz + mchg(l) + krhg(0)

F = Fw +

∫ l

0
qh(z)dz

(26) 

Where, ma is sectional added mass, b is damping coefficient, γ is wet 
weight of the pipe and q is wave force acting on the pipe. In addition, Fw 

is wave exciting force or slowly-varying drift force acting on the floating 
body and B0 is sum of linear and linearized quadratic damping matrix. 

ma = ρf CaAout + ρf Ain

γ =
(
ρ − ρf

)
(Aout − An)

b(z) =
1
2
ρf CdDoutb1

q(z) = b(cuw + svw) + ρf (Ca + 1)Aout(cu̇w + sv̇w)

(27) 

Here, uw,vw are horizontal and vertical velocity of wave particles 
which can be calculated by velocity potential of regular waves. 

3. Analysis case 

Adiputra et al. (Adiputra et al., 2020) have proposed a preliminary 
design of a 100 MW-net OTEC plantship for the Indonesian ocean. To 
reduce the capital cost, the floating platform is a Suez-max type 
pre-owned oil tanker conversion. The plantship requires a CWP with 
800 m length and 12 m diameter to be attached. The authors have 
examined feasibility of a mooring system with assumptions of the hull 
geometry and environmental conditions following the baseline concept 
(Hisamatsu and Utsunomiya, 2021). We use the same concept for the 
analysis case in this study, and several details are explained below. 

Table 2 
Main dimensions of the ship.  

Items Value 

Length(p.p.) 275 m 
Breadth 50.0 m 
Depth 17.9 m 
Displacement 210,400 ton 
Center of buoyancy above B.L. 9.36 m 
Center of gravity above B.L. 13.9 m 
Gyrational radius 14.0 m (roll) 

62.9 m (pitch) 
63.6 m (yaw) 

Profile area above/below W.L. 3764 m2, 4903 m2 

Drag coefficient above/below W.L. 0.91, 0.53  

Fig. 3. Meshed hull surface for radiation/diffraction analysis: 3528 panels for wetted surface and 1789 panels for interior water plane.  
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The hull geometry is assumed as KVLCC2M (National Maritime 
Research Institute, 2005) as an oil tanker, of which main dimensions are 
shown in Table 2. A radiation/diffraction analysis is carried out by a 
High-Order Boundary Element Method (HOBEM) with 8 nodes quadri-
lateral panels (Utsunomiya, 2019) in Fig. 3, and a mean drift force is 
calculated by far-field method (Newman, 1967). The slowly-varying 
drift force is calculated by using Newman’s approximation (Newman, 
1974) with the mean drift force. The roll damping due to eddy and bilge 
keel is predicted by Ikeda’s method (Himeno, 1981) as quadratic 
damping force B2 in Eq. (1). And the damping ratio for LF sway of the 
moored ship without CWP is assumed as B11 /2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M11C11

√
= 0.1. 

We assume the extreme environments in Table 3 from (DNVGL, 
2018). The ship is assumed as moored in heading to the most significant 
incident wave direction; thus, the wave height in beam direction is 
assumed as half of the head seas. Moreover, the plantship is moored in 
1000 m of water by using twelve mooring lines as shown in Fig. 4 and 

Table 4. We have designed a taut mooring system using polyester rope. 
The polyester rope is 1750 m length with 212 mm diameter. 

The CWP requires 800 m length and 12 m inner diameter in order to 
intake 235 m3/s seawater (Adiputra et al., 2020). The material and the 
structure are 190 mm thickness of the solid wall pipe made as FRP. The 
mechanical properties of FRP are Young’s modulus of 13,776 MPa and 
density of 1.52 t/m3 from (Nihous and Vega, 1993). The joint between 
the CWP and the ship has rotational stiffness of 40 MNm/deg. The joint 
is on the bottom of the ship below the center of gravity. A 1000 ton 
clump weight (0.5% of CWP virtual mass) is additionally attached at the 
bottom of the CWP. The hydrodynamic coefficients for a slender mem-
ber are based on DNVGL-RP-C205 (DNVGL, 2017). The drag coefficient 
depends on only roughness because the current velocity are large 
compared with the wave particle velocity over the length of the CWP, 
and the Reynolds number corresponds to turbulent flow on the order of 
Re ≈ 1.0× 107. Thus, the drag coefficient is Cd = 0.8. The added mass 
coefficient is Ca = 1.0 because of the Keulegan-Carpenter number 
Kc ≤ 2. Fig. 5 shows the mode shapes and the natural periods of the top 
supported pipe from mode 1 to mode 5. 

4. Results and comparisons 

This section presents the results of application of the present 
formulae to compute the coupled responses for Ultimate Limit State 
(ULS) of the study case configured in the previous section. Besides, the 
applicability for a practical design and limitation of the present model 
are discussed by comparison with a numerical simulation code. 

We compare the results using the present formula with OrcaFlex 
which is commonly used for a design of offshore structures. OrcaFlex can 
analyze a coupled system with floating body, mooring lines and riser in 
the time domain (Orcina, 2021). Fig. 6 presents the overview of the 
model of coupled system for OrcaFlex. The vessel is represented by a 3D 
rigid body, thus the hydrodynamic forces described in the previous 
section are taken into account for waves, wind and current. Both 
mooring lines and CWP are modelled as mass – spring element for 
slender structures, and the nonlinearity of geometry and hydrodynamic 
forces evaluated by modified Morison’s formula are considered. The 
element length of the CWP is 10 m and that of the mooring lines is 35 m. 
There are three stages for the calculation. 1) static analysis: solving static 
state in current, wind and mean drift force, 2) build-up stage: ramping 
up irregular waves for 1800 seconds, and 3) dynamic analysis: solving 
equation of motion for duration of 3 hours (10,800 seconds) with 0.1 
seconds time step. The response spectra are recovered from the time 
histories after completing the dynamic analysis. 

To compare the results of time domain analysis, we calculate the 
response spectra and maximum values based on statistical procedure 

Table 3 
Environmental conditions.  

parameters values 

wave (beam seas) 100 years return period 
significant wave height, Hs 3.65 m 
peak period, Tp 11.1 sec. 
spectrum JONSWAP (γ = 2.79) 
current 10 years return period 
surface speed, Vc0 0.85 m/s 
profile 1/7 power law 
wind 100 years return period 
1-hour average wind speed, Vw,1hour 28.6 m/s 
spectrum NPD spectrum  

Fig. 4. Layout of the spread mooring system.  

Table 4 
Properties of the mooring lines.  

Items Value 

Nominal diameter 212 mm 
Length 1750 m 
Drag coefficient 0.0 (axial) 

1.6 (normal) 
Added mass coefficient 0.0 (axial) 

1.0 (normal) 
Axial stiffness 294 MN 
MBL 12,263 kN  
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shown in Fig. 7. Here, the degrees of freedom in Eq. (9) are assumed as 7 
and 3 for the lateral and the axial modes, respectively. Firstly, we solve 
equilibrium Eq. (14). Secondly, WF Response Amplitude Operator 
(RAO) pWF and LF response amplitude function pLF are calculated by 
solving Eq. (22). In this procedure, the linearized damping coefficient 
can also be employed to LF domain since the displacement velocity of LF 
components is sufficiently small. The response spectra SWF,SLF are 
calculated as 

pWF =
(
C − ω2M + jωB

)− 1F,pLF =
(
C − ω2M + jωB

)− 1I (28)  

SWF = |pWF|
2Sxx, SLF = pLF

∗SdpLF
T (29) 

Here, Sxx is wave spectrum and Sd is slowly-varying drift force 
spectra predicted by Newman’s approximation and mean drift forces 
acting to sway. 

Thirdly, the probability distribution function is assumed as Rayleigh 
distribution, thus maximum values and significant values in each 
domain are calculated by 

σ2 =

∫

Sdf ,Xsig = 2σ,Xmax = σ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ln
(

10, 800
Tz

)√

(30) 

Here, S is response spectrum, σ is standard deviation, Xsig is signifi-
cant value, Xmax is maximum value, and Tz is zero-up crossing period 

Fig. 5. Mode shape and natural period of the CWP.  

Fig. 6. Numerical analysis model in OrcaFlex.  
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which is obtained by zero and second order moment of response 
spectrum. 

Finally, the total maximum value is predicted by 

Xmax = Xst + max
[
XWF,max +XLF,sig,XWF,sig +XLF,max

]
(31)  

4.1. Results of static analysis 

Selected results of static analysis for both cases are shown in Fig. 8. 
As seen in Fig. 8, the internal forces and deflection of the present 
formulae agree very well with OrcaFlex static analysis. On the other 
hand, the present formulae do not necessarily correspond to the position 
of the ship due to neglecting the hydrodynamic forces on the mooring 
lines, as has already been presented by Ormberg and Larsen (Ormberg 
and Larsen, 1998). However, the present formulae allow the complete 
calculation of the elastic deformation of the CWP and the influence of 
the effect of the attachment to the ship. 

Since the projected area of the CWP is larger than that of the hull, 
current force acting on the CWP is significant for mooring lines. The 
reaction from the CWP is 36% of the total load in sway direction acting 
on the hull. By attaching the CWP, therefore, the static tension of the 
mooring lines becomes 111% on portside and 78% on starboard of the 
system without CWP. This point may be important to the configuration 
of mooring system. 

4.2. Results of dynamic analysis 

Results of the ship WF RAO at the center of gravity are shown in 

Fig. 9. In this figure, the result with and without the CWP are compared 
as solid and dashed lines, respectively. The result without CWP is ob-
tained by solving Eq. (1) excepting the constraint forces. The peak 
period without the CWP is 11.5 seconds for heave and 12.0 seconds for 
roll, which are shown as the peaks of dashed lines. As comparison of the 
lines, it is observed that there is high interaction between sway and roll. 
Furthermore, results of the modal WF RAO and actual deflection of the 
CWP are presented in Figs. 10 and 11. ai and bi (i is the mode number 
which equals to the number of nodes) in Figs. 10 and 11 correspond to 
the amplitude per unit amplitude regular waves of the assumed lateral 
and axial mode shapes as shown in Eq. (9). 

Prior to compare with OrcaFlex, we discuss the interaction between 
the ship and the CWP. As comparison of Figs. 9 and 10, it is found that 
sway and lower order modes of the lateral vibration, and roll and third 
mode are strongly coupled, respectively. The lower order modes are 
excited by wave particle motion and sway of the ship which is almost the 
same amplitude as the wave amplitude. Among the coupling effects, the 
third mode particularly distorts the response curve of roll. At the peak 
frequency of roll without CWP, the CWP reduces the amplitude to 31%. 
The peak frequency shifts to high due to the rotational spring at the joint 
between the ship and the CWP. On the other hand, as comparison of 
Figs. 9 and 11, it is found that the relationship between heave and axial 
vibration of the CWP is considered one-way from the ship. Since natural 
periods of the axial modes are much shorter than the wave periods, the 
dynamic tension is excited only around the peak period of heave. 

As Eq. (26) shows, the interaction between the ship and the CWP is 
dynamic coupling. Although the dry mass ratio of CWP to ship is 4%, the 
modal mass including internal fluid and added mass is 16–24% for sway. 

Fig. 7. Procedure of the extreme responses using present coupled equations.  
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Fig. 8. Static deflection of the CWP: (a) global displacement, (b) axial force, (c) shear force and (d) bending moment.  
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The off-diagonal components representing the interaction of the mass 
matrix are also remarkable. For sway/roll, the off-diagonal component 
of the first mode is 8–12% of the inertia term of ship and it decreases as 
the number of mode increases. Therefore, the strong coupling described 
in Figs. 8 and 9 is justified by the relatively large mass ratio. 

Power Spectrum Densities (PSD) of the ship responses obtained by 

both the present procedure and OrcaFlex are presented in Fig. 12. As 
same as the RAOs in Fig. 9, dashed lines mean the responses without 
CWP. Both analyses are basically in good agreement and these results 
are clearly different from the sway and roll without CWP. Focusing on 
the low frequency drift motion in sway, it is found that the peak due to 
mooring system is reduced by attaching the CWP. Although the CWP 
increases the coupled virtual mass to 150% of the ship, the drag force 
acting on the CWP is sufficiently large to increase the damping ratio. 

Fig. 13 presents the envelops obtained by the predicted maximum 
loads with Eq. (31) and maximum loads through the time domain 
analysis. Note that dashed lines show the result of decoupled analysis 
with OrcaFlex: simulating the individual behavior of CWP under the 
forced oscillation using the previously analyzed time histories of the ship 
without CWP. Almost the same results of axial force are obtained by both 
present method and OrcaFlex as shown in Fig. 13 (a). Comparing this 
graph with Fig. 8, it is observed that the dynamic part of tension is in the 
range of 28% of the static tension. In Figs. 13 (b) and (c), the shear force 
and the bending moment are also in good agreement for most length. 
Moreover, comparing dashed lines and solid lines, the decoupled anal-
ysis evaluates 140% of the coupled analysis as we can see from the 
difference in the response characteristics. As we focus on the bending 
moment in Fig. 13 (c), the percentages of individual results: static, WF 
and LF stages in Eq. (31) are 4.6, 88.5 and 6.9%, respectively. In LF, low 
modes are excited with large amplitude, however, the response is 
smaller than WF due to the long period and smaller curvature. 

As the results of this section, the present procedure has predicted the 
coupled responses of floating body and CWP with practically sufficient 
accuracy for early design stage. In addition, the formulae can yield a 

Fig. 10. RAO of modal shapes for lateral deflection.  

Fig. 11. RAO of modal shapes for axial elongation.  

Fig. 9. RAO of the ship: (a) sway, (b) heave and (c) roll.  
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sufficient information on the identification of coupled responses. In this 
analysis case, there are confirmed strong dynamic coupling due to the 
large mass ratio in WF, and the large hydrodynamic force acting on the 
CWP in LF and statics as interaction between the ship and the CWP. Both 
effects are considered a level that could not be ignored in the design. On 
the other hand, different results are obtained at the neighborhood of the 
ship in Figs. 13 (b) and (c). Subsequent detailed design stage will require 

a time domain analysis which can consider the nonlinearity of the elastic 
pipe, 3D motions and detailed effect of mooring system. 

In addition, the computational cost of the coupled analysis in this 
section required such that: the elapsed time of the present procedure 
implemented in Python was 5.8 seconds and that by OrcaFlex was 1270 
seconds, on a latest laptop PC with Intel Core i7 CPU. This means that 
the present model can deal with a larger number of design cases in the 
preliminary design stage. As an alternative to specify the design cases, 
the present model can clarify the influence of changing global design 
parameters in the design space. 

5. Characteristic of coupled responses 

In this section, the influence of the variation of design parameters on 
the coupled responses is presented as a preliminary design method or 
parametric study using present model. The study case is the same as in 
the previous sections; however, we focus on the CWP and the joint 
system as design parameters. Here, the inner diameter Din = 12.0m and 
the length L = 800m should be preferentially decided based on the 
planned capacity of power generation. Therefore, we exclusively 
address the other parameters: linear density, bending rigidity, joint 
system and clump weight. 

5.1. Parametric study on static displacement 

We firstly discuss the influence of the variation of parameters to the 
static displacement of CWP due to current. In this section, the fixed 
parameters are EI = 1.9 × 109kNm2 and Dout = 12.38m. Fig. 14 shows 
the relationship of the specific gravity ρ/ρf versus the top angle ϕ with 
variation of the ratio of clump weight to total wet weight μg = mcg/γgL. 
A lightweight pipe might be preferred for suspending CWP from the 
floating structure; however, the static displacement due to current in-
creases along with reducing the weight. 

The static displacement due to current can be reduced with a top 
rotational spring and a clump weight at the bottom. Fig. 15 shows the 
influence of top rotational stiffness α = krL/EI and a clump weight μg at 
ρ/ρf = 1.5. In Fig. 15 (a), it is observed that the displacement can be 
reduced by both of the boundary conditions, but the sensitivity of clump 
weight is higher than the flexible joint. Additionally, the clump weight 
can reduce the bending moment for α > 0.5 as shown in Fig. 15 (b). 

5.2. Parametric study on dynamic responses 

5.2.1. Setting-up design parameters 
In Figs. 9 and 10 for example, the roll peak is located between the 

third and the fourth mode of CWP. The wave peak period Tp is at 11.1 
seconds and at the neighborhood of the roll peak. We focus on such a 
relationship between the roll peak and the location of CWP modes in the 
frequency axis and the resulting response variation, in order to discuss 
the general response characteristics. Therefore, parametric analysis 

Fig. 13. Envelop of the maximum responses of the CWP for 3 hours: (a) axial 
force, (b) shear force and (c) bending moment. 

Fig. 12. PSD of the ship: (a) sway, (b) heave and (c) roll.  
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about bending rigidity and linear density is performed by using the 
present model for the WF domain. We normalize the bending rigidity EI 
with ρf gDin

5 then introduce the nondimensional parameter EI /ρf gDin
5. 

The range of EI/ρf gDin
5 is 100–10,000 and the specific gravity ρ /ρf is in 

the range of 1.5–7.0. Note that the parameters related to the hydrody-
namic force are fixed so as to focus only on the variation in bending 
rigidity; Dout = 12.38m, Cd = 0.8 and Ca = 1.0. Moreover, current and 
wind are also neglected in the static and the dynamic analysis as well. 

5.2.2. Effects of bending rigidity and specific gravity 
The maximum value of standard deviation for bending moment over 

the length with changing the bending rigidity and the specific gravity is 
presented in Fig. 16. As the bending rigidity EI/ρf gDin

5 increases, the 
excited mode shifts to lower mode and the curvature decreases. 
Nevertheless, since only bending rigidity increases while the amplitude 
does not change significantly, the bending moment ultimately increases. 
In addition, the highest natural period (the lowest mode) of CWP in the 
range of parametric study cannot be shorter than the wave period range; 
thus, the peaks due to resonance can be found in Fig. 16. The wave 
response characteristics at the local maximum and the minimum points 
in the curve of Fig. 16 are extracted and shown in Fig. 17. Figs. 17 (a), (c) 
and (e) show the local minimum point, and the roll peak of ship is be-
tween the modes of CWP. Figs. 17 (b), (d) and (f) show the local 
maximum point, and the roll peak coincides with either mode of CWP. In 
the latter case, the shape of roll RAO is significantly distorted, and the 
amplitude at the peak frequency without CWP is reduced due to the 
opposite phase between the CWP and roll. It is noted that the amplitude 
around the peak frequency without CWP can be larger in contrast. 

From Fig. 16, although the mass of wall of pipe is small compared 
with the added mass and mass of internal fluid, it is observed that 
heavier mass clearly decreases the damping ratio in particular at high 
bending rigidity. 

5.2.3. Effects of boundary conditions 
We subsequently focus on the boundary conditions of CWP. The ratio 

β = mc/(ρAL+maL) governs the dynamic behavior instead of μg for the 
static displacement. Since μg/(ρA+ma) must be limited to small in a 
practical design, we only discuss the top stiffness here. Fig. 18 shows the 
roll RAO at EI/ρf gDin

5 and ρ/ρf = 1.5. The top stiffness not only changes 
the modal characteristic but also adds the static coupling between ship 
and CWP. From Fig. 18, the rotational stiffness α = krL/EI shifts the peak 
frequency to high and decreases the amplitude as decreasing the ratio of 
wave exciting force to total of roll stiffness. Fig. 19 also shows the 
standard deviation of bending moment at top and global maximum. At 
α < 0.1, the global maximum occurs at the anti-node point of standing 
wave of bending. Here, it is observed that the response characteristic 
hardly changes. As the peak period of roll over α = 0.1 approaches the 
peak period of waves, the response increases and the maximum value 
transfers to the top at α > 20. The top bending moment increases until 
α = 100, over that, the bending moment decreases as the response of 
ship is only sway. However, although the roll cannot be avoided, smaller 
rotational stiffness or pinned joint is superior in CWP responses as the 
result. 

5.2.4. Conclusion of parametric study 
To conclude this section, a compliant structure with low bending 

rigidity and small mass is desirable to reduce the bending moment. For 
the condition that the roll natural period is slightly larger than the wave 

Fig. 14. Static top angle versus specific gravity with variable of ratio of clump 
weight to wet weight. 

Fig. 15. Static state with variable of top stiffness and mass of clump weight: (a) 
static top angle and (b)maximum static bending moment. 
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peak period, a pinned joint is more appropriate than a stiffened joint that 
shortens the natural period. Additionally, the case that the peak of roll is 
in between the natural periods of CWP can be expected to reduce the 
response. 

6. Conclusions 

For the design of floating OTEC plant, a coupled analysis of a floating 
body, a mooring system and a CWP should be employed due to the huge 
mass of internal fluid of CWP. This study has constructed a simplified 
model to easily comprehend the coupled responses, which will be useful 
in the early stage of design. The model configured a floating body, 
mooring lines, an elastic beam attached by a rotational spring and a 
damper and a clump weight at the bottom. The equation of planer 
motion and equilibrium are derived based on the basic principles of 
mechanics, and the beam is discretized by Galerkin’s method in order to 
more directly comprehend the relationship between the elastic mode of 
CWP and the rigid mode of floating body. These formulae are mathe-
matically tractable and could be easily implemented in interfaces with 
rich mathematical libraries such as Python or Matlab. 

The present model has been compared with time domain analysis by 
using OrcaFlex. In order for comparison, a 100 MW-net ship-shaped 
plant, spread mooring system with 12 taut legs, and GFRP CWP with a 
length of 800 m and an inner diameter of 12 m is configured as analysis 
cases. The present equations are solved in frequency domain with 
equivalent linearization of the drag force and the response spectra and 
the extreme values are compared. It is observed that the present model 
has predicted the coupled response with practically sufficient accuracy 
for the early design stage. We would like to highlight that the model/ 
method has the advantage of providing the coupled response at the early 
stage of design, and it can deal with more design cases and sensitivity of 

design parameters at this time. Meanwhile, in the later design stages, the 
hydrodynamic forces and nonlinearity of the mooring system, nonline-
arity of the CWP and 3D motions need to be addressed. 

As a preliminary design method applying present model, the influ-
ence of the variation of design parameters to the coupled response 
characteristic has been discussed through the parametric analysis of 
bending rigidity, linear density, top rotational stiffness and mass of 
clump weight. There exists strong interaction between ship and lateral 
vibration in the case when the roll peak coincides with either mode of 
CWP. On the other hand, it is difficult to make the natural period of 
lateral vibration of CWP shorter than the wave period to avoid reso-
nance. A compliant structure with low bending rigidity and small mass 
will be desirable to reduce the bending moment. 

In conclusion, the present model could facilitate the preliminary 
design of an OTEC floating plant and comprehension of the results of 
numerical simulations and model experiments. To further studies, we 
intend to focus on the effect of internal fluid and to discuss the variation 
of coupled characteristic and self-induced vibration problem of CWP. 
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Fig. 16. Maximum value of standard deviation of dynamic bending moment with variable of bending rigidity and specific gravity.  
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Fig. 17. RAO of roll and lateral modes with variable of bending rigidity.  
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Appendix A: Mode Functions 

The analytical solution shown in this appendix can be used for the mode function in Eq. (9). The governing equations of a lateral and axial 
deflection of an infinitesimal Bernoulli-Euler beam are: 

ml
∂2w
∂t2 + EI

∂4w
∂x4 = 0 (A.1)  

ma
∂2u
∂t2 − EA

∂2u
∂x2 = 0 (A.2) 

Here, w is lateral deflection, u is axial displacement, ml,ma are linear density for lateral and axial including added mass, E is Young’s modulus, A, I 
are area and moment of inertia of area. The boundary conditions are with rotational spring support at the origin, and a clump weight at the other end 
as below. 

x = 0  
{

w(0) = 0,EIw′′(0) + kw′

(0) = 0
u(0) = 0

(A.3)  

x = L  
{

EIw′′(L) = 0,EIw′′′ (L) − mcẅ(L) = 0
EAu′

(L) + mcü(L) = 0
(A.4) 

The general solution of Eq. (A.1) is denoted as: 
⎧
⎨

⎩

wi = ψie
jωt

ψi = C1,isinλi
z
L
+ C2,isinhλi

z
L
+ C3,icosλi

z
L
+ C4,icoshλi

z
L

(A.5) 

Fig. 18. RAO of roll with variable of top stiffness.  

Fig. 19. Standard deviation of bending moment with variable of top stiffness.  
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Substituting Eq. (A.5) for Eq. (A.3), the frequency equation with two parameters is obtained. 

(αβ + 1)λcosλcoshλ − (αβ + 1)λsinλsinhλ
+α(1 + cosλcoshλ) − 2βλ2sinλsinhλ = 0 (A.6) 

Here, we have non-dimensional values of frequency fi and boundary conditions α,β: 

fi =
λi

2

2πL2

̅̅̅̅̅
EI
ml

√

,α =
kL
EI

, β =
mc

mlL
(A.7) 

Then, λi,Cj,i(j= 1, 2, 3,4) are obtained by solving Eq. (A.6). 
Furthermore, the general solution of Eq. (A.1) is denoted as: 

⎧
⎨

⎩

ui = τiejωt

τi = Disinωi
z
L

(A.8) 

Substituting Eq. (A.8) for Eq. (A.4), the frequency equation is obtained. 

cosω − μωsinω = 0 (A.9) 

Here, we have non-dimensional values of frequency fi and boundary conditions μ: 

fi =
ωi

2πL

̅̅̅̅̅̅
EA
ma

√

, μ =
mc

maL
(A.10) 

Then, ωi,Di are obtained by solving Eq. (A.10). 
The example of calculation of λi and ωi are shown in Fig. A.1. In the lateral modes, a heavy clump weight reduces the natural frequency, and a 

stiffened rotational spring increases it in contrast. 

Fig. A1. Exact solutions of eigen values for rotational spring – mass beam and fixed – mass column.  
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Appendix B: Mode Functions 

- Inertia Matrix  

(B.1) 

- Hydrodynamic factor vector 

h(z) =
[

c s sy0 − cz0 z − ψT 0 T
]T

(B.2) 

- Constraint matrix  

(B.3) 

- Gravitation matrix  

(B.3) 

- Elastic forces  

(B.4)  

(B.5)  
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