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Abstract: Ocean Thermal Energy Conversion (OTEC) Cold Water Pipe (CWP) can be addressed
as a riser conveying fluid which is predicted to be unstable when the internal velocity exceeds its
critical value. However, the numerical analysis shows a momentum change at the free inlet, which
may influence the riser stability. Thus, this paper analyzed the stability of OTEC CWP analytically
by considering the force balance at the inlet. The modeling of the pipe and the variations in force
balance modeling were conducted using the finite element method where the pipe stability behavior
was assessed by observing the displacement of the last node of the pipe over time generated via the
Newmark time scheme method. The critical velocity on a small-scale fixed joint pipe model,
including shear force balance, was 5.06 m/s, while the critical velocity with partial shear force
balance and no shear force balance was between 2.3-2.4 m/s. In the full-scale model, the critical
velocity with shear force balance was 5 m/s and 4.75 m/s, for fixed joint and pinned joint,
respectively. Critical velocity generated by partially and fully excluding shear force balance on the
pipe model is 3.66 m/s and 3.68 m/s for the fixed joint and 3.58 and 3.62 for the pinned joint. The
results showed that the inclusion of shear force balance increased the critical velocity.

Keywords: Ocean Thermal Energy Conversion (OTEC); Cold Water Pipe (CWP); riser

conveying fluid, Finite Element Method (FEM), Internal Flow Effect (IFE)

1. Introduction

Ocean Thermal Energy Conversion (OTEC) is a
method to harvest solar energy stored in the ocean by
employing the temperature difference between surface
and deep seawater). The temperature difference must
exceed 20°C for viable utilization?. Thus, OTEC
resources mainly locate in countries with tropical or
subtropical climates®. To produce 100 MW-net electricity,
the Cold-Water Pipe (CWP) component is attached to a
floating platform to draw cold seawater from
approximately 800%-1000> meters of water depth.

The previous plant design required CWP with a 12 m
diameter to transport 235 m®/s of deep cold seawater®.
Recent studies indicated that with current technology, the
maximum diameter of the riser possibly attached to the
OTEC powerplant was only 3 m due to manufacturing
capability limitations. Thus, obtaining a similar net power
target required the installation of multiple pipes”.

The concept of the previously proposed OTEC floating
platform was adapted, and the front-view configuration
was visualized, as shown in Fig. 1®. The pipe is installed

in a free-hanging configuration which is very challenging
as this typical configuration is very fragile toward the
applied loads such as vortex-induced vibration”, Internal
Flow Effects'?, and plantship motion'". Several studies
related to OTEC CWP as a submerged riser conveying
fluid can be seen in Table 1.

STERN ELEVATION

-
A
- ’.// / N S

Seawater flow

Fig. 1: OTEC CWP configuration®)
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Table 1. Milestone Study

Reference Objective Method Results

17 Presenting analytical and numerical analyses of | Analytical Method | Numerical simulation was
OTEC CWP subjected to internal flow effect | (Galerkin Method) and | in a good agreement with
(IFE) and ambient fluid effects (added mass | Numerical Method | the analytical analysis.
and drag force). Analysis using non-linear and | (Finite Element Method)
linear differential equations is employed.

29 Determining design for OTEC CWP define as | Analytical Method and | Numerical and analytical
a riser conveying fluid considering internal | Numerical Method result was compared. Top
flow effect and boundary condition joint connection, pipe inlet

clump, and pipe material
were varied.

32 Presenting a numerical method for predicting | Numerical Method | The experimental data and
the response of a cantilevered tube conveying | (FEM) numerical results agreed
fluid, neglecting tube rotary inertia. well qualitatively.

413 Presenting Finite element model of pipe | Numerical Method | Improvement increased
conveying fluid and observing pipe behavior to | (FEM) critical velocity by 74.5
determine design improvement percent to 10.14 m/s.
optimization.

514 Investigating the dynamic response of marine | Finite Element Method | Beating and resonance
riser to top-end excitation. and Newmark Average | phenomenon was observed

Acceleration Method.

6% Analyzing the stability of OTEC CWP using | Semi-analytical Method | The  critical  velocity
the Finite Element Method. Considering | using Finite element | obtained from the analysis
centrifugal and coriolis force. model. In Time domain was around 4.5-4.8 m/s.

710 Provide an experiment to take a new look at the | Experimental Pipe at small scale still in
dynamics of pipe-aspirating fluid (water) stable condition at 2 m/s

fluid velocity
Because OTEC is in the early development stage, there reviews'®?® and based on experiences in other
are still a lot of uncertainties, including the design of applications in which the typical loads of OTEC CWP
OTEC CWP ', As shown in Table 1, the effect of the apply, composite material is the most suitable
force balance at the inlet has not been comprehensively candidate?!??),

included in the internal flow effects analysis for OTEC
CWP. Considering this, this paper analyzes the change of
critical velocity due to the variations in the description of
force balance at the free inlet considering the change of
momentum and velocity at the free inlet. The general
equation of the dynamic motion of the OTEC CWP in the
previous work was adapted”. Then the inlet boundary
conditions were modified following the descriptions
proposed by Paidoussis et al. '®. The equation obtained
was then solved using the Finite Element Method (FEM)
by transferring it into its virtual energy form and solved
in time domain analysis. The results have obtained and
generally pointed out that the force balance at the inlet
stabilized the pipe.

1.1 Material Selection for OTEC CWP

The main loads on the CWP and their trigger are listed
in Table 2 . In addition, the pipe is also subjected to the
internal flow effect, which is separately discussed in the
following subchapter. Table 2 shows that the
characteristics of OTEC CWP must include high
durability, toughness, lightness, chemical resistance, and
high-pressure tolerance?”. Resources from literature

Table 2. Loading parameters for material selection.

Type of Loading Cause

Fatigue strain Plantship motion

Axial strain Clump  weight, wet
weight

Bending strain Current

Seawater corrosion Lifespan

Pressure 1000m depth

The intended material properties can be obtained using
composite material by optimizing the fiber volume
fractions®?, layer components®, reinforcement® and
fabrication method?®.

Previous studies also examined the possibility of
utilizing composites as the OTEC CWP material and
found that the characteristics and material properties meet
the OTEC requirement'®. Thus, the composite material
was used for the full-scale model analysis.
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1.2 OTEC CWP as Pipe Conveying Fluid

Considering the characteristic of the CWP, it can be
analyzed following the principle of top-tensioned pipe
conveying fluid. Initially, Adiputra and Utsunomiya'®
included the internal flow effect in the design
consideration. Nevertheless, the drag force was
simplified to be linear and independent of the motion
frequency. In the subsequent study, Adiputra and
Utsunomiya” redefined the drag component by using an
analytical analysis with two definitions of the drag force
equation in the time and frequency domains. The
definitions were considered to generate linear and non-
linear dynamic equations of the pipe motion.

However, a contradiction occurs between analytical
prediction and experiments regarding the dynamic
stability of free-hanging pipe conveying fluid. The
analytical theory predicts instability beyond a relatively
small critical velocity value, while the experiment states
otherwise!®27:2),

To explain this contradiction, Kuiper and Metrikine?”
and Kuiper et al.3? stated that the significant stabilizing
factor on the pipe was the external hydrodynamic drag.
Paidoussis et al.'® and Giacobbi et al. *V proposed several
descriptions of the boundary condition for the transverse
balance forces at the free end of the pipe by setting the
pipe in a ‘free-hanging’ condition allowing the change of
external and internal flow fields at the inlet. The
difference between the velocity of external flow and
internal flow may lead to a change of momentum and can
further affect the stability of the riser.

In the most recent study by Adiputra and
Utsunomiya'”, Finite Element Modeling was developed
to investigate the dynamic behavior of riser conveying
fluid in time-domain analysis. The result supported the
theory that the riser should be unstable beyond its critical
value.

However, based on experiment results reported by
Hisamatasu et al. 3%, the pipe was still stable at a velocity
of two m/s. The fluid velocity of the experiment could not
reach the critical value predicted by the theory due to the
experiment facility limitation and high pressure lost along
the pipe caused by friction between the internal flow and
the riser. Thus, the critical velocity predicted by the
analytical equation could not be explicitly proven. As a
solution, the dynamic motions obtained from the
experiment were compared analytically with the
developed theory and numerically by utilizing the
software Orcaflex. The result showed that the riser
motion obtained from the experiment was far lower than
the result obtained from Orcaflex, indicating that the
critical velocity would be higher than the predicted one.

The results from Adiputra and Utsunomiya'® and
Hisamatasu et al.>? showed more clearly that there was a
gap between the theory and experiment regarding the
dynamic motion of the riser conveying fluid.

In the previous research results'>, the full-scale model
of OTEC CWP was predicted to lose stability in a ‘weak’

state, so the critical value would be difficult to be
observed in the time domain. Here, to better understand
the influence of momentum change on the stability of the
CWP and determine the critical velocity more accurately,
the scaled model with the same OTEC CWP
characteristic was employed as a small-scale model
expected to result in ‘strong’ instability. Then the full-
scale model was investigated by repeating the procedures
for the small-scale model.

2. Method

As mentioned, the Ocean Thermal Energy Conversion
(OTEC) Cold Water Pipe (CWP) can be addressed as a
free-hanging riser conveying fluid. The developed
theories predict that such a riser should be unstable when
the internal fluid velocity is above its critical value, either
oscillatory or statically. Here, the stability of OTEC CWP
was investigated analytically more accurately by
considering the force balance at the inlet, as found in the
numerical analysis using Finite Element Method (FEM).

In the first step, the general equation portraying the
dynamic behavior of OTEC CWP was adapted from the
previous studies and then transferred into virtual energy
forms. The force balance descriptions were included by
modifying the local stiffness and damping matrixes at the
bottom-end node. After inducing boundary conditions in
the global matrices, the system was solved using a
Newmark time-scheme method.

Initially, the general equation was adapted as”

*w %w 2 *w
EIF - Zufmfﬁ+mfuf ?4_ (mf +m, +
°w 2%w Z90*w | Tgrow
M) Gz ~Tor ozt Torioz T o+
2v2 dw _
WponwE =0 (1)

EI is the flexural rigidity of the pipe with length L,
mass per unit m,., and outer cross-sectional area A,. The
flow of the transported seawater is considered to move in
a plug flow motion with constant velocity u; and mass
my causing the pipe to displace w(z,t) at time ¢ and
distance z from the top-end of the pipe. Due to ambient
fluid, the pipe is subjected to added mass m, and motion
frequency w.

Accommodating the inflow direction effect and the
flow field changes below the entrance, the shear force
equilibrium at the inlet defined by Paidoussis et al. 2 was
considered as Egs. 2-4.

3w

EIZ% =0 2)
3w dw

Elﬁ—ufme=0 (3)
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3w

dw ow
Elg—ufmf(;—ufg)—o (4)
For convenience, from here onward, the ugm, ‘Z—V: part

. . 3
will be mentioned as C; and mfufz % as K;.The next

step is separating the t and z variables by assuming
that w(z,t) consists of two independent functions as

w(z, t) = AT(t)N(2) %)

In the FEM, the N(z) can be approached by a shape
function. Here refers to the well-known Hermite shape
function as®**¥

(1 — x/W)"2 (1 + 2x/k)
—(1—x/W)"2 x/h
(x/m)A2 (3 — 2h/1) 6)
(1 —h/D(h/D"2

N(z) =

h is the length of the element and x is the distance
between the considered point on the pipe in local
coordinate. Inserting Eq. 5 and Eq. 6 into Eq. 1 and
converting it into its virtual energy form in the local
coordinate system of riser element, Eq. 1 yields

fttlz foL(mf +m, + ma)NNT ATAAT dzdt +

t2 (L AT 2V2
ftl fO (ZufmfN N + 7”02/1}

Jore? /v
ufmf[NNT]L) ATOAT dzdt + frtf J-OL (EINWNT +

prA,wNNT —

meu N NT + [~Tgr (1= 2) | NONT + EENNT +

meu 2 [N'NT],) dzAT9AT dt = 0 (7)

Then, the C; and K; terms are also transferred into
its virtual energy form as C_eL = —usme[NNT] AT and
K., = mpu 2 [N'NT] AT respectively. Finally, Eq. 7 is
solved semi-analytically using MATLAB in the time
domain analysis via Newmark Method Time Scheme3>"
where the acceleration is considered constant for a
particular time step resulting in the motion velocity and
displacement at a specific time step as

Apy= A+ [(1 = y)(tiy1 — 8)]A,
+y(tivr — t)Bi4q 3

Divr= A+ (tiey — t)A; + [(0.5 = B) (tiry — £)°]4; +
Bltus = t) B ©)
The value of parameter v is set as 0.25, and the value

of parameter B is set as 0.5 following constant
acceleration. Initially, a nodal force is imposed at all

nodes of the elements along the pipe then the force is
released. If the system is stable, the pipe will displace and
gradually return to the static condition. However, if the
system is unstable, the motion amplitude will increase
either oscillatory or statically.

3. Small Scale Model

The numerical setup for the simulation is listed in table
3. The parameters for the small-scale model were adopted
from the previous study'>" as listed in Table 4 for the pipe
scantling and Table 5 for the material properties. The
stability was analyzed using a small-scale pipe model
fixed at the top and free at the bottom end of the pipe. The
internal fluid velocities were increased incrementally, and
the last node displacement graph was obtained for each
velocity value. Case one refers to the condition where C;
and K; are neglected as Eq. 2, case two indicates that
only C; is considered as Eq. 3, and case three means
both are considered as Eq. 4.

Table 3. Numerical simulation setup

Parameter Small-scale
Number of elements 50
Initial force 1.0E-3N
Total time

1 m/s velocity 50s

2 m/s velocity 100 s

>3 m/s Velocity 500 s
Timestep 1.0E-3

Table 4. Small pipe scantlings.

Parameter Scantling
Length of the pipe 4m

Inner diameter of the pipe 20 mm

Outer diameter of the pipe 22 mm

Table 5. Properties of the small pipe simulation.

Parameter Properties
Density of the pipe 1238 kg/m?
Modulus elasticity of the pipe | 2.8E9 Pa

Outer diameter of the pipe 1000 kg/m?

The responses of pipe motion for all cases were
observed at velocities of 1 m/s and 2 m/s, as shown in Fig.
2 and Fig. 3. The Y- axis is the response of the
displacement at the bottom end of the pipe in meter and
X- axis is the timestep. The green line shows the bottom
end displacement of case one, the blue line for case two,
and the red line for case three.

From Fig. 2, it can be seen that the displacement
amplitude spiked up and decreased significantly in a short
time from the release of the initial force. A slight flutter
in the first 10 seconds of the time step was also observable,
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particularly in case one. Then, the system went back to
the static, stable condition immediately.

Case one
[ ) Case Two

Case Three

Bottom-end displacement (m)

30 40 50
timestep (s)

Fig. 2: Small pipe response at us of 1.0 m/s.

Fig. 3 shows that system was stable despite the high
amplitude in the early step. After the initial force was
released, all lines showed an increase in amplitude,
whereas case 1 was observed to have the highest one. The
vibration amplitude then decayed and the pipe returned to
a stable condition. With the increase of fluid velocity
reaching relatively higher values, the response for each
case was unique. Thus, for clarity, the critical velocity
analysis will be done for each particular case separately.

Bontom-end displacement (m)

60 80 100
timestep (s)

Fig. 3: Small pipe response at uy of 2.0 m/s.

3.1 Critical Velocity Estimation for Case One

Figs. 4-6 plot the pipe response at around its critical
values covering velocities of 2.3 m/s, 2.4 m/s, and 2.32
m/s, respectively. As shown in Fig. 4, at a velocity of 2.3
nm/s, the system was still in stable condition, where a
small amount of flutter took place before returning to the
stable state. Compared to Fig. 2 and Fig. 3, where internal
flow velocities were 1 m/s and 2 m/s, the system had
higher motion amplitude and a longer time required to
return to its stable condition.

The instability was observed at a velocity of 2.4 m/s,
as shown in Fig. 5, pointed out by the increase in pipe
response. The system was in static instability condition
with no flutter, yet the displacement significantly
increased. Up to this step, critical velocity can be
predicted between 2.3-2.4 m/s.

e
14210

= = = =
= = o - L]

=
[

Bortom-end displacement (m)

=

100 200 300 400 500
timesiep (s)

Fig. 4: Small pipe response for case 1 at uy of 2.3 m/s.

f=1

Bottom-end displacement(im)

0 20 40 60 80 100
timestep(s)
Fig. 5: Small pipe response for case 1 at uy of 2.4 m/s.

For cautious investigation, the next analysis used a
flow rate increment of 0.2 m/s starting from 2.3 m/s. The
instability occurred at the velocity of 2.32 m/s, as shown
in Fig. 6. After the initial force was released, the flutter
took place with a slight amplitude increase. At the time
that the system converges, the rise in amplitude was
clearly visible.

o)
6 10 B }

o

S

[p]
T

Bottom-end displacement (m}
— [

o

0 100 200 300 400 500
timestep (s)
Fig. 6: Small pipe response for case 1 at u; of 2.32 m/s.

3.2 Critical Velocity Estimation for Case Two

The analysis procedure used in case one was duplicated
to analyze case two. In general, the results of case two
also showed the same tendency as case one. Figs. 7-9
plots the pipe response for case two at around its critical
values covering velocities of 2.3 m/s, 2.4 m/s, and 2.32
m/s.

Fig. 7 shows that the system at a fluid velocity of 2.3
/s first reaches high amplitude and then decayed flutter

- 1678 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 03, pp1674-1682, September 2023

in a concise amount of time while Fig. 8 indicates that jg A
fully static instability occurred at a velocity of 2.4 m/s. 2
A denser fluid velocity increment was carried out, S
resulting in the critical velocity being 2.32 m/s as shown %
in Fig. 9. The system first flutters and then got unstable .;51 05
with a relatively linear increment of bottom-end node :5 0’/ —
displacement. 5 L
$-05
g X10° kS
o 100 200 300 400 500

Timestep (s)
Fig. 10: Small pipe response for case 3 at uy of 5 m/s.

=2

However, by increasing the fluid velocity to 5.1 m/s,
only 0.1 m/s increased from the previous analysis, the
response of the pipe already shows instability, as shown
in Fig 11. The vibration amplitude increased along with

o

Bottom-end displacement(m)
'S

% 100 200 300 400 500 the timestep increment by means that negative damping
) timesten(s) occurs. Therefore, the critical velocity can be obtained
Fig. 7: Small pipe response for case 2 at uy of 2.3 m/s. from the 5-5.1 m/s range
i 15 ;
':\ 3
5008 &
S H
£005: P os
So0s 3
g g0
< 003F 3
3 $-05
L002: 5
E = o
= >
001 7
-1.5 :
0 : 0 100 200 300 400 500
0 100 200 300 400 500

Timestep (s)
Fig. 11: Small pipe response for case 3 at uy of 5.1 m/s.

fimestep(s)

Fig. 8: Small pipe response for case 2 at uy of 2.4 m/s.

4 A more refined analysis using a flow rate of 5.05 m/s
was calculated, resulting in Fig. 12. the system was still

£12 stable at this condition.
H
)
1
§ 15 «10™
308; '
& g
] s
H
¥ §05
§ 0.4 3
g Z 0
é 0.2 3
0 ‘ §-05
0 100 200 300 400 500 3
timesten(s) é 4
Fig. 9: Small pipe response for case 2 at u; of 2.32 m/s. g .
0 100 200 300 400 500

Timestep (s)

3.3 Critical Velocity Estimation for Case Three Fig. 12: Small pipe response for case 3 at uy of 5.05 m/s.

In case three, even the system vibrates with a slighter

decrease of motion amplitude and a more extended period For further analysis, another increment of 0.01 m/s
to return to its initial state, it was still stable up to 5 m/s, fluid velocity was added to the analysis resulting in Fig.
as shown in Fig. 9. The pipe fluttered with decaying 13. At a velocity of 5.06 m/s, the system was stable but
amplitude. very close to onset instability; the system kept vibrating

with a slight decrease of the vibration amplitude by
timestep. The critical value is obtained here.
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104
15’ 10
S
fos
3
g o
2
§-05
3
S
s -1
]
-1.5
0 100 200 300 400 500
Timestep (s)

Fig. 13: Small pipe response for case 3 at uy of 5.06 m/s.

3.4 Discussion on the small-scale results

The critical velocity had been obtained as listed in
Table 6, and the tendency of the pipe response due to the
increase of the internal fluid velocity had also been
observed for all cases.

Table 6. Critical velocity

Case Critical velocity
1 2.32 m/s
2 2.32 m/s
3 5.06 m/s

From Table 6, it is concluded that for case one and case
two, the tendency of the pipe response was similar,
resulting in the same critical velocity of around 2.32 m/s.
It can be pointed out that C; term did not significantly
influence the pipe response as its inclusion and the
negligence of this term did not change the pipe response.
However, comparing cases one and two with case three,
the critical velocity became 5.06 m/s, twice higher than
cases 1 and 2. It showed that the K; term significantly
increased damping force of the system so that the pipe can
be stable at higher fluid velocity.

4. Full Scale Model

The material for the full-scale model was FRP with
properties listed in Table. 7.

Table 7. FRP Properties

Parameters Scantling
Inner diameter 3m
Thickness 6 cm
Length 1000 m
Young's modulus | 9000 MPa
Density 1238 Kg/m?

The method and the analysis procedures for the small-
scale model will be carried out for the full-scale model.
For each case, the seawater transport velocity was
increased with an increment of 1 m/s and decreased

gradually near the critical velocity. In the analysis, the
pipe was divided into 100 elements with a total time of
1000 and a time increment of 1.

To investigate how the boundary condition at the top
joint influenced the critical velocities, in the full-scale
analysis, the connection between the CWP and the
platform varies to be in the pinned joint and fixed joints.
The obtained critical velocities are shown in Table 8.

Table 8. Critical velocity in m/s for Full-scale model

Fixed joint Pinned joint
Case 1 3.66 3.58
Case 2 3.68 3.62
Case 3 5 4.75

Table 8 shows that the critical velocity of the full-scale
OTEC CWP also increased with the inclusion of the K
term. The effect of the top joint connection on the critical
velocity was also significant when the K; term was
included.

Considering all the results together, it can be seen that
the force balance at the inlet of the pipe plays a significant
role in the pipe stability as mentioned in the precious
works stated in the introductions.

5. Conclusions

This paper has investigated the effect of variations in
the shear force balance at the inlet, as in cases one, two,
and three. The analysis was conducted using Finite
Element Modelling (FEM), and the time-dependent
function of the displacement equation was discretized
using the Newmark time scheme. The critical velocity
had been obtained. The tendency of pipe response due to
internal fluid velocity increase had also been observed for
all cases in the small-scale model analysis. The CWP
actual size was first scaled down to simplify the
investigation, and then the procedures were adopted for
the full-scale model.

In general, it can be pointed out that C; term did not
significantly influence the pipe response but the K; term
significantly stabilized the pipe response. This analysis
successfully proved that the critical velocity increased
with the introduction of shear force balance at the inlet.

The stability analysis in the frequency domain which is
preferable to portray the negative damping of the system
will also be conducted in the future. A more accurate
description of the general equation, the shear force
balance, and the depressurization condition at the inlet is
required to more precisely determine the Internal Flow
Effects (IEF) on the pipe stability. Experiment capability
on this typical configuration to conduct higher and more
stable internal flow velocity is also demanded.
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Nomenclature
A, outer cross-sectional area
EIl flexural rigidity of the pipe
L length of the pipe
mg added mass due to ambient fluid
ms mass of the transported fluid per unit
length
m, mass of the pipe per unit length
7, outer radius of the pipe
Tgr wet weight of the pipe
t time
Ur velocity of the transported fluid
w(z,t) tranverese displacement
z distance between the considered point

with the top-end of the pipe

Greek symbols
v kinematic viscosity of the transported
fluid
) motion frequency
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