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ARTICLE INFO ABSTRACT

Article history: The cold-water pipe in Ocean Thermal Energy Conversion (OTEC) is a very important part
Received 3 October 2023 of the process of producing electrical energy. The cold-water pipe functions to convey
Received in revised form 20 December 2023 ¢o|d water with a temperature of 5°C from a sea depth of >500 m to the sea surface. The
Accepted 31 December 2023 cold water in the pipe is allowed to experience a temperature increase of <3°C so that it
Available online 15 January 2024 can be used to dilute the ammonia in the condenser. The use of polymer composites as
cold-water pipe materials is a challenge because the hydrodynamic load from seawater
currents fluctuates in a direction perpendicular to the position of the pipe. The pipe
length reaches >500 m consisting of several pipes connected using the Friction Stir
Welding method. This research was conducted to determine the effect of the
hydrodynamic load of seawater currents on Friction Stir Welding (FSW) connections, the
stress distribution in pipe joints, and the thickness of pipes that are safe to use as OTEC
cold water pipes. In addition, simulations were carried out using Inventor software on
pipes with a length of 500 m, a diameter of 4 m, and variations in thickness from 18 cm
to 30 cm which produced von Mises yield stress and stress distribution at different joints
at each pipe thickness. In pipes with a thickness of less than 20 cm, the stress and stress
distribution are purely influenced by the hydrodynamic load of seawater currents.
Meanwhile, in pipes with a thickness greater than 24 cm, the stress that occurs in the
pipe is influenced by the current and weight of the pipe. In pipes with a thickness greater
than 24 c¢m, the stress in the pipe is concentrated in the middle of the joint which is the
critical part of the pipe and is the initial point of failure. It was found that at a pipe
thickness of 22 cm, the stress was distributed almost evenly because the stress caused
by seawater currents was reduced by the heavy load of the pipe. So, from the simulation
of cold-water pipes with polymer composite materials that experience hydrodynamic
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1. Introduction

The world's growing energy demand for clean and sustainable power generation, as well as
energy efficiency offers valuable opportunities for large-scale implementation of Ocean thermal
energy conversion (OTEC) and seawater Air Conditioning (SWAC) [1,2]. Ocean Thermal Energy
Conversion is a process that can produce electrical energy by using the temperature difference
between warm tropical surface waters and deep cold ocean water (subsea) [3-5].

The challenge in building an OTEC power plant is the construction of cold-water pipes or the term
Cold Water Pipe (CWP), which functions to drain cold water to the surface from sea depths ranging
from 500-1000 m [5-12], with a pipe diameter of about >4 m [13,14]. Pipe materials suitable for cold
water pipes based on the above requirements are pipes made of thermoplastic polymer materials
and polymer matrix composites because polymer materials are light and insulating. Of the various
types of polymer materials, HDPE is the most appropriate to use [15,16], because HDPE is more
flexible, lighter, and has lower electrical conductivity than heavier PVC and polyester materials with
high conductivity even though it is flexible [17,18].

The connection of cold-water pipes is very important to obtain pipe joints that are resistant to
fluctuating tensile loads due to seawater currents and produce connection
characteristics/performance equal to or better than the thermoplastic polymer material and the
initial polymer matrix composite. This research is focused on joining the FSW technology method for
thermoplastic polymers or HDPE composites that will be applied to the OTEC industry.

Friction Stir Welding (FSW) is a solid-state joining process that uses frictional heat generated by a
rotating tool to join materials. According to Pramanik et al., [19] the most efficient joining method to
date is the welding process, such as electric resistance welding, ultrasonic welding, hot plate welding,
linear vibration welding, friction stir welding, and so on. FSW has been widely applied for joining
aluminium alloys, titanium alloys, and other materials that are difficult to perform by fusion welding.
Recent scientific studies suggest that FSW has the potential for the incorporation of thermoplastic
polymers and polymer matrix composites [20].

The choice of polymers and polymer matrix composites has the advantages of high specific
strength, good corrosion resistance, excellent design freedom, and processing ability, which provide
the potential for to reduce costs and increase production efficiency with low environmental impact
in the aerospace, automotive, and electronic device industries [21,22]. The polymer specialist group
for the subsea sector also revealed that polymer materials enable significant cost reductions and
efficient solutions for Ocean thermal energy conversion (OTEC) and seawater Air Conditioning
(SWAC) technologies [23].

The European Plastic Product Manufacturer (EPPM) has produced the world's largest polymer
pipe without any type of composite reinforcement with an internal diameter of 3.5 m [24]. Producing
commercial polymer pipes is generally carried out by an extrusion process that produces long
products. The most commonly used jointing of polymer pipes is the fusion welding process with a
limited ability of a maximum pipe diameter of 1.6 m [8].

The use of large-diameter pipes is urgently needed in the OTEC industry, to produce 100 MW-net
electricity, the CWP must be extended to a depth of 800 m with an internal diameter of 12 m
[8,25,26]. Cost estimation studies for OTEC development state that the cost to build a CWP is around
15-20% of the total capital cost [25-27]. OTEC requires expensive capital investment and operating
costs compared to other energy resources, large diameter pipelines are submerged about one mile
below sea level [9]. Lockheed Martin Corporation is researching the development of CWP with a
diameter of 4 m with long fibre composite HDPE materials, manufacturing is carried out by an
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adhesive process for joining HDPE sheets and a resin infusion moulding process for bonding HDPE
sheets with long fibres [15,28].

The selection of FSW joints provides a solution for joining composite HDPE sheets having linear
splice paths and joining HDPE composite pipes with rotary splice paths. The potential advantages of
this welding over existing fabrication welding techniques, such as hot gas and extrusion welding, are
increased productivity, particularly for thicker sections (> 10 mm; > 0.39 in); continuous welding
possible; the ability to weld almost any thermoplastic; simple joint design; practically dust-free
welding does not require cleaning of the joint surface; and most importantly automated processes,
resulting in better quality assurance and reduced weld failures [21,29,30]. The characteristics of a
good FSW process connection can be considered with three parameter categories, namely: machine
parameters, welding tool parameters, and material properties by optimizing all three based on the
application [31]. A limitation of the current FSW process is that it has only been proven to produce
linear weld passes, and is not currently commercially available.

HDPE polymer is highly recommended for application as a CWP material in OTEC installations
[13,16]. The use of short-fibre HDPE composites makes it easier for the FSW process to combine joint
bonds compared to long fibres. Proposed FSW as a short fibre composite HDPE cold water pipe
welding process as a development solution for pipe manufacturers and connectors with an internal
diameter of > 3.5 m which is a big problem for CWP at OTEC.

In this paper, the authors aimed to utilize a general method, being able to tackle the
hydrodynamic load effect on HDPE cold water pipe joints. The relative locations of cold-water pipes,
the Reynolds number, and the degree of turbulence in the incoming flow are just a few of the
variables that affect the hydrodynamic interaction between cold-water pipes in a uniform stream
Thus, in this paper we investigate the effect of differences in pipe strength at the joints on the
seawater current load that weighs on the pipe. To obtain a safe thickness of HDPE fiberglass
composite pipe at the pipe joints used as ocean-based OTEC cold water pipes. Meanwhile, other
dimensions of the pipe such as an inner diameter of 4 m and a pipe length of >500 m are appropriate
based on the results of research on the OTEC power plant with a capacity of 100 MW [37]. Therefore,
in this research, the critical issue is the pipe connection section with a pipe thickness that is safe for
current loads with a maximum speed of 0.8 m/s in Indonesia [8]. The stress distribution at the pipe
joint due to hydrodynamic load becomes a critical issue during operation using the Friction Stir
Welding (FSW) system.

2. Research Method
2.1 Material

The method or technology known as "ocean thermal energy conversion" (OTEC) uses the
temperature differentials, or "thermal gradients," between ocean surface waters and deep ocean
waters to generate electricity. The material of the pipe is a polymer composite made of E-Fiberglass-
reinforced High-Density Polyethylene (HDPE). In contrast to the use of steel pipe materials, it is hoped
that this composite material will make the pipe corrosion resistant, require less maintenance, be
lighter, not float, and have a very small temperature rise of the cold water in the pipe. This will allow
the cold water flowing in a pipe longer than 500 meters to be used in the condenser to liquefy
ammonia.

Cold water pipes with a length of >500 m require a connection process for installation at the OTEC
factory, due to limited equipment for making pipes with a length of 500 m in one production run, and
also in transportation from the fabrication location to the open sea location. Therefore, the 12 m
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long pipe was brought to the OTEC installation location on the high seas and the connection process
was carried out using a friction welding system. so that the overall length of the pipe is 500 m.

The joining process in this research was carried out using the Friction Stir Welding method with
feeding 5 mm/min and a speed of 800 rpm as shown in Figure 1.

s - o5 o e =
Fig. 1. The process of welding short fiberglass-HDPE composite specimens with controlled temperature,
feeding, and speed using an NC Milling machine and at the same time being formed into tensile test specimens
according to ASTM D3039 to determine the mechanical properties of the joint

After making the test specimens, tensile and density tests were carried out to obtain the physical
and mechanical properties of the welded and unwelded short fiberglass-HDPE composite material.
Test results data are shown in Table 1.

Table 1

Density and Tensile Strength of cold-water pipe materials: short fiberglass, HDPE, Short Fiberglass-HDPE
Composites, and Short Fiberglass-HDPE Composites connected with a Friction Welding system at a feeding
of 5 mm/min; speed 800 rpm

Material Density (g/cm3) Tensile Strength (MPa)
High-Density Polyethylene (HDPE) 0,93-0,97 (0,94) 10-60 (23,97)

Short E-Fiberglass 2,2-2,6(2,58) 1400-3800

Short Fiberglass — HDPE Composite 1,14-1,26 (1,22) 25,67-26,24 (25,94)
(30%-70%) weight

Short Fiberglass-HDPE Composites (30%-70%) weight: FSW 1,14-1,26 (1,22) 24,23- 24,91 (24,52)

(Feeding 5 mm/min, speed 800 rpm, Temperature 130°C
g p p p

From Table 1, it is known that the short fiberglass-HDPE composite material that was welded with
a feeding of 5 mm/min at a speed of 800 rpm experienced a decrease in tensile strength of 25.94
MPa to 24.52 MPa or a decrease of 5.47% due to the connection using friction welding.

2.2 Simulation Setup

The short fiberglass-HDPE composite material for ocean-based OTEC cold water pipes will differ
in size between pipes connected by welding and without welding. To find out how much the pipe
thickness changes due to a decrease in strength by welding the FSW system so that it has strength
and can accept the load of seawater currents, a simulation is carried out using inventor software. The
pipe length is 500 m and the diameter is 4 m and is loaded with sea water currents with input data
as shown in Table 2.
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Table 2

Drag force and Re for the diameter of the pipeline in 4 m [37]

Sea Current Reynolds Temperature Viscosity Sea Current Water Drag Drag
Velocity, Number, (°C) (Pa.s) Density Depth Coefficient Force
U(m/s) Re (kg/m>) (m) (kN)
0.80 3.16E+06 215 1.04E-03 1024 100 0,98 75,833
0.62 2.15E+06 16.0 1.18E-03 1025 200 0,904 59,313
0.46 1.40E+06 11.0 1.35E-03 1026 300 1,07 29,435
0.35 0.971E+06 8.0 1.48E-03 1027 400 1,16 15,960
0.28 0.733E+06 6.0 1.57E-03 1027 500 1,24 7,804

The simulation is carried out by applying a current load to the pipe which has been converted into
a drag force as shown in Table 2. The following formula can be used to find the present velocity that
is causing the drag force on the pipe [37].

Fg =1/, p;CaDLU? (1)

where, Fq = drag force (N), pr = density (kg/m3), Cq = drag coefficient, D = diameter of pipe (m), L =
length of pipe (m), U = velocity (m/s).

In the simulation, the drag force is applied completely to the pipe with an internal diameter of 4
m and a total pipe length of 505.64 m which is composed of 12 m long pipes, and the total number
of pipes becomes 42 pieces.

The bending stress that occurs in the pipe in the presence of a current load can be determined
using the following Eq. (2):

_ 2
04,05 = Ux';‘ﬂy + \/(g) + Ta%y (2)

The bending stress is determined by:

M
Oy === 3)

By integrating the force moments about the y-axis throughout the section,

M, = [ zdF = [ozdA = —%fysz (4)
If the bending moment on the beam is in the plane of one of the principal axes

Ly = [yzdA =0 (5)
For the corresponding three dimensions S, the von Mises stress is equally

252 = (01 — 03)* + (02 — 03)* + (05 — 07)? (6)

In this simulation, we only pay attention to the stress due to seawater currents, while the static
compressive stress caused by seawater has no effect because the pipe is open in the sea, so the
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pressure inside the pipe and outside the pipe is the same. What is influential is the overall hydrostatic
pressure of seawater at a depth of 500 m, which is the maximum hydrostatic pressure.

The entire pipe area is arranged with a triangular mesh of 25690 elements. as shown in Table 3.
And the upper pipe (at sea level) is rigidly supported and the lower part is tied to a mooring line
system.

Table 3
Details of meshing configuration
Statistics Description

Number of Nodes 53414
Number of Elements 25690
Solution Method Triangular Method

The simulation was run with variations in pipe thickness ranging from 14 cm to 30 cm under the
pipe simulation without joints [37]. Based on the simulation, a picture of the stress contour and the
magnitude of the stress in the pipe and connection parts is obtained. Therefore, it can be seen that
the thickness of the pipe is safe and able to withstand a load of seawater currents, such as pipes
without joints, which will be recommended for use as ocean-based OTEC cold water pipes made from
HDPE fiberglass composite material that has an FSW connection system. Stress contours on the pipe
will be obtained and estimates of changes in pipe thickness due to reduced strength by the FSW
welding (connection) system will result in a pipe thickness that is safe to use as an OTEC cold water

pipe.
3. Results and Discussion

The geometry model that has been made into a solid model is then carried out in the FEM
simulation process. The results of the simulation analysis, which the Autodesk Inventor software used
for the current load, are displayed as follows by entering the material attributes and data shown in
Table 2. As seen in Figure 2, an overview of the entire pipe contour and the stress contour at the
junction welded with the FSW system are obtained.

From Figure 2 it is known that the pipe experiences deflection due to varying currents along the
pipe, and at the pipe joints, stress concentration occurs. Stress concentration occurs because the
strength of the material decreases at the weld. then with materials of different strengths, a joint with
a welding width of + 2 cm, becomes the weakest part of the 500m long pipe. The simulation results
are shown in red, concentrated in the Weld area.

146



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 113, Issue 1 (2024) 141-152

Fig. 2. Image of the contour of a pipe that is subjected to loading by sea
water currents and the stress that occurs in the pipe joints welded using the
Friction Stir Welding (FSW) system (thickness 28 cm)

In Figure 3, stress changes are shown in pipe thicknesses of 18 cm, 20 cm, 22 cm, 24 cm, 26 cm,
and 30 cm. It is known that the stress along the pipe wall is perpendicular to the direction of the
current, there is an increase in stress with greater pipe thickness. After observing the yield stress,
information was obtained that the increase in stress was caused by the pipe weight increasing with
increasing pipe thickness so that with increasing pipe thickness, the stress in the vertical direction or
along the length of the pipe increased. The increase in voltage can also be seen from the pipe walls
to the left and right of the pipe in a direction perpendicular to the direction of the current and in line
with the length of the pipe, with colours ranging from blue to green and reddish. The colour change
is greater with the greater the thickness of the pipe. The colour changes along the length of the pipe,
which becomes longer in the direction of the pipe, occurs along the length of the pipe, this is caused
by tension in the direction of the pipe or the load from the weight of the pipe. Meanwhile, the
increase in stress due to perpendicular current loads will only be localized in the part of the pipe that
experiences the highest deflection.

In Figure 3, it is found that the stress in the pipe is distributed throughout all parts of the pipe, or
the current load and the load from the weight of the pipe are distributed over almost all parts of the
pipe, namely in the pipe with a pipe thickness of 22 cm which is shown in Figure 3-(c). so that by
paying attention to the stress distribution which is almost even, the stress is not concentrated to a
greater extent, because the stress in the perpendicular direction is due to the load of sea water
currents and in-line stress. The length of the pipe due to the weight of the pipe reduces each other,
so the chance of pipe failure will be much smaller than pipes with a thicker thickness. Larger than 22
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cm. So, it is recommended to use a pipe with a thickness of 22 cm so that it is safer from current
loads and loads from the weight of the pipe.

(d) (f)
Fig. 3. Stress distribution in the HDPE-fiberglass composite pipe connection with the FSW system at a
thickness of (a) 18 cm, (b) 20 cm, (c) 22 cm, (d) 24 cm, (e) 26 cm, and (f) 28 cm

In Figure 4, it is known that the greater the thickness of the pipe, the greater the stress at the
pipe joint. The stress also becomes more concentrated along the joint. Where in pipes with a
thickness of 28 cm and 30 cm, the stress increases and is concentrated further along the weld. The
greater the stress, the greater the failure.

(a)
Fig. 4. Stress distribution in pipe joints with a thickness of (a) 22 cm, (b) 24 cm, (c) 26 cm, (d) 28 cm, (e) 30 cm
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From Figure 5(a) and (b), it is known that the stress at the connection is influenced by the current
load more dominantly than the load from the weight of the pipe so that the stress is concentrated in
almost all parts of the connection and Figure 5(c) and (d), the voltage has begun to be influenced by
the heavy load of the pipe but is still dominant by the current load. Therefore, by paying attention to
the simulation results of pipes with a thickness of 14 cm to 30 cm, the welded joint that is safer from
concentrated stress is a pipe with a thickness of 22 cm.

(a) (b) (c) (d)
Fig. 5. Stress distribution in pipe joints with thickness (a) 14 cm, (b) 16 cm, (c) 18 cm and (d) 20 cm

Thicker pipes have a greater weight, with the result that the force weighing on the pipe not only
increases from the drag force of seawater in the horizontal direction but also increases from the
gravity of the pipe in the vertical direction down to the sea. In other words, the drag force stress is
not concentrated at one point in the smaller 20 cm pipe. The gravity of the pipe overloads weak
joints, especially those with a thickness of more than 22 c¢m, causing stress concentration at one
point. The stress concentration forms a line along the joint along with the thickness of the pipe or its
weight due to the effect of the force increasing vertically.

A pipe with a thickness of 22 cm is in a safe position because the combination of drag force and
weight cancels each other out, so the yield stress is lower than pipes with a drag force above 20 cm
and pipes with a drag force below 22 cm. This is because the pipe material at the joint is weaker than
outside the joint.

Furthermore, based on the von Mises stress, which is the yield limit of the pipe material, based
on the simulation results, the relationship can be described with the tensile strength and fatigue
resistance limit of the HDPE composite reinforced with short fiberglass as shown in Figure 6.

25 == == Tensile Strength of short fiberglass-HDPE
Composites with 30%-70% weight fraction

Endurance Limit of Fatigue of short
fiberglass-HDPE Composites with 30%-70%
weight fraction [100]

[=]
[=]

= = Endurance Limit of Fatigue of short
fiberglass-HDPE Composites with FSW
(Feeding Smm/min, mSpeed 800 rpm)

[
wuv

= /on Mises Stress vs Thickness from
simulation for Dia. 4 m and length of 500 m
from cwp

10

Von Mises Stress (MPa)

5 = VOn Mises Stress vs Thickness from
simulation for Dia. 5 m and length of 500 m
from CWP [100]

0
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Thickness of Pipeline (cm)
Fig. 6. Draw a curve diagram of the relationship between pipe thickness and
the von Mises stress that occurs in the shot fiberglass composite pipe
connection with the FSW system
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From Figure 6, the relationship between the pipe's fatigue resistance limit and the pipe's von
Mises stress is known. For pipes with a diameter of 4 m, without welding, the pipe can be made with
a thickness of 17 cm to 30 cm, while for pipes with a diameter of 4 m with welding, the pipe can only
be made with a thickness of 21 cm to 30 cm to make it safer against the burden of fluctuations in
seawater currents.

The safe use of pipes not only depends on the pipe's fatigue resistance limit due to seawater
currents but is also greatly influenced by the weight of the pipe. So, based on the load of seawater
currents and the weight of the pipe, a pipe that is safe to make or apply as an ocean-based OTEC cold
water pipe is a pipe with a thickness of 22 cm.

Furthermore, based on calculating the life of the pipe based on fatigue load, the age of the welded
pipe has entered infinite life, N= 1.47 x 108 cycles. so that the welded pipe, with a thickness of 22 cm,
is safe to use and has an unlimited lifespan. The possibility of failure by current loads by the heavy
load of the pipe itself or by stress concentration at the connection is safe.

4. Conclusions

In this study, it can be concluded that the construction of cold-water pipes for ocean-based OTEC
with FSW connections has been carried out by simulating the hydrodynamic load of seawater
currents on pipes with polymer composite materials with a length of 500 m, a diameter of 4 m and
with thickness variations ranging from 18 cm to 30 cm. which produces von Mises yield stress and
stress distribution at different joints at each pipe thickness. In pipes with a thickness of less than 20
cm, the von Mises stress and pure stress distribution are influenced by the hydrodynamic load of
seawater currents. Meanwhile, in pipes with a thickness greater than 24 cm, the stress that occurs in
the pipe is influenced by the current and weight of the pipe. In pipes with a thickness greater than
24 cm, the stress in the pipe is concentrated in the middle of the joint which is the weak part of the
pipe and is the initial point of failure. It was found that at a pipe thickness of 22 cm, the stress was
distributed almost evenly because the stress caused by seawater currents was reduced by the heavy
load of the pipe. So, from the simulation of cold-water pipes with polymer composite materials that
experience hydrodynamic loads from seawater currents varying in thickness from 16 cm to 30 cm, it
is recommended to use a pipe thickness of 22 cm so that the pipe connection is safer as an ocean-
based OTEC cold water pipe application.
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