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ABSTRACT: As a controllable power generation method requiring no energy storage, Ocean Thermal Energy
Conversion (OTEC) technology demonstrates characteristics of abundant reserves, low pollution, and round-the-clock
stable operation. The free-standing cold-water pipe (CWP) in the system withstands various complex loads during
operation, posing potential failure risks. To reveal the deformation and stress mechanisms of OTEC CWPs, this
study first analyzes wave particle velocity and acceleration to determine wave loads at different water depths. Based
on the Euler-Bernoulli beam model, a quasi-static load calculation model for OTEC CWPs was established. The
governing equations were discretized using the finite difference method, and matrix equations were solved to analyze
bending deformation, bending moments, and surface stresses at discrete points along the pipe. Results indicate that
water depths within 50 m represent a critical zone where wave particle velocity, acceleration, and wave loads exhibit
significant variations in harmonic patterns, while beyond 50 m depth wave loads decrease linearly. Ocean currents
and surface wind-driven currents substantially influence the CWP’s lateral displacement. Considering the effect of
clump weights, the maximum lateral displacement occurs at 600-800 m below sea level. Utilizing large-wall-thickness
high-strength pipes at the top section significantly enhances the structural safety of the CWP system.
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1 Introduction

Ocean Thermal Energy Conversion (OTEC) refers to the harnessable energy derived from the
temperature difference between surface and deep seawater. It represents the largest energy reserve among
various forms of ocean energy [1]. Compared to other marine energy sources, OTEC is minimally affected
by weather, diurnal cycles, or seasonal changes. Utilizing Rankine cycle, OTEC enables stable power
generation around the clock, characterized by its vast reserves and less pollution [2,3]. Additionally, it is a
power generation method that can achieve controllable electricity supply without requiring energy storage
systems [4]. As a green and sustainable energy source, OTEC contributes to addressing energy shortages.
The electricity generated can improve living conditions on remote islands and enhance the operational
capacity of offshore facilities. Moreover, the extracted high-quality deep seawater opens new avenues for
comprehensive marine resource utilization [5,6].

OTEC harnesses the temperature gradient between surface and deep seawater for energy conversion,
achieving power generation through a Rankine cycle process [7]. The system uses warm surface seawater
to vaporize a low-boiling-point working fluid. The expanding gaseous working fluid then drives a turbine
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to generate electricity [8]. The spent vapor is condensed back into liquid by cold deep seawater, completing
the cycle as illustrated in Fig. 1 below [9].
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Figure 1: Schematic diagram of ocean thermal energy conversion principle [9].

The characteristic parameters and technical parameters, including length, wall thickness, material,
and diameter of the cold-water pipe is crucial for Ocean Thermal Energy Conversion (OTEC), as only
when the water intake depth reaches a certain value can it provide a sufficient temperature gradient [10].
Typically, for ocean thermal energy equipment with a capacity exceeding 100 MW, the diameter of the
cold-water intake pipe is no less than 10 m, while the wall thickness of such a large-diameter pipe is
only about 10-50 mm [11,12]. Additionally, to ensure the cold source temperature is sufficiently low, it is
generally necessary to extract deep seawater from depths of approximately 800-1000 m [13,14]. Since the
cold-water pipe is installed in a suspended manner on the OTEC platform, environmental factors such as
wind, waves, currents, and platform movement in the marine environment can significantly impact the
safety of the cold-water intake pipe. To ensure the operational safety of the cold-water intake pipe, it is
necessary to analyze its mechanical behavior under marine environmental conditions to obtain reliable
operational results.

In terms of the safety of cold-water pipes in OTEC systems, scholars domestically and internationally
have conducted extensive research. For instance, studies have investigated the impact of variations in
water transport flow rate on the structural integrity of pipe during commercial development, and the
feasibility of applying glass fiber reinforced plastic (GFRP) cold water pipes in offshore environments was
validated. This pipe was developed by modifying traditional land-based pipes, with an outer diameter of
4 m, and it was confirmed that it can be installed using marine ships [15]. Some scholars have focused on
the mechanical performance of marine pipelines, studying free-spanning pipelines and risers, among other
marine pipe structures. They conducted theoretical analyses and experimental tests on issues related to
vibration and fracture, clarifying the influence mechanisms of internal/external flow-induced vibrations,
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microstructure, and fracture toughness. This work provides theoretical guidance for the application of
such pipelines [16,17]. Regarding vortex-induced vibration in pipelines, scholars have considered factors
such as current velocity and pipeline structure. They analyzed key parameters affecting vortex-induced
vibration, including lift coefficient, drag coefficient, shedding frequency, and determined the characteristics
of vibration changes through theoretical analysis [18,19]. In terms of fatigue performance, researchers
have developed various fatigue damage evolution models and investigated the effects of factors such as
corrosion pits and pre-stress on the fatigue behavior of pipelines [20,21].

In the analysis of the mechanical properties of OTEC CWP, research mainly focuses on the following
aspects. Halkyard et al. [22] pointed out that the design of the cold-water pipe is a technical challenge in
OTEC system design, and due to the large volume of seawater within the cold-water intake pipe, the dynamic
coupling between the cold-water pipe and the platform is particularly important. To address this, they
developed corresponding software systems for analyzing the coupled response of the cold-water pipe and
the platform, while also verifying fluid flow within the pipe and local effects at the pipe-platform connection.
Si et al. [23], without considering waves, currents, or platform motion, studied the impact of internal flow
on the dynamic performance of the cold-water pipe. Their model was a cantilevered fluid-conveying pipe
beam model, using the Galerkin method to discretize and solve the equations. They analyzed the effects of
axial flow velocity ratio, flow angle ratio, and tangential flow velocity ratio on critical flow velocity, noting
that the tangential flow velocity ratio is a prerequisite for correctly evaluating and accurately predicting
critical flow velocity. Guan et al. [24], based on deepwater drilling conveyance pipes, analyzed various
complex loads acting on the conveyance pipe in the marine environment. Using Euler-Bernoulli beam
theory, they established a quasi-static load calculation model for deepwater conveyance pipe, studying
the effects of marine environmental loads, platform offset, bottom counterweights, and other factors on
the stress, deformation, and strength of the conveyance pipe, and proposed optimization solutions for the
pipe structure. Zhang et al. [25], considering the marine environmental conditions of the pipe, applied
the generalized integral transform method to solve the vibration equations of the Euler-Bernoulli beam
model under multiple boundary conditions. They studied the time-effectiveness of the dynamic response
of the pipe, analyzed natural frequencies and pipe amplitudes under different boundary conditions such
as structural damping, internal flow velocity, external flow velocity, and counterweights, and proposed
conditions for the occurrence of critical instability flow velocity. Hou et al. [26] established a fluid-structure
interaction model combining the structural equations of the OTEC platform’s cold-water pipe and the wake
oscillator equations, conducting a time-domain analysis. They studied the effects of external flow fields,
internal flow fields, aspect ratio, and ballast mass on the vortex-induced vibrations of the cold-water pipe.
Gu et al. [27] used the generalized integral transform to study the dynamic response of vortex-induced
vibrations in long-distance flexible pipes. They established a time-varying second-order partial differential
equation considering cross-flow forces and solved the model using the generalized integral transform and
the DIVPAG method, concluding the effects of flexible pipe elongation on mean axial tensile stress and
the impact of axial tension changes on vortex-induced vibrations. Rasgianti et al. [28] studied the bending
effects of ocean currents on the cold-water pipe, validated its structure using numerical analysis methods,
and identified an optimal simulation mesh size of 55 mm.

This paper addresses the stress issues in the cold-water intake pipe of offshore floating OTEC systems.
Based on the Euler-Bernoulli beam model, a static load calculation method for the cold-water pipe is
established. The lateral displacement of the pipe and surface stress under different marine environmental
conditions are analyzed, providing a theoretical basis for the strength design of cold-water intake pipes in
OTEC systems.
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2 Mechanical Model of Cold-Water Intake Pipe

During the ocean thermal energy conversion sea trial, the cold-water intake pipe is deployed to a
certain depth in the ocean via an engineering vessel. Deep cold seawater is extracted through a cold-water
pump to serve the condensation and cooling process in the condenser. The entire cold water intake pipe
is exposed to seawater, with its lower end connected to counterweight blocks. It is subjected to various
forces, including the pipe’s gravity, buoyancy, wave forces, and ocean current forces. The physical model
and force analysis are illustrated in Fig. 2 below. To establish the mechanical model of the cold-water intake
pipe, the following assumptions are made:

(1) The intake pipe is considered as a small-deflection beam undergoing combined axial-flexural
deformation under transverse loading.

(2) The influence of pipe joints is neglected, and the pipe remains in the elastic deformation stage with
isotropic material properties.

(3) Both the internal and external flows are homogeneous, with the internal flow being unidirectional and
having constant velocity and seawater density.

(4) The lift force from ocean currents and the heaving motion of the vessel are neglected. The wave force
and ocean current force acting on the intake pipe are assumed to propagate in the same direction.

(5) The virtual tension generated by the liquid level difference inside the pipe is neglected.
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Figure 2: Physical model and force analysis of the free-standing cold water intake pipe column for OTEC.

The main nomenclature is determined in Table 1.

Table 1: Nomenclature.

EI Bending stiffness of the intake pipe N-m?
T(x) Axial load distribution along the x-direction of the intake pipe N
Gunit Submerged weight per unit length of the intake pipe N
F(x) Transverse wave-current load distribution along the x-direction of the intake pipe in seawater N

w Circular frequency of the cold-water pipe rad
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Table 1: Cont.

Fp Drag force generated by wave-current interaction N

F Inertial force generated by wave-current interaction N

D, Outer diameter of the intake pipe m
Seawater density kg/m®

Cp Drag force coefficient, dimensionless Dimensionless

Vi Horizontal velocity of water particles due to waves m/s

Ve Velocity of water particles induced by ocean currents m/s

Cn Inertial force coefficient, dimensionless Dimensionless

ay Acceleration of water particles induced by waves m/s?

Vin Wind-induced current velocity at the sea surface m/s

Vi Tidal current velocity at the sea surface m/s

h Water depth m

H Wave height m

Ty Wave period s

k Wave number, k = 271/L,, Dimensionless

Wy Wave circular frequency rad/s

The small-deflection beam under combined axial-flexural deformation can be treated as an
Euler-Bernoulli bending beam with a fixed top and free bottom. Using the top of the pipe as the coordinate
origin, the direction of the ocean current as the y-axis, and the vertically downward direction of the pipe as
the positive x-axis, the governing equation of the intake pipe can be expressed as:

EI[1+ (5)3
w/ ot

During operation, the intake pipe is in a tension state. The effective axial load is given by:

dy 2142y dy
X r U2 =2 — Guii—> = F(x, t 1
dx* [ (3) +my ] dx? dx (. 8) W

!
T(x) = Guad + / Gunirdx @)

In the transverse direction, the pipe is primarily subjected to the combined action of wave and current
forces. When the diameter-to-length ratio of the pipe is less than 0.2, the presence of the pipe can be
considered to have negligible influence on wave dynamics. Under such conditions, the Morison equation
may be employed to represent the combined wave-current force per unit length acting on the water intake
pipe, expressed as follows:

D T
F(x)=Fp+F = 7* pCp(vy + V)0 + ve| + ZDprmaW (3)

To calculate the effect of ocean current forces on the intake pipe, it is necessary to determine the
variation of current velocity with water depth. In the absence of measured data, the formula recommended
by the American Bureau of Shipping is adopted:

) = o) () @
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Linear wave theory is applied to compute the horizontal velocity and horizontal acceleration of water
particles:

- TH ch(kx)
Y T, sh(kH)

cos(ky — wyt) (5)

o W 27%H ch(kx)
Yoot T sh(kH)

sin(ky — wyt) (6)

The finite difference method is employed to express the derivatives in the governing equation of the
intake pipe using their difference quotient forms:

dy Vi+1 — Yk—1 2
'l — Skl Jk-1 h

<dx>k w o) @
d*y _ YVit1 — 2Yk + Ykt 2

(dx2>k_ h? +o(I) ®

d* —4 + 6y, —4 + Vi
( y) _ Vi+2 Vk+1 Yk Yk+1 T Yi—2 + o(hz) )
k

dx* h4

Substituting Eqgs. (7)-(9) into (1) yields:

EI w T 4EI 6EI 2Ty 4EI T w EI
R i ia Sl Bl ol Rl vl v Ry yk+1+ﬁJ/k+2:F(Uk) (10)

in which, T(k) = Gaag + 255 1Gypnir, F(vr) = Fi(x)| y—iph.
In the model, the boundary conditions are defined as follows: at the origin (top of the pipe), the
displacement is 0 and the rotation angle is 0; at the bottom of the pipe, the bending moment is 0 and the

shear force equals the combined wave-current force:

Yx=1=10 (11)
O0x=1=0 (12)
My=nt1 =0 (13)
Qx=nt1 = F(Un41) (14)

According to the theory of material mechanics, the rotation angle, bending moment, and shear force
of a Euler-Bernoulli beam can be expressed as follows:

dy
0=— 15
Ix (15)
M= —Elﬁ (16)
B dx?
d3
0= _g1%Y (17)
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Substituting Egs. (7)-(9) and Eqs. (15)—(17) into Eqgs. (11)—(14), respectively, and simplifying, the
boundary conditions of the discretized governing equations for the CWP are obtained as:

=0 (18)
Ya=y1=0 (19)
Yn+2 = 2Yne1+ Yn =0 (20)
Yn+3 = 2Yns2 + 2Yn — Yn1 = Fi(pi1)H’ (21)

From the above Egs. (18)-(21), four equations are derived. Combined with the n + 1 equations from Eq.
(10), this gives a total of n + 5 equations. These n + 5 equations determine n + 5 unknowns, allowing the
solution of the system to be determined. The matrix form of the above equations is as follows:

[AI[Y] = [S] (22)

here, Y represents the displacement vector at discrete points of the pipe, S is the lateral force matrix
at the discrete points, and A is the coefficient matrix in Eq. (10). Numerical discretization and solution
of the established equations were implemented using the Python programming language. The finite
difference method was applied to discretize the differential operators in the equations, and efficient matrix
operations were achieved using NumPy arrays in Python. By solving the system under these conditions,
the displacement deformation, rotation angle, bending moment, and shear force of the intake pipe can
be obtained. This enables the analysis of the forces and strength of the ocean thermal energy conversion
intake pipe, The detailed calculation process is illustrated in Fig. 3.
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Figure 3: Flow chart of calculation process.
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3 Case Study

Taking China’s first Ocean Thermal Energy Conversion power generation project as an example. In
2023, China’s first 20 kW offshore floating ocean thermal energy conversion (OTEC) power generation
system, deployed aboard the “Marine Geology No. 2” vessel, successfully completed sea trials in the South
China Sea, as shown in Fig. 4. The system operated for a total duration of 4 h and 47 min, achieving a
maximum power output of 16.4 kW with an effective power generation efficiency of 17.7%. These results
validate the feasibility and practical applicability of the OTEC system’s working principle [29].

Figure 4: Sea trial operation site [29].

To validate the design rationale of the 244.5 mm CWP utilized in the 20 kW OTEC system and to
provide theoretical support for subsequent CWP designs in OTEC systems, conduct a systematic analysis
of the hydrodynamic forces acting on the CWP in its operational environment. Based on the mechanical
model of the CWP, the investigation further examines the pipe’s displacement and surface bending moment
under varying current and wind-induced flow velocities. The CWP calculation parameters seen in Table 2.
The calculation results are as follows.

Table 2: Physical properties of CWP case.

Parameters Value
CWP length, m 1000
CWP outer diameter, mm 244.5
CWP wall thickness, mm 11.99
CWP modulus of elasticity, GPa 210

CWP Poisson’s ratio 0.3
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Table 2: Cont.

Parameters Value
CWP density, kg/m® 7850
Bottom counterweight, t 20
Seawater density, kg/m® 1025
Seawater drag coeflicient 1.2
Inertial force coefficient [30] 2.0
Wave period, s 8
Wave height, m 6.5
Surface tidal current velocity, m/s 2
Surface wind-driven current velocity, m/s

0.5
Note: In practical applications, the drag coefficient (Cp) and inertia coefficient (C,,) should be determined based on the

Reynolds number or Keulegan—Carpenter (KC) number to ensure accurate representation of hydrodynamic loads under specific
flow conditions.

3.1 Wave Load Analysis

Figs. 5 and 6 illustrate the variations in water particle velocity and acceleration due to currents at a
depth of 100 m below sea level. The figures indicate that at 50 m below the sea surface, the water particle
velocity and acceleration change significantly. The water surface exhibits simple harmonic oscillations,
vibrating with a fixed circular frequency, while the wave pattern propagates forward at a certain speed,
with the wave midline coinciding with the still water level. Below 50 m depth, the particle velocity and
acceleration are almost unaffected by the wave period, and the particle acceleration becomes zero.
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Figure 5: Water particle velocity from 0 to 100 m.
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Figure 6: Water particle acceleration from 0 to 100 m.

Under the conditions of a wind-driven current velocity of 2 m/s and a tidal current velocity of 0.5 m/s,
the wave loads at different depths up to 100 m below sea level are shown in Fig. 7. The figure shows that the
wave loads at different depths exhibit sinusoidal fluctuations with a fixed circular frequency. Within one load
cycle, the maximum value is 362 N. When the water depth exceeds 50 m, the wave load decreases sharply,
and the influence of the wave period on the load also diminishes significantly, stabilizing at around 40 N.
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Figure 7: Wave load from 0 to 100 m.

Due to the limited effective depth of wave load influence, when the water depth exceeds 100 m, the
wave load decreases linearly, dropping from 40 N at 100 m to 10 N, as shown in Fig. 8.
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Figure 8: Wave load from 100 to 1000 m.

3.2 Pipe Lateral Displacement

Fig. 9 below analyzes the lateral displacement of the intake pipe under a tidal current velocity of
0.5 m/s and wind-driven current velocities ranging from 0.5 to 3.0 m/s. When the tidal current velocity is
fixed, the maximum lateral displacement of the pipe gradually increases as the wind-driven current velocity
increases. When the wind-driven current velocity reaches 3.0 m/s, the maximum lateral displacement of the
pipe reaches 17 m, occurring near the depth of 700-750 m. Below 700 m, the lateral displacement gradually

decreases due to the restraining effect of the counterweight block, eventually stabilizing at approximately
16.5 m at the bottom of the pipe.
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Figure 9: Lateral deformation of the intake pipe under different wind-driven current velocities.
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Fig. 10 below analyzes the lateral displacement of the intake pipe under a wind-driven current velocity
of 2 m/s and tidal current velocities ranging from 0.1 to 0.9 m/s. When the wind-driven current velocity
is fixed, the maximum lateral displacement of the pipe gradually increases as the tidal current velocity
increases. When the tidal current velocity reaches 0.9 m/s, the maximum lateral displacement of the pipe
reaches 11.3 m, occurring near the depth of 580-630 m. Below 650 m, the lateral displacement gradually
decreases due to the restraining effect of the counterweight block, eventually stabilizing at approximately
9.1 m at the bottom of the pipe.
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Figure 10: Lateral deformation of the intake pipe under different tidal current velocities.
3.3 Outer Surface Bending Moment of Pipe

Fig. 11 shows the surface stress distribution of the intake pipe under a wind-driven current velocity of
2 m/s and a tidal current velocity of 0.5 m/s. Given the minimal pressure difference between the inside and
outside of the intake pipe, the influence of radial and hoop stresses on the total stress is neglected. The
figure indicates that the maximum stress on the outer wall of the intake pipe occurs at the top. The total
stress at the top, under the combined action of tensile and bending stresses, is 229 MPa. This suggests that
using a pipe with greater wall thickness and higher strength at the top of the structure is beneficial for
enhancing the structural safety of the intake pipe. As the water depth increases, the total stress on the outer
wall gradually decreases. At the bottom where bending stress is relatively small, the stress is primarily
influenced by the tensile stress from the lower counterweight block.

As evidenced by the aforementioned results, wave-induced loads are predominantly concentrated in
the upper 100 m, exhibiting a gradual attenuation with increasing depth—decreasing from 40 N to 10 N.
Therefore, during the CWP design phase, structural reinforcement in the upper section must be considered
to prevent potential failure caused by these elevated loads.

The primary factors influencing external hydrodynamic loads are identified as wind-induced and tidal
current velocities. Within one operational cycle, the maximum external load reaches 362 N. Under this
load condition, the 1000-m CWP demonstrates significant lateral displacement within the 100-200 m depth
interval. When subjected to a tidal current velocity of 0.5 m/s combined with a wind-driven current velocity
of 3.0 m/s, the maximum displacement in the lower section can attain 17 m.
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Further analysis of surface stress distribution reveals that the total stress exceeds 150 MPa in the upper

100-m segment. This stress level imposes stringent requirements on both the strength and bending resistance

of the upper pipe section. Consequently, the structural design process should incorporate appropriate

measures to enhance strength and increase wall thickness in this critical region, thereby improving the

overall structural suitability of the CWP system.
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Figure 11: Surface stress of the intake pipe at different depths.

4 Conclusion

This study investigates the displacement and surface stress of the OTEC CWP under varying load

conditions, yielding the following conclusions:

(1)

This study comprehensively considers the influence of the marine environment on the OTEC cold
water intake pipe. Based on linear wave theory, the flow velocity and acceleration of water particles
under waves were analyzed, along with the wave loads at different depths. Using the Euler-Bernoulli
beam model, a static load calculation method for the cold-water pipe was established, enabling a
quantitative analysis of the lateral displacement and surface stress of the intake pipe.

At depths above 50 m below sea level, the velocity and acceleration of water particles induced by
waves exhibit simple harmonic motion. The wave profile oscillates symmetrically about the still water
level and propagates forward at a characteristic phase velocity. With increasing tidal and wind-driven
current velocities, lateral deformation of the intake pipe progressively intensifies. Due to the influence
of bottom weights, the maximum lateral displacement occurs at depths between 600 and 800 m below
sea level.

The maximum surface stress on the CWP is observed within the upper 100-m segment, which also
corresponds to the region of most significant lateral displacement. Consequently, during subsequent
structural design phases of the CWP, particular attention should be paid to the mechanical behavior of
this section. Appropriate measures including enhanced material strength and increased wall thickness
are recommended to improve the pipe’s operational reliability and structural safety.
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