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Abstract
Ocean Thermal Energy Conversion (OTEC) has been heavily researched and developed over the
last decade. However, no commercial scale for OTEC has been reached yet. OTEC is a clean and
renewable source of energy which utilizes the seawater temperature difference between the upper and
deep ocean layers to generate electricity. The heat exchangers and the cold water pipe design are
considered to be the most challenging part. The cold water pipe is often stated to be the largest risk.
The installation of the cold water pipe, the high investment costs of the cold water pipe and the large
forces acting upon the cold water pipe are crucial factors for the future success of OTEC. In this thesis,
a new kind of cold water pipe concept is introduced: the foldable FLEX-hose concept.

The FLEX-hose concept consists of a thin sheet of nylon, supported by concrete rings and polyester
cables. The total length of the foldable concept design is 1000 𝑚. The nylon sheet is attached to the
concrete rings and the cables are attached to the concrete rings. The cables run through the concrete
rings and can be used during installation to lower the pipe. Deployment of the foldable pipe is expected
to be relatively easy thereby lowering the installation costs. The Multi Criteria Analysis performed in
this thesis show the FLEX-hose foldable concept to be attractive compared to a foldable spiral concept,
a flexible composite concept, a rigid composite pipe and a HDPE pipe. However, the inclination angle
occurring while pumping may not become significant, meaning above 7.5 degrees, since this will lead
to lower energy efficiency. In addition, no current design is available on the market, meaning heavy
research and development is needed for the foldable concept to succeed.

Possible challenges for the FLEX-hose concept that have been established through this research in-
clude instability occurring due to buckling and a pressure drop becoming larger than 0.6 𝑏𝑎𝑟, thereby
significantly reducing the net power of the OTEC plant. The maximum allowed angle of inclination of the
sheet to stay below 0.6 𝑏𝑎𝑟 is calculated to be 7.5 degrees at a flow speed of 2 𝑚/𝑠. During pumping
a discharge of 20.000 𝑘𝑔/𝑠 is pumped through a thin walled pipe with a diameter of 3.5 𝑚, which leads
to a radial displacement of the nylon sheet. Collapse and too significant deformations of the thin walled
sheet are prevented by applying 10 𝑀𝑁 of pre-tension in the thin walled sheet. However, in order for
the nylon sheet to stay in the linear elastic regime, the calculated wall thickness is 0.04 𝑚, thereby
making foldability questionable. A total of 200 concrete rings is present in the design, one every 5 𝑚
over the total length of 1000 𝑚 of the pipe. In addition, a large clump weight of 12 𝑀𝑁 is needed at
the bottom of the pipe. The total system weight of the foldable pipe with concrete rings is calculated to
be 1840 𝑚𝑇, which could be installed by an offshore installation vessel. Finally, creep has also been
established to be a challenge due to the life-time of 30 years for the cold water pipe. A synthetic plastic
material such as nylon experiences relaxation of the material when stressed for a longer period of time,
leading to large deformations.
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Executive Summary
Ocean Thermal Energy Conversion is a clean and renewable source of energy which utilizes the sea-
water temperature difference between the upper and deep ocean layers to generate electricity. OTEC
has been heavily researched and developed over the last decade. However, until today no commercial
scale for OTEC has been reached yet. The heat exchangers and the cold water pipe are considered
to be the most challenging part. The free hanging cold water pipe in the water is considered to be one
of the largest challenges for OTEC. This can be explained by the fact that large forces will act upon
the vertical pipe and its dynamic behaviour is difficult to fully predict in harsh offshore conditions. From
the OTEC projects in the past and the failures that have occurred in these projects, it is concluded that
the installation of the cold water pipe, the investment costs and the large forces acting upon the cold
water pipe are crucial factors for the future success of OTEC. In this thesis, a new kind of cold water
pipe concept is introduced: a foldable FLEX-hose concept.

The FLEX-hose concept consists of a thin sheet of nylon, supported by concrete rings and cables made
from polyester. The nylon sheet is attached to the concrete rings and the cables are attached to the
concrete rings. The cables run through the concrete rings and can be used during installation to lower
the pipe. The force distribution in the cables and the sheet respectively is determined by the axial
stiffness of the nylon sheet and the cables. The design requirements for the foldable concept design
in this thesis are: pressure drop needs to be below 0.6 𝑏𝑎𝑟, the unity checks for the nylon sheet and
the cables for the stresses should be acceptable, the cable tension force should be positive and the
displacement of the sheet should not be in contact with the cables. The FLEX-hose concept design
comprises a cold water pipe with a seawater flow through of 20.000 𝑘𝑔/𝑠, which comes down to 19
𝑚ኽ/𝑠. A relatively low flow speed of 2 𝑚/𝑠 is favourable such that the diameter is below 4 𝑚 and the
head losses are not above 0.6 𝑏𝑎𝑟. The major losses are accomplished by the friction losses. The
nominal net power of the OTEC plant after taking into account all the pressure losses and process
energy losses is 10.34 𝑀𝑊 of a gross energy supply of 15 𝑀𝑊.

A Multi-Criteria Analysis has been performed on five different cold water pipe concept designs in order
to compare the foldable concept to other current concepts. The foldable FLEX-hose concept and
the HDPE pipe have scored the best in the MCA. The FLEX-hose concept is expected to be a good
concept due to easy deployment with the foldable concept and relatively low material costs. However,
the inclination angle while pumping may not become above 7.5 degrees at a flow speed of 2 𝑚/𝑠
since this will lead to lower energy efficiency. In addition, no current design is available on the market,
meaning research and development is needed. Concept 5, the reference HDPE pipe, also performs
well in the MCA. The current market that is focused on HDPE as well as the relatively low material
costs are considered to be the main advantages. Installation is expected to be relatively difficult, since
large parts of pipe will have to be joined together offshore. In order to provide easy installation and
lower investments costs for the future of OTEC, the foldable cold water pipe concept is concluded to
be a hopeful and good concept.

The final foldable concept design consists of a total of 200 rings over 1000 𝑚, a nylon sheet thickness
of 0.04 𝑚 and three polyester cables of 0.07 𝑚. The foldability of a nylon sheet of 0.04 𝑚 has not been
quantified. Identified challenges for the FLEX-hose concept that have been established through the
modelling in this thesis include the pressure drop becoming > 0.6 𝑏𝑎𝑟, collapse of the thin walled sheet
and creep of the nylon sheet. The results of the model show that the pressure drop in the foldable cold
water pipe due to the displacement of the sheet is very important for the design. In order to have a
pressure drop below 0.6 𝑏𝑎𝑟 and have a foldable design which is below 2000𝑚𝑇 in weight, a high pre-
tension of at least 10𝑀𝑁 is needed in the sheet for every 5𝑚. In addition, the pressure drop in the cold
water pipe increases significantly when the sheet contracts in the upper region from the sea surface until
-200𝑚. Using a span distance of 5𝑚 between the concrete rings is advised since the inclination angle
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stays below 7.5 degrees. However, a large pre-tension of 10𝑀𝑁 is still needed, leading to a large clump
weight of approximately 12 𝑀𝑁. The second main challenge for the FLEX-hose foldable concept is to
prevent buckling collapse from happening. Since the hoop stress becomes negative during pumping of
the water and the thickness is only 0.04𝑚, buckling instability could occur at stresses below the elastic
limit or yield strength of the material. The calculated collapse pressure for a thin walled flexible nylon
sheet without axial tension varies between 0.13 𝑘𝑁/𝑚ኼ and 103.50 𝑘𝑁/𝑚ኼ, depending on the thickness
𝑡 and length 𝐿 between the rings. Since this is relatively low, axial tension by introducing pre-tension
in the sheet is advised to prevent instabilities from occurring. The last established main challenge for
the foldable design is creep happening in the nylon sheet. Creep is the tendency of a solid material
to deform permanently under the influence of constant stress. As time passes by, creep could lead to
failure of the material. It could therefore be beneficial to locally increase the strength of the pipe by
means of reinforcements thereby reducing the maximum stress in the pipe.
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1
Introduction

1.1. Background
The global energy demand has been rising steadily in the last decade due to the rising population on
Earth. From 2017 to 2050 the global economy is expected to grow by 130 % [13]. In addition, the
growing need for renewable energy has been acknowledged by governments in order to be able to
lower the global 𝐶𝑂ኼ footprint and meet the goals of the Paris Agreement. As a logical consequence,
it has become more important to produce renewable energy in the current society.

1.1.1. Energy transition
In the last decade, the energy transition has become an important subject in our society. The Paris
Agreement, signed in 2016, has forced governments and business to be made aware and act accord-
ingly on the subject of climate change. The long term goal of the Paris Agreement is to keep the global
warming below 1.5 ∘Celsius, which can only be achieved with strong enforced policies lowering the
carbon footprint of society [14]. A forecast of the world primary energy supply by source is shown in
Figure 1.1. It is clear to see that fossil fuels such as coal and oil, which are the main producers of
𝐶𝑂ኼ, are predicted to decline in production, following from the stricter climate regulations. Natural gas,
also implying LNG, is predicted to grow in volume. Renewable sources such as wind, solar energy,
hydro-power, biomass and nuclear fuels are also expected to grow in volume, as can be seen in Figure
1.1.

Figure 1.1: World primary energy supply by source [13]
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The Paris Agreement implies both limiting global warming, as well as preventing air pollution by im-
proving air quality. Limiting global warming can be achieved by lowering greenhouse gas intensities in
our economy. The main greenhouse gas that contributes to global warming is 𝐶𝑂ኼ, which accounts for
76 % of the total emitted greenhouse gasses [2]. Other greenhouse gasses include methane (𝐶𝐻ኾ),
nitrous oxide (𝑁ኼ𝑂) and fluorinated gases. An overview of all the greenhouse gasses is shown in Ta-
ble 1.1. In addition, the main substances that contribute to air pollution are PM (particulate matter),
ozone, 𝑁𝑂ኼ, 𝐶𝑂 and 𝑆𝑂ኼ [29]. PM is a term used to described small solid particles and liquid droplets
suspended in the air. Particulate matter mainly comes from motor vehicles, wood burning heaters and
industry activities. For the maritime sector in particular, the emissions of 𝑁𝑂ኼ and 𝑆𝑂ኼ are of importance
since these gasses are produced while using marine diesel oil.

Greenhouse gas Relative percentage (%)
Carbon dioxide (𝐶𝑂ኼ) 76
Methane (𝐶𝐻ኾ) 16
Nitrous oxide (𝑁ኼ𝑂) 6
Fluorinated gases (CFC’s) 2

Table 1.1: Greenhouse gasses in relative contribution [2]

Energy transition in maritime industry

Since 13 April 2018, the International Maritime Organization (IMO) agreed upon a strategy for handling
climate change in the maritime sector as a result of the Paris Agreement. This agreement is called
IMO 2050. The IMO is responsible for measures to improve the safety and security of international
shipping and to limit marine pollutants from ships. In total, it is estimated that the maritime industry
emits around 940 million tonnes of 𝐶𝑂ኼ on a yearly basis, accounting for about 2.5 % of the global
greenhouse gas emissions. Shipping emissions represent about 13 % of the transport industry of the
overall EU greenhouse gas emissions [9]. Therefore, it is inevitable that the energy mix consumption
in the maritime industry has to change in the future.

IMO 2020 is the first enforcement that is applied. This enforcement contains agreements concerning
limits for sulphur in fuel oil used on board of ships, to comply to new standards for air quality. The
sulphur content in fuel oil may not exceed 0.50 %, starting from 1 January 2020. This can be achieved
by using a compliant fuel oil with a sulphur content that does not exceed 0.50 %, or by using a so called
scrubber (Exhaust Gas Cleaning System). Alternatively, another fuel such as LNG or methanol can be
used. A more in detailed explanation of IMO 2020 is provided in Appendix B.

The agreement of the IMO 2050 contains the following objectives [23]:

1. Making the Energy Efficiency Index (EEI) standards more strict, meaning an increase in the num-
ber of more energy-efficient built vessels.

2. Reducing the transport performance of a ship, which is measured in 𝐶𝑂ኼ emissions per kilometre.

3. Reduction of greenhouse gases of at least 50 % by 2050.

These three objectives as proposed by the IMO for IMO 2050 are ambitious, meaning it is important
that all stakeholders take responsibility for achieving those goals. In addition, it is also important that
more research and development is performed regarding alternative fuels. There are two possible ways
that are suggested by the DNV-GL to be able to reach these goals. The first strategy focuses on design
requirements for new build ships, arguing that a complete fuel shift should happen from 2040 onwards.
Option two focuses on operational requirements, arguing that alternative fuels such as biodiesel and
liquefied biogas should be introduced more gradually [36]. In the end, it are flag states and port states
that have rights and responsibilities to enforce compliance.
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In 2038, it is predicted that half of the maritime energy use will be non-oil. A possible energy use and
projected fuel mix for the simulated IMO ambitions is shown in Figure 1.2. In order to reach the climate
goals of IMO 2050, a decline in the use of heavy fuel oils and scrubber (HFO) has to be accomplished
and new and more renewable energy sources should be used. In Figure 1.2 it is clear that HFO and
scrubber are expected to decline heavily in use.

Fuels such as low-sulphur fuel oil (hybrid) together with LNG and ammonia in combination with diesel as
a dual fuel are expected to increase in use as a consequence of the IMO regulations. Other examples
of renewable energy sources that are suitable on an offshore vessel are fuel cells, nuclear energy and
Ocean Thermal Energy Conversion (OTEC). More explanation about the energy transition is provided
in Appendix A, including an MCA about possible new energy sources for the maritime industry.

Figure 1.2: Energy use and projected fuel mix in maritime industry [14]
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1.2. Ocean Thermal Energy Conversion
OTEC is a clean and renewable source of energy which utilizes the seawater temperature difference
between the upper and deep ocean layers to generate electricity. It can be used to produce a base-
load electricity without emitting 𝐶𝑂ኼ. The net efficiency of an OTEC system is relatively low around
3 %. However, OTEC is a free source of energy since it is solar energy that is conserved in the
ocean. In addition, the temperature gradient is relatively constant during the day, meaning OTEC
energy produces a base load electricity throughout the year. Lastly, the LCOE of an offshore OTEC
plant is calculated to be €0.19/𝑘𝑊ℎ , which is competitive in comparison to other energy sources [5].
Figure 1.3 presents a graph of the costs associated with OTEC in comparison to other energy sources
such as oil.

Figure 1.3: LCOE of different energy sources [5]

OTEC is most applicable around the equator in tropical and coastal regions, where the temperature
differential is at least 20 degrees. Since more than half of the world’s population lives within 100 𝑘𝑚
from the coast and roughly 1 billion people live in tropical regions, OTEC is considered to be a good
potential source of energy for these areas. The largest OTEC resource is available offshore reaching
larger ocean depths, in which an offshore floating OTEC plant is needed to generate the electricity.
In tropical areas the surface water can reach temperatures which are higher than 25 degrees, whereas
the temperature at 800 - 100𝑚 depth is as low as 4 - 5 degrees [12]. The red areas in Figure 1.4 present
the best possible locations for OTEC with the largest temperature difference. A larger temperature
difference is favorable since this means a higher efficiency for the generated electricity. The total global
potential is estimated to be 7 𝑇𝑊, which is more than two times the global electricity demand [7].

Figure 1.4: Ocean’s resource for OTEC [5]
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1.2.1. Working principle OTEC
The working principle of OTEC is a thermodynamic Rankine Cycle that converts thermal energy into
electricity. In a Rankine cycle, a particular working fluid is used comparable to the working fluids used in
heat pumps in household refrigerators. First, the working fluid is pressurized, after which it is heated in
the heat exchangers by the warm water that is extracted from the ocean’s upper layer. The working fluid
expands and this results in pressurized vapour which drives a turbine to generate electricity. Usually,
ammonia is used as the working fluid. After this, the cold water is used to condense the ammonia
back to the liquid phase at lower pressure. In this way a closed cycle is created with a working fluid
which is pumped throughout the closed cycle. In general, an OTEC plant requires the following parts to
function properly: two inlet pipes (cold and warm), one large outlet discharge pipe, three pumps (cold,
warm, cycle), an evaporator and a condenser. The working principle of an OTEC system can be seen
in Figure 1.5.

Figure 1.5: Working principle of OTEC [22]

There are three possible cycles that can be used in an OTEC system: a closed cycle, an open cycle
and a hybrid cycle [4]. The closed cycle uses a working fluid such as ammonia to be evaporated. The
advantage of ammonia instead of other working fluids is that it has a relatively low boiling point due to
which it evaporates relatively quickly. In the open cycle warm seawater is used for evaporation. The
open cycle, however, has lower efficiencies due to the fact that it takes more energy to warm up water.
In the hybrid cycle a mix of water and a working fluid is used.
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1.2.2. History of OTEC
In 1930, George Claude was the first person to build a land-based OTEC plant. After three failed
attempts he finally succeeded to install a deepwater pipeline at Matanzas bay in Cuba. Later in the year,
unfortunately, the OTEC pipeline installation was destroyed by a storm. In 1935, Claude constructed
a new plant aboard a 10.000 ton cargo vessel which was called Tunisie. This plant had an inlet pipe
of 2.5 𝑚 steel in diameter and it was 650 𝑚 long. Unfortunately, the weather and the waves destroyed
the OTEC pipe before it could generate power.

OTEC technology was heavily developed in the 80s, when the offshore industry was mainly being
driven by the offshore oil and gas industry. In 1979, a first ”Mini OTEC” of 50 𝑘𝑊 was produced with a
High Density Poly-ethylene (HDPE) tube of 670 𝑚 in length and 0.7 𝑚 in diameter. The ”Mini OTEC”
project was located in Hawaii and it was the first OTEC project to generate more electricity than was
needed for running the electricity plant, meaning it had a positive net energy output. A few years later,
in 1981, another experiment called ”OTEC-1” was carried out on the same location. Three HDPE pipes
having a diameter of 1.2 𝑚 were installed. It was a successful operation and the test site was used
to test the technology. The years after this OTEC technology was on the rise, which lead to a 1 𝑀𝑊
OTEC floating plant being installed in India in 2006. Unfortunately, the plant was unsuccessful due to
failed installation of the deep sea cold water pipe.

More recently, in 2014, DCNS announced the funding for the NEMO project. DCNS developed a large
diameter foldable pipe. However, the project failed because there were problems with certifying a new
pipe and it was considered to be too expensive. One year later, in 2015, a collaboration between Makai
Ocean engineering and Lockheed Martin resulted in the realization of an OTEC power plant in Hawaii.
This is the first land-based closed OTEC cycle connected to the grid which is capable of generating
105 kilowatts, enough to power about 120 homes. The cold water pipe is made from HDPE. A total
overview of previous OTEC projects can be seen in Table 1.2.

From the OTEC projects in the past and the failures that have occurred, it can be concluded that the
installation of the cold water pipe, the investment costs and the large forces acting upon the cold water
pipe are crucial factors for the future success of OTEC.
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Year Project/Location Onshore/Offshore Power Pipe material Length Diameter Result
1930 Matanzas Bay, Cuba Onshore 22 𝑘𝑊 Steel 2000 𝑚 1.6 𝑚 Pipe destroyed by a storm

1933 La Tunisie, Brazil Offshore 2.2 𝑀𝑊 Steel 1000 𝑚 2.5 𝑚 Attempt to deploy pipe failed

1979 Mini-OTEC, Hawaii Offshore 50 𝑘𝑊 HDPE 670 𝑚 0.7 𝑚 Successful operation

1980 OTEC -1, Hawaii Offshore 1 𝑀𝑊 bundle HDPE 670 𝑚 1.2 𝑚 Successful operation

1983 Hawaii Test facility - FRP 122 𝑚 2.4 𝑚 Successfully demonstrated

2006 India Offshore 1 𝑀𝑊 HDPE 800 𝑚 1 𝑚 2 attempts to deploy pipe failed

2014 DCNS - NEMO Test facility - foldable concept 15 𝑚 1.5 𝑚 Problems with certifying and too
expensive

2015 Makai, Hawaii Onshore 105 𝑘𝑊 HDPE 670 𝑚 1.0 𝑚 Successful operation, still in use

2019 South Korea Offshore 1 𝑀𝑊 gross HDPE 100 𝑚 1.2 𝑚 Unknown

Table 1.2: Previous OTEC projects [12] [22] [21]
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1.3. Problem description
The energy transition is changing industries globally, including the maritime sector. This means new
energy concepts including renewable energies are becoming more important in the maritime sector. As
described in the previous section, OTEC technology has been heavily researched and developed over
the last decade. However, no commercial scale for OTEC has been reached yet. The heat exchangers
and the cold water pipe are considered to be the most challenging part [4]. The cold water pipe is
often stated to be the largest risk of OTEC. Immature design and unsettled technology of the cold
water pipe are considered to be the main reasons why OTEC developments get stuck in pilot projects
[1]. Especially the free hanging pipe in the water is a large challenge, as large forces will act upon
this vertical pipe and its dynamic behaviour is difficult to fully predict in harsh offshore conditions. In
addition, OTEC requires large seawater flows at low pressure losses which is a large challenge. As
a result, it can be concluded that the optimization of the design of the cold water pipe is of crucial
importance for the future success of OTEC.

1.4. Subject of thesis
The subject of this thesis is a concept design of a foldable pipe for a 10 𝑀𝑊 offshore OTEC plant,
similar to the schematic drawing in Figure 1.6. The main components of the offshore OTEC plant
consist of a floating vessel structure, seawater pipes, pumps and moorings. The process components
on-board of the OTEC plant are the heat exchangers, working fluid piping, working fluid pump and the
turbine. Connection to the shore is provided by a cable which transports the produced electricity from
the platform to the shore.

Figure 1.6: Schematic drawing offshore OTEC plant

The design goals for the cold water pipe in this thesis are:

• Enough strength and stiffness during operation, such that the cold water pipe does not collapse
when water is being pumped through the pipe.

• Easy installation of the cold water pipe by introducing a foldable or flexible concept.

• High flow rates and low pressure losses should be achieved for the upscaling of OTEC.

• Costs of the cold water pipe should be as low as possible.
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1.5. Research question
The main research question of this thesis is:

• To what extend is a foldable OTEC pipe concept technically feasible for a 10 MW offshore
plant and how does a foldable pipe compare to current cold water pipe concepts?

The sub-questions that will help answer the research question are:

• What are the key design requirements of a Cold Water OTEC pipe for a 10 MW OTEC plant?

• How does a foldable OTEC pipe compare to current cold water pipe concepts?

• What are themain technical risks that influence the technical feasibility in the situation of operation
and to what extent can these risks be mitigated?

1.6. Thesis outline
The thesis is divided into 4 main parts: introduction, analysis, modelling and conclusions. An overview
of the thesis outline is shown in Figure 1.7.

Part I contains the analysis phase of the thesis done through literature study. The literature study is split
up into the cold water pipe design analysis and the flexible concept designs. Subsequently, chapter 2
discusses the OTEC system requirements which are used as input values for the foldable cold water
pipe design. Chapter 3 discusses the current research and developments in relation to material choice
for the cold water pipe. Chapter 4 presents the multi criteria analysis for the different possibilities for
the cold water pipe. The theory which is of importance for the chosen concept design is discussed in
chapter 5.

Part II contains the modelling and calculations of the foldable FLEX-hose pipe. In Chapter 6, the model
description is provided by discussing the assumptions and implications of the modelling. Chapter 7
presents the results of the modelling, concluding with a suggestion of the most optimal final design.

Finally, Part III contains the conclusions and recommendations of the thesis. In Chapter 8 the conclu-
sions of the thesis are drawn. Finally, Chapter 9 presents the recommendations for future work that
could be conducted.

Figure 1.7: Thesis outline
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2
OTEC system

In this chapter, the basis of design parameters of the OTEC system are presented. This includes the
temperature of the cold water and warm water pipe, the expected energy output, flow discharges and
the length of the cold water pipe. First, the main OTEC sensitivities and the different OTEC configu-
rations are discussed through literature research. After this, the chosen design requirements for the
OTEC system in this thesis are presented and discussed.

2.1. OTEC system efficiency
There are many factors that influence the total net system efficiency of the OTEC plant. The main
OTEC parameters that influence the net energy output are presented in Figure 2.1. The temperature
difference of an OTEC system clearly has the largest impact on the energy output, which is why it is
important to have a location with enough temperature difference potential. A minimum difference of
temperature between the cold and warm water pipe of 20 degrees is desired. Other factors that play
an important role in the net energy output are turbine efficiency and generator efficiency. However, the
turbine efficiency and generator are limited by the industry turbines and generators. Lastly, the pressure
drop in the cold water pipe and the pipe diameter play an important role in the net energy output. These
two factors can be influenced by the design choices made for the cold water pipe. A design of the cold
water pipe leading to a relatively low pressure drop and a relatively small pipe diameter is therefore the
most desirable.

Figure 2.1: Sensitivity of OTEC system [22]

13
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2.2. OTEC system configuration offshore
There are multiple OTEC design configurations possible, differing in size as well as in use: ship moored
with swivel, barge with spread mooring, semi-submersible, cell spar and Tension Leg Platform (TLP). A
schematic overview including the advantages, disadvantages, limitations, challenges and opportunities
is presented in Figure 2.2. The cell spar concept and the TLP are mostly stated to be the best con-
cepts for OTEC technology. The spar concept is excellent in stability and has a good pipe connection,
whereas the TLP is low weight and also has an excellent pipe connection.

Figure 2.2: Different possibilities in offshore OTEC configurations [5]

2.3. Design requirements OTEC system
The design requirements of the OTEC system in this thesis are determined in consultation with Allseas.
The design requirements are listed below:

• 10 𝑀𝑊 of net electricity should be generated (𝑊፧፞፭).

• The temperature difference between the cold and the warm water should be at least 20 ∘C(Δ𝑇).

• The thermal energy efficiency of the overall OTEC system should be 2.5 % - 3 % (𝜂፧፞፭)

• The design life of the OTEC system is 30 years in operational state.

2.3.1. Basis of design values
The values presented in Table 2.1 are chosen for the design of the OTEC system. A maximum pump
loss of 30 % in the OTEC system is determined to be a reasonable estimate [6]. As a logical conse-
quence, it is necessary to pump 15 𝑀𝑊 of gross OTEC energy through the system. The discharges
through the OTEC cycle are respectively 19 𝑚ኽ/𝑠 through the cold water pipe, 38 𝑚ኽ/𝑠 through the
warm water pipe and 57 𝑚ኽ/𝑠 through the discharge pipe.

Example values for the water temperature that is pumped up are used from the location of Bonaire.
All the environmental parameters are explained in Appendix F. The cold water that is pumped up from
1000 𝑚 has a temperature of 5.2 ∘C, whereas the warm water that is pumped up from 20 𝑚 has a
temperature of 27.2 ∘C. This means the temperature difference of at least 20 ∘C, is sufficient for OTEC
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technology. The temperature profile is presented in Appendix F. The values corresponding to general
environmental conditions are summarized in Table 2.2.

OTEC system Value Unit
𝑊፠፫፨፬፬ 15 𝑀𝑊
𝑊፧፞፭ 10.34 𝑀𝑊
Allowed pump loss 30.00 %
𝑄፜፰፩ = 𝑄፜,፜ 19 𝑚ኽ/𝑠
𝑄፰፰፩ = 𝑄፰,፞ 38 𝑚ኽ/𝑠
𝑄፨፮፭ 57 𝑚ኽ/𝑠
𝑃፭,፰ፚ፫፦ 419 𝑀𝑊𝑡

Table 2.1: Basis of design OTEC parameters

Environmental conditions Value Unit
𝑇፜ 5.2 ∘C
𝑇፰ 27.2 ∘C
Δ𝑇 22 ∘C
𝐷𝑒𝑝𝑡ℎ 1200 𝑚

Table 2.2: Environmental conditions general Bonaire

2.3.2. Thermodynamic efficiency
OTEC converts thermal energy into electricity by applying a thermodynamic Rankine cycle. By ap-
plying the fundamentals of thermodynamics, the thermal efficiency can be calculated. This theoretical
maximum is determined by the Carnot cycle. The thermal Carnot efficiency can be calculated by equa-
tion 2.1 [22]. Both the cold and warm water are important input parameters since both have a direct
influence on the Carnot efficiency.

𝜂Carnot = 1 −
𝑇c
𝑇w

(2.1)

in which:

• 𝑇፜ is the temperature in the cold water pipe [∘C]

• 𝑇፰ is the temperature in the warm water pipe [∘C]

For the parameters of Bonaire, a Carnot efficiency of 7.32 % is achieved. However, the gross thermal
efficiency is lower in the system. In total, the gross efficiency is described by equation 2.2.Typically, the
exergy of the system is 64 %, the turbine efficiency is 85 % and the generator efficiency is 90 % [22].
This leads to a gross thermal efficiency of 3.58 % of the OTEC system for Bonaire.

𝜂gross = 𝜂carnot ⋅ 𝜂exergy ⋅ 𝜂turbine ⋅ 𝜂generator (2.2)

in which:

• 𝜂፜ፚ፫፧፨፭ is the Carnot efficiency [%]

• 𝜂፞፱፞፫፠፲ is the exergy efficiency [%]

• 𝜂፭፮፫፛።፧፞ is the turbine efficiency [%]

• 𝜂፠፞፧፞፫ፚ፭፨፫ is the generator efficiency [%]



16 2. OTEC system

As a disadvantage of OTEC, it is often stated that the thermal efficiency of the OTEC system is relatively
low. However, the thermal efficiency is not a good indicator to compare OTEC with different energy
sources, as the ”cost” of the fuel for OTEC is zero. The energy that is stored in the ocean is sustainable,
available and free. Besides, there are a number of possibilities to improve the overall efficiency of the
OTEC system: using novel working fluids, using different thermodynamic cycles, optimization of heat
exchanger design and customized turbine design [22].

2.3.3. Pump losses in the OTEC system
As stated in section 2.3.1 , the pump energy that is lost due to pumping the water throughout the
OTEC system is 30 % of the gross power, which is a significant loss. There are four different causes
considered for this pump loss leading to a pressure drop, which are listed below.

1. Cold water power consumption
The cold water power consumption is dependent on the pressure drop and the discharge in the
cold water pipe. The higher the pressure drop and the discharge through the cold water pipe,
the higher the cold water power consumption. In Figure 2.3 and in equation 2.3, the cold water
power consumption is represented by 𝑃ኽ.

2. Warm seawater power consumption
The warm water power consumption is dependent on the pressure drop and the discharge in the
warm water pipe. The higher the pressure drop and the discharge through the warm water pipe,
the higher the warm water power consumption. In Figure 2.3 and in equation 2.3, the warm water
power consumption is represented by 𝑃ኻ.

3. Working fluid power consumption
The working fluid power consumption can be approximated as 4.2 % of the gross power [6]. In
Figure 2.3 and in equation 2.3, the working fluid consumption is represented by 𝑃ኼ.

4. Heat exchangers power consumption
The total heat exchangers power consumption can be determined by a summation of the pressure
drops in the evaporator and the condenser. Both heat exchangers have a pressure drop in the
order of magnitude of 0.3 bar [22]. In Figure 2.3, the heat exchanger power consumption is
represented by 𝐸 and 𝐶. In equation 2.3, the heat exchanger components are represented by 𝑃፜
and 𝑃 .

The total pump loss can be described by equations 2.3 and 2.4. The pressure drop resulting from the
heat exchangers is not included. A schematic representation of the system is displayed in Figure 2.3.

𝑃ኻ + 𝑃ኼ + 𝑃ኽ + 𝑃 + 𝑃፜ = 0.3 ∗ 𝑊፠፫፨፬፬ (2.3)

(Δ𝑝ኻ ∗ 𝑄ኻ + Δ𝑝፞ ∗ 𝑄፞ + 0.042 ∗ 𝑊፠፫፨፬፬ + Δ𝑝ኽ ∗ 𝑄ኽ + Δ𝑝፜ ∗ 𝑄፜) ∗ 0.1 = 0.3 ∗ 𝑊፠፫፨፬፬ (2.4)
in which:

• 𝑃ኻ, 𝑃ኼ and 𝑃ኽ denote the energy loss due to respectively the warm seawater consumption, working
fluid and cold water consumption [𝑀𝑊]

• 𝑃 denotes the energy loss due to the evaporator [𝑀𝑊]

• 𝑃፜ denotes the energy loss due to the condenser [𝑀𝑊]

• 𝑊፠፫፨፬፬ denotes the gross energy input [𝑀𝑊]

• Δ𝑝ኻ, Δ𝑝ኼ and Δ𝑝ኽ denote the pressure drop due to respectively the warm seawater pipe, working
fluid and cold seawater pipe [𝑏𝑎𝑟]

• Δ𝑝፞ and Δ𝑝፜ denote the pressure drop in respectively the evaporator and the condenser (=0.3
𝑏𝑎𝑟) [𝑏𝑎𝑟]

• 𝑄፞ and 𝑄፜ denote the discharge in the evaporator and the condenser [𝑚ኽ/𝑠]
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Figure 2.3: OTEC system [5]

2.3.4. Total cycle efficiency
With equation 2.4, the total maximum head loss in the cold water pipe is determined to be 0.6 bar, in
order to stay above an OTEC efficiency of 70 %. This is also shown in Figure 2.4. The net thermal
efficiency of the OTEC system, after taking into account the pump losses of the system, is determined
to be 2.51 %.

Figure 2.4: OTEC system efficiency as a function of
head loss in cold water pipe Figure 2.5: Overview OTEC system
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2.4. Summary OTEC system values
The general operation conditions for the design of the OTEC plant are summarized in Table 2.3. Re-
garding the OTEC system configuration, a preliminary choice is made for a barge with spread mooring
because of its large water surface area leading to a higher buoyancy force, making it possible to lift
relatively easier with smaller cranes. In addition, Allseas is in possession of multiple vessels which
characterize a barge with spread mooring, making an OTEC installation plant more attractive. An
overview picture of the total OTEC system is given in Figure 2.5

OTEC system operating conditions Value Unit
Gross energy 15 𝑀𝑊
Temperature cold seawater 5.2 ∘C
Temperature warm seawater 27.2 ∘C
Heat flow warm water 419 𝑀𝑊𝑡
Length cold water pipe 1000 𝑚
Carnot efficiency 7.3 %
Turbine efficiency 85 %
Generator efficiency 90 %
Exergy efficiency 64 %
Gross thermal efficiency 3.6 %
Net thermal efficiency 2.5 %
Pressure drop cold water pipe 0.6 𝑏𝑎𝑟
Total power consumption 4.62 𝑀𝑊
Nominal net power 10.34 𝑀𝑊
OTEC system efficiency 69.20 %

Table 2.3: Summary of OTEC system values
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design
In this chapter, the current research in cold water pipe design is discussed . First, non-flexible materials
such as steel, HDPE and composites are discussed. After this, the applicability of flexible materials
into the cold water pipe design are discussed.

3.1. Cold water pipe materials
Up to today, there is no consensus what kind of pipe configuration is the best for the cold water pipe.
HDPE is often mentioned as the best material choice. Other materials that are usually mentioned for
the cold water pipe are steel, concrete, fiber-reinforced plastic (FRP), glass-reinforced plastic (GRP)
and more flexible materials such as polyamides [12] [22].

Cold water pipes that have been installed up until now are relatively small compared to the length of
1000 𝑚 that is needed for the cold water pipe in OTEC. Next to this, the current upper limit of a pipe
diameter is 4 𝑚 [22]. Other criteria that are important to take into consideration when choosing the
cold water pipe material are : yield strength of the material, complexity of installation, availability in
larger diameters, costs, corrosion resistance, thermal conductivity, surface roughness, resistance to
fatigue and sensitivity to biofouling. A lower thermal conductivity means the cold water in the pipe will
remain colder during operation and a a lower surface roughness means a higher efficiency of the OTEC
system.

3.1.1. HDPE
HDPE is often mentioned as the best material choice due to high flexibility, lightness, stability, long
life-time in both fatigue and corrosion and cheap to average material prices. In offshore environment,
HDPE is mostly used for the transmission of water over longer distance and it is most well known
for its high strength-to-density ratio. HDPE pipes are generally available in diameters up to 3 𝑚 and
with lengths up to 500 𝑚 . The maximum diameter available of HDPE is 4 𝑚 [22]. The segments of
HDPE can be fused or flanged together. One of the disadvantages of HDPE is that the yield strength
is time dependent, since HDPE experiences creep over a longer period of time. Next to this, HDPE
has a density that ranges from 939 to 960 𝑘𝑔/𝑚ኽ, meaning ballast is needed to prevent buckling from
happening in the pipe and provide stability. Lastly, relatively low material strength and today’s limited
size of manufacturing reduce the options of upscaling of HDPE. In Figure 3.1, the most important
material properties of HDPE are summed up [21].

19
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Material property Value Unit
Density 960 𝑘𝑔/𝑚ኽ
Design stress after 50 years 6.3 / 8.0 * 𝑀𝑃𝑎
Design stress at time zero 9.4 /12.0 * 𝑀𝑃𝑎
Modulus of elasticity after 50 years 200 𝑀𝑃𝑎
Poisson’s ratio - 0.4 - 0.5
Average coefficient of thermal expansion 0.2 * 10ዅ3 ∘Cዅ1
* Safety Factors are 1.6 and 1.25 respectively

Table 3.1: HDPE characteristics [20]

HDPE concepts

In the past, two types of HDPE concept designs have been researched: one large HDPE pipe and
a bundle of smaller HDPE pipes. A schematic presentation of these concepts can be seen in Figure
3.1 Size limitation of HDPE pipes requires small bundles of HDPE pipes. A bundle of HDPE is easy
to manufacture, transport and deploy. However, previous studies have shown that a HDPE bundle of
pipes of around 2.5 𝑚 leads to higher pressure drops and a higher added mass being too large. For
example, The pressure drop is almost six times as large compared to a single large pipe [12] [22]. A
HDPE design with a pipe and a bundle of pipes is shown in Figure 3.1. A large diameter HDPE pipe
could, however, be a suitable option.

Figure 3.1: Concept drawings HDPE cold water pipe

3.1.2. Concrete and steel
Concrete and steel are materials which are used in various offshore applications, such as the pipeline
industry and offshore monopiles due to high impact resistance and relatively low costs. However, both
materials have a relatively high density, making the foreseen installation more complex with heavy
loads thereby increasing the costs [22]. Steel pipes are currently available in large diameters ranging
up to 11 𝑚 and having a wall thickness of 250 𝑚𝑚. However, since steel is a highly corrosive material,
proper internal and external coating as well as cathodic protection are necessary.
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3.1.3. Composites
Composites have been developing rapidly lately, providing new material solutions addressing the re-
quirement for high performance [32]. Composites are materials made from two or more materials
having different mechanical properties. Composites such as fiber-reinforced plastic (FRP) and glass-
reinforced plastic (GRP) are light, strong and known for good fatigue and corrosion resistance [32].
FRP consists of a compound material, such as an epoxy, and a reinforcing material, such as fibers.
Fibers add higher structural stiffness and strength to the material compared to glass fibers. The com-
pound material can either be made from a thermoset or from a thermoplastic. Thermosets are cured
irreversibly through a chemical reaction. Examples of thermosets include epoxy and phenolic. Ther-
moplastics require only heat and pressure in order to form the product, meaning it is a non reactive
solid. Examples include PP, HDPE and PA11. PA11 is a polyamide nylon material.

Composite materials have been extensively incorporated into the marine industry, the main reason
being the high strength to weight ratio and the resistance against corrosion. Examples are naval ap-
plications such as smaller boats, hovercrafts and catamarans . However, within the offshore industry
composites have little operational experience. For instance, pipe segment joining techniques still have
to be determined. Composites are currently only used for repair of gas pipelines and other offshore
components such as risers and tendons. Smart drill pipes of composite are under development within
the offshore environment. Metal remains the main choice in pipeline due to good performance in haz-
ardous environments and more knowledge. Besides, the material costs of composite structures are
relatively high, making it less attractive. [32]

Composite concepts

1. Lockhead Martin composite concept
Lockheed Martin has developed a new advanced composite pipe, which can be seen in Figure
3.2 [27]. The concept comprises a composite pipe that is built while it is deployed vertically
offshore. The idea is to make a continuous pipe and reduce the installation risk. The main
challenge is the integration of the whole composite structure. The fibre rolls that are produced are
completely continuous since they are not cut out in the process, which is a significant advantage.
The disadvantage of the composite pipe is that the whole installation process has to be done
offshore.

Figure 3.2: Composite concept Lockhead Martin [32]

The installation of the composite pipe is done in the following sequence:

(a) Core ring is being made by joining pultruded planks.
(b) Core is being covered with reinforcement and infused.
(c) When the resin is cured, the mould is removed and the composite is lowered vertically so

that a new ring can be attached.
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2. Modular composite pipe
Another interesting cold water pipe concept is the modular composite concept, which can be seen
in Figure 3.3 [3]. The idea is to pre-fabricate composite modules onshore and deploy the pipe
offshore, thereby reducing cost and risk significantly. The concept is provided extra stability by
the use of rings along the length of the pipe. In Figure 3.4, it can be seen that using more rings
along the length of the pipe may reduce the risk of buckling form occurring.

Figure 3.3: Modular composite concept [3]
Figure 3.4: First buckling mode of modular composite

concept [3]

3. FRP sandwich pipe with stiffened rings
The last composite concept that is discussed is the fiber-reinforced plastic sandwich pipe [18].
Fiber reinforced plastic is combined with balsa wood to form the core of the pipe. Installation could
be done with ballast in the pipe. The pipe itself could be pre-fabricated completely onshore. The
FRP is resistant against seawater and has a low density. The total costs are estimated to be $
26.8 𝑀. A schematic picture of the concept can be seen in Figure 3.5.

Figure 3.5: FRP pipe [18]
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3.2. Alternative flexible cold water pipe materials
Other flexible materials that are considered for the use of the cold water pipe are specific polymers
and elastomers such as polyamides (nylons) and thermoplastics having flexible properties. Nylons,
TPU and PA are good alternatives for HDPE due to high performance and the possibility of increasing
installation capabilities for larger OTEC scale plants[20].

Polymers can be subdivided into thermoplastics and thermosets. An elastomer is a polymer with the
property of “elasticity,” generally having a low Young’s modulus and high yield strain compared with
other materials. Figure 3.6 illustrates the relation between density and Young’s modulus for the full
spectrum of materials. The graph is taken from the program CES Edupack. A lower density means
more ballast will be needed in order to guarantee the same stability, whereas a higher flexibility will mean
a higher probability of significant deformations. A higher Young’s modulus is mostly accompanied by
a higher allowed yield stress, also meaning a higher maximum strain is allowed. The flexibility of a
material is directly related to the Young’s Modulus (𝐸). The relation of stress (𝜎) and strain (𝜖) in the
linear phase is given by equation 3.1.

𝐸 = 𝜎
𝜖 (3.1)

in which:

• 𝜎 denotes the stress in a material [𝑁/𝑚𝑚ኼ]

• 𝜖 denotes the strain in the material [%]

Figure 3.6: Material properties density vs. Young’s Modulus [21]

3.2.1. Polyamides
Polyamide materials that are seen as favorable for the cold water pipe are nylons, due to their light-
ness which makes it easy to install as well as easy to manufacture. There are many different sort of
nylon, ranging from rigid nylon to flexible nylon. Flexible nylons typically have mechanical properties
as summarized in Table 3.2.

Nylon concepts

A soft nylon pipe with a flexible membrane, held under tension by ballasted weights and supported
by longitudinal cables is an interesting concept due to relative easy installation. The concept com-
prises a flexible membrane, such as a synthetic textile, with modular rings to create a cylindrical zone.
The cables could for instance be made of high tenacity poly ethylene and are being inclined in the
circumferential direction in both directions to form a mesh. The cables are arranged in a sleeve to the
membrane, which is made from the same material as the membrane. If enough cables are attached
to the membrane, the concept will form like a hyperbole shape, which can be seen in Figure 3.7 and
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Material Property Value Unit
𝜌 1045 𝑘𝑔/𝑚ኽ
𝐸 355 𝑀𝑃𝑎
𝑓፲ 26 𝑀𝑃𝑎
elongation at yield 37 %
price 10.55 €/𝑘𝑔
tensile strength 48 𝑀𝑃𝑎

Table 3.2: Material properties flexible nylon

Figure 3.8. The total costs of a flexible cold water pipe could be as low as $ 13.3 𝑀, which makes
it an interesting concept [18]. A disadvantage of this concept is that the deformation of the sheet is
expected to induce relatively large pressure drops, lowering the efficiency of the OTEC system. Next
to this, nylon itself is relatively expensive. However, fewer material is expected to be necessary for this
concept. A schematic drawing of a soft nylon pipe is shown in Figure 3.7.

Figure 3.7: Soft foldable pipe concept [11] Figure 3.8: DCNS foldable pipe pilot test [11]
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3.2.2. Thermoplastics
Thermoplastics that are suitable for the cold water pipe are PP, PE, PVC, PU and polychloropeen. All
of these plastics are widely used in flexible risers in the offshore industry, which is why a reference case
for this is discussed in the following section.

Thermoplastic concepts

1. Flexible risers in offshore industry
Flexible risers are riser systems that enable the oil and gas industry to transport fluids from the
subsea bottom to a floating production system. These flexible risers have been applied to shallow
water production over four decades because of its flexibility and corrosion resistance. Flexible
risers are produced up to around 0.4𝑚 in diameter, having flow velocities up to 30𝑚/𝑠. It consists
of multiple layers of wound metal bands and extruded polymers. The polymetric layers function
as sealing, anti-wear and heat-insulators, whereas the metallic layers have to resist the loads
(environmental loads, internal pressure, axial loads). The function and most commonly used
materials in each layer are summed up in Table 3.3.

Figure 3.9: Flexible riser design [26]

Layer Material Function
Carcass Duplex steel External pressure resistance
Pressure armor Carbon steel Hoop and radial load resistance
Tensile armor Carbon steel Axial and torsional load resistance
Inner sheath HDPE, XLPE, PA, PVDF Internal fluid containment
Outer sheath HDPE, PA, TPE External fluid barrier
Anti-wear layer PA, PVDF, HDPE Abrasion resistance
Insulation layer PP, PVC, PU Thermal insulation

Table 3.3: Materials flexible riser design for offshore oil and gas

The anti-collapse capability of offshore flexible risers is often considered as one of the essential
factors for deeper water flexible risers [26]. Harsh operating offshore environments in deeper
waters may lead to various different failure modes for the flexible risers: collapse, burst, lateral
buckling and fatigue. Burst may occur when the internal pressure is larger than the external
pressure, whereas collapse may occur when the external pressure is larger than the internal
pressure. Radial buckling of the internal carcass can be sub-divided into two failure modes: dry
and wet collapse.

• Dry collapse: the outer sheath is non-damaged and all layers within the flexible riser play
a role together to resist the collapse. The interlocked carcass together with the pressure
armor then form the main layers for the collapse resistance.
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• Wet collapse: the outer sheath is breached, meaning the external pressure acts directly on
the inner sheath (mainly the carcass).

The outer sheath damage leading to wet collapse remains the most common failure mode [30].
With regard to flexible riser design, API standards 17B and 17J have been developed and are
widely accepted specifications. Initial ovalization strongly influences the collapse capacity of the
whole cross section.

A summary of the different kind of materials used in the flexible riser design, including some
important mechanical properties, are given in Table 3.4 and Table 3.5. The values reported in
this table are the average values from CES Edupack.

Mechanical property/Material Medium C steel PVC PE PP PET
𝜌 (𝑘𝑔/𝑚ኽ) 7800 1370 949.5 900 1340
𝐸 (𝐺𝑃𝑎) 210 2.205 0.7585 1.223 2.9
𝑓፲ (𝑀𝑃𝑎) 652.5 41.55 23.45 28.95 52.7
elongation (%) 20.5 60 500 350 300
𝑣 (-) 0.285 0.4 0.426 0.416 0.39
t_expansion (𝑢፬፭፫ፚ።፧/𝐶) 12 73.05 162 151 117
t_conductivity (𝑊/𝑚.𝐶) 54 0.209 0.435 0.167 0.156
roughness (𝑚𝑚) 0.05 0.0015 0.0015 0.0015 0.0015
salt water durability limited use excellent excellent excellent excellent
costs (€/𝑘𝑔) 0.655 1.645 1.395 1.49 1.22

Table 3.4: Mechanical properties of the flexible riser design 1

Mechanical property/Material PU ABS PA PVDF
𝜌 (𝑘𝑔/𝑚ኽ) 1165 1045 1135 1775
𝐸 (𝐺𝑃𝑎) 0.008955 2.415 1.49 2.25
𝑓፲ (𝑀𝑃𝑎) 46.9 42.05 51.5 36.5
elongation (%) 625 32.5 50 306
v (-) 0.48 0.4 0.38 0.42
t_expansion (𝑢፬፭፫ፚ።፧/𝐶) 163 98.5 130 110
t_conductivity (𝑊/𝑚.𝐶) 0.313 0.263 0.28 0.22
roughness (𝑚𝑚) 0.0015 0.0015 0.0015 0.0015
salt water durability excellent excellent acceptable -
costs (€/𝑘𝑔) 1.985 2.545 3.575 -

Table 3.5: Mechanical properties of the flexible riser design 2

2. Elastomer pipe including rings on the inside
An elastomer pipe with rings on the inside of the pipe could provide flexibility and foldability. For
instance, by manufacturing a spiral ring within a material such as a synthetic rubber, the system
can be unfolded vertically. Since a synthetic rubber is relatively light weight, ballast is needed
to keep the cold water pipe straight. A good example of this concept are the airhoses used for
washing machines, which can be seen in Figure 3.10.

3. Flexible fallpipe with rigid buckets and steel catenary lines
A flexible fallpipe has been designed and manufactured by vanOord’s and is installed onboard of
the vessel Stornes. It is a system in which rigid buckets can fold into each other. The system is
hanged off by steel catenary lines. With this flexible fallpipe vanOord is able to install rocks on
the seabed. Figure 3.11 and Figure 3.12 show the flexible fallpipe.
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Figure 3.10: Flexible DUCT air hose concept

Figure 3.11: Flexible fallpipe van Oord 1

Figure 3.12: Flexible fallpipe van Oord 2





4
Flexible cold water pipe design

In this chapter, the design process for the flexible pipe is discussed. First, the design requirements of
the cold water pipe are presented. After this, a design choice regarding the preliminary measurements
of the cold water pipe is made. Subsequently, five different cold water pipe concepts are introduced,
including three flexible concepts. Finally, a Multi Criteria Analysis of the five different cold water pipe
concepts is presented in which a preliminary choice is explained.

4.1. Cold water pipe design requirements
The design requirements of the cold water pipe are of high relevance for the design. The design
requirements follow from the design goals as stated in Chapter 1 and from the fact that 10 𝑀𝑊 of
energy needs to be produced.

Firstly, the design goals of the cold water pipe are repeated:

• Enough strength and stiffness during operation, meaning the cold water pipe does not collapse
when water is being pumped through the pipe.

• Easy installation of the cold water pipe by introducing a foldable or flexible concept.

• High flow rates and low pressure losses should be achieved for the upscaling of OTEC.

• Costs of the cold water pipe should be as low as possible.

As a consequence of the fact that 10 𝑀𝑊 of electricity needs to be produced, the following design
requirements for the cold water pipe are applicable:

• The maximum head loss in the CWP is determined to be 0.6 bar, as discussed in Chapter 2.

• A flow rate of respectively 20.000 𝑘𝑔/𝑠 for the cold water pipe.

• A length of the CWP of 1000 𝑚, in order to have a temperature difference of at least 20 ∘C.

29
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4.2. Cold water pipe design considerations
The two most important preliminary design considerations are the choice of the diameter and the flow
speed in the pipe. These two design choices should be carefully chosen such that the pressure drop
in the pipe is below 0.6 bar. This is explained in the following section.

4.2.1. Pressure loss
The maximum head loss in the cold water pipe is determined to be 0.6 bar. The head loss in the cold
water pipe consists of: the singular head losses, hydrostatic pressure loss and friction loss, which can
be seen in equation 4.1. The first term is the friction pressure loss, also known as the Darcy Weissbach
term. The second term is the sum of all singular head losses, which can be present due to accelerations,
decelerations, curvatures, branches and obstructions. For a straight pipe the only singular head loss
that is present is the inlet loss. The third term is called the hydrostatic pressure loss.

ℎ፭፨፭ = 𝑓 ∗
𝐿
𝐷።
∗
𝑢ኼ፟
2𝑔 +∑𝐾 ∗

𝑢ኼ፟
2𝑔 +

Δ𝜌
𝜌፜
∗ 𝑦 (4.1)

in which:

• 𝑓 is the coefficient of friction [-], which can be determined according to equation C.3

• 𝐿 is the length of the pipe [𝑚]

• 𝐷። is the internal diameter of the pipe [𝑚]

• 𝑢፟ is the the flow velocity of the internal seawater [𝑚/𝑠]

• 𝑔 is the gravitational acceleration, which is 9.81 [𝑚/𝑠ኼ]

• 𝐾 is the resistance coefficient, dependent on the shape of the particular design [-]

• 𝜌፜ is the density of the cold water [𝑘𝑔/𝑚ኽ]

• Δ𝜌 is calculated by (𝜌፜ - 𝜌ፚ፯፞፫ፚ፠፞)

• 𝑦 is the length that is reached over the total depth of the pipe [𝑚]

The pressure loss calculations are further explained in Appendix C. The major losses are accomplished
by the friction losses, depending on the length, diameter, flow speed and roughness in the pipes. In
general, it can be stated that the pressure drop in the pipe is higher for larger values of the length 𝐿,
the flow speed 𝑢፟ and the roughness of the pipe. In addition, a relatively larger diameter of the cold
water pipe will lead to a lower pressure drop.

4.2.2. Preliminary dimension choice
A mass flow �̇� of 20.000 𝑘𝑔/𝑠 is achieved through the cold water pipe, assuming a density of 1027
𝑘𝑔/𝑚ኽ through the cold water pipe. The density in the cold water pipe is the density corresponding to
the cold water that is pumped up from 1000 𝑚. In order to achieve a mass flow of 20.000 𝑘𝑔/𝑠 in the
cold water pipe there are a few possible combinations of diameters and corresponding flow speed. In
Table 4.1, these different dimensions of the cold water pipe are presented.

The mass flow in the cold water pipe is defined as:

�̇� = 𝜌፜ ∗ 𝑢፟ ∗ 𝐴። (4.2)

in which:

• 𝜌፜ is the density of the cold water [𝑘𝑔/𝑚ኽ]

• 𝑢፟ is the the flow velocity of the internal seawater [𝑚/𝑠]

• 𝐴። is the internal cross section of the pipe, calculated by equation 4.3
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𝐴። =
1
4 ∗ 𝜋 ∗ 𝐷

ኼ
። (4.3)

in which:

• 𝐷። denotes the internal diameter of the pipe [𝑚]

Flow speed 𝑢፟ (𝑚/𝑠) Internal diameter 𝐷። (𝑚)
1 4.98
2 3.50
3 2.87
4 2.49
5 2.23
6 2.03

Table 4.1: Flow speed in the pipe vs. internal diameter

A relatively low flow speed is favorable such that the head loss is not significant. The range of possible
flow velocities in the pipe is from 2 to 6 𝑚/𝑠 [33]. However, at flow speeds above 4.53 𝑚/𝑠, there is a
high probability of instability occurring. [24]. Therefore, it seems reasonable to focus on flow velocities
between 2 and 4 𝑚/𝑠. It must be noted, however, that a larger diameter will lead to higher capital
expenditure costs of the pipe.

Since the efficiency is an important parameter for the OTEC system, the lowest possible flow speed of
2𝑚/𝑠 is chosen. This means the diameter that is chosen is 3.5𝑚, in order to reach the desired 20.000
𝑘𝑔/𝑠. The characteristic values of the cold water pipe are presented in Table 4.2.

Cold Water Pipe Value Unit
�̇� 20.000 𝑘𝑔/𝑠
𝑢፟ 2 𝑚/𝑠
𝐷። 3.5 𝑚
𝜌፜ 1027.75 𝑘𝑔/𝑚ኽ
𝐿 1000 𝑚

Table 4.2: Cold water pipe basis of design values
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4.3. MCA cold water pipe concepts
The five pipe concepts that are analysed in the MCA are: a foldable elastomer pipe, a foldable FLEX-
hose pipe, a flexible composite pipe, a rigid composite pipe and the reference HDPE pipe. A schematic
presentation of the concepts can be seen in Figure 4.1. The concepts are a result of the literature review
done in Chapter 3.

Figure 4.1: Concept drawings foldable and flexible pipes

4.3.1. Criteria definitions
In order to evaluate the most suitable flexible pipe concept a Multi-Criteria Analysis (MCA) is performed
on the five different concept designs. The MCA scores the concept designs on five criteria which are
defined in such a way that all important characteristics of the concept designs are addressed. For
every criteria, the concept is rated on a scale from -2 to 2. The MCA system is provided by Allseas.
The description that belongs to the score can be seen in Table 4.3. The scores are then weighed
and summed per concept to give the final score. In the section below, the five criteria are explained
after which the scores per scenario is given. In Table 4.4, the weight factors are presented, which
are determined according to a weigh factor table given by Allseas. The weigh factor table takes into
account the given importance with respect to each other and calculates the weight factors accordingly.

Description Bad Insufficient Sufficient Good Excellent
Score -2 -1 0 1 2

Table 4.3: Description score of MCA

Criteria Weight factor
Operational efficiency 0.30
Market readiness 0.13
Costs 0.30
Deployment 0.20
Maintainability 0.07

Table 4.4: Weight factors MCA
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1. Operational efficiency
The operational efficiency of the flexible cold water pipe is measured by the flow losses that occur
in the pipe, which is measured by the roughness value of the chosen material and the shape of
the pipe. The roughness value that belongs to the smooth thermoplastic pipes is equal to 0.0015
𝑚𝑚 [31].
The energy efficiency losses caused by heat transfer from the ambient seawater to the cold water
pipe are calculated to be < 0.1 °C, which is why this is considered to be negligible. The heat
transfer calculations can be seen in Appendix D.

2. Market readiness
The market readiness of the concepts can be judged on feasibility by pipe material and the as-
sociated properties. The parameters used to evaluate the market readiness are the maximum
current diameter and size that are available for the concept designs. This is used as a poten-
tial implementation time indicator for the design to be produced. The indicator market readiness
measures whether the concept would be ready to be produced right now.

3. Costs
The costs of the flexible cold water pipe can be split up into manufacturing costs and installation
costs. The manufacturing costs are estimated by material costs that are expected to be needed
for the pipe design. The material costs can be estimated by using the price per kg per material
type. The installation costs are dependent on the complexity and time needed for the foreseen
installation technique offshore. Since it is difficult to make a quantitative estimate of installation
costs, this is only done qualitatively by comparing installation techniques in the criteria deploy-
ment.

4. Deployment
The deployment of the pipe consists of transportation and installation of the pipe on location. The
two deployment methods used in the offshore industry are horizontal and vertical installation. The
deployment of the pipe is evaluated by the complexity of the deployment method and the foreseen
time of the installation. The joinability of the parts of the pipe is also taken into consideration.

5. Maintainability
The maintenance of the flexible pipe is measured by the probability of corrosion happening or a
leak forming in the pipe.

4.3.2. Concept 1: Foldable spiral elastomer pipe
In this concept, a steel spiral is combined into a PVC sheet film. Foldability of the concept is achieved
by the ability of the steel spiral to contract and the flexibility of the PVC. The steel spiral’s function is
to resist the external pressure, whereas the PVC functions for internal fluid containment and flexibility
for the foldable pipe design. Currently, this concept is mainly used in ventilation hoses and in irrigation
systems. The steel spiral is wrapped into the PVC sheet. The foldable PVC sheet’s thickness is
expected to be in the order of a few millimeters, in order to be compressionable.

The inner pipe’s surface is not entirely smooth since the steel spiral is wrapped into the PVC sheet,
meaning the flow is expected to be not entirely in line over the length of the pipe. In-homogeneity’s in
surface roughness are expected to create vortices leading to significant motions and lowering efficiency.
On the other hand, applying enough ballast is expected to straighten the foldable pipe. PVC exists in
two forms: hard PVC and flexible PVC. Currently, there are no pipe designs available in large diameters
up to 3.5𝑚. Therefore, it is expected to take some implementation time before this concept could be of
use. The costs of this concept are expected to be relatively low, considering the fact that fewer material
is expected to be needed in comparison with a HDPE pipe. The costs of flexible PVC is 2.37 €/𝑘𝑔
according to CES Edupack. The deployment of the foldable spiral pipe is expected to be easy due to
the low density of the material and its foldability in vertical direction. Ballast is needed to lower the pipe
during installation. The foldable spiral pipe, however, is expected to be sensitive to corrosion since the
steel spiral is wrapped into the PVC sheet.
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4.3.3. Concept 2: Foldable FLEX-hose pipe
The foldable FLEX-hose pipe concept consists of a soft inner nylon sheet, concrete rings and vertical
tensioners. The soft nylon pipe is held under tension by ballasted weights and supported by longitudinal
cables. Prevention of implosion and buckling is achieved by the concrete rings and the cables. The
length between the rings should be chosen in such a way that buckling of the material is prevented.
The cables could for instance be made of high tenacity poly ethylene and are being inclined in the
circumferential direction in both directions to form a mesh.

Previous studies show that membrane contractions induce higher pressure drops due to an inclination
angle during pumping which leads to continuous enlargements and contractions in the pipe, lowering
the efficiency of the OTEC system. As long as the inclination angle stays below 7 degrees, the pressure
losses are not significant [18]. Figure 4.3 confirms this since the only pressure drop that is below 0.6
bar for a flow speed of 2 𝑚/𝑠 is the pipe discontinuous pipe with an inclination angle of 5 degrees. The
calculation of the pressure drop can be read in Appendix C. In conclusion, the inclination angle is not
considered to be a problem as long as the angle does not become larger than 5 degrees. Currently,
there are no such pipe designs available in large diameters up to 3.6 𝑚. However, DCNS, an offshore
company, is currently doing research into foldable OTEC pipes, which can be seen in Figure 3.8. The
total costs of a foldable cold water pipe could be as low as $13.3 𝑀 [18]. However, flexible nylon itself
is relatively expensive. Flexible nylon costs 10.8 €/𝑘𝑔, according to CES Edupack. The deployment
of the foldable pipe is expected to be easy and quick because of its relative low structural weight and
the possibility of folding and unfolding the pipe. However, the many pipe joints reduce the robustness
of the concept. In addition, nylon needs a thin layer of continuous material called microns in order to
make it completely water resistant. These might be more subjected to cracks and failures if loaded
for a longer time. The corrosion resistance of nylon, poly-ethylene and concrete is considered to be
sufficient. However, when the cables are chosen to be made of steel, coating is required. Lastly, since
the nylon sheet is in the order of millimeters, there is also the risk of a leak forming in the pipe which
should be taken into account.

Figure 4.2: Soft foldable pipe concept with
cables and rings Figure 4.3: Inclination angle of the foldable discontinuous pipe
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4.3.4. Concept 3: Flexible composite pipe
In this concept, a laminated composite comprising different layers of materials is suggested. Materials
that are expected to be incorporated in this concept are steel in carcass form in combination with
thermoplastics. Within the offshore industry, this flexible composite pipe is used more frequently lately
as a riser system to transport fluids such as petroleum.

The operational efficiency is expected to be excellent due to the smooth roughness of the inner carcass.
However, the current maximum diameter of a flexible composite pipe is 0.4 𝑚, meaning upscaling is
expected to be difficult (Source). Since this concept consists of multiple materials wrapped into each
other, the costs are expected to be higher. In addition, deployment of the pipe is expected to be difficult,
since a large reel is expected to be needed in order to install a 1000 𝑚 long flexible pipe (Source) .
Lastly, maintainability of the pipe is expected to be sufficient with proper internal coating preventing
corrosion and relatively thick layers on top of each other.

Figure 4.4: Flexible riser in offshore environment [26]

4.3.5. Concept 4: Rigid composite pipe
The rigid composite concept comprises a FRP pipe, which is a corrosion resistant pipe system. A
typical glass fibre reinforced pipe is shown in Figure 4.5.The composite is manufactured in lengths up
to 12 𝑚. In addition, there is no no need for costly pipe coating, wrapping, lining, painting, or use of
polyethylene wraps.

The operational efficiency is expected to be excellent due to the smooth roughness of the composite
pipe. Composite pipes are available up to 4 𝑚, meaning the possible implementation time could be
relatively soon. However, the costs of this concept are expected to be relatively high since the price of
composites is estimated to be 23.3 €/𝑘𝑔. Also, the deployment is expected to be more difficult due to
poor join-ability of the composite parts, thereby making the installation procedure more complex and
possibly having to do a large part of the installation operation offshore. Lastly, since composite pipes
are known to be corrosion resistant the maintainability of the pipe is expected to be excellent.

Figure 4.5: Glass Fibre Reinforced Polymer pipe
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4.3.6. Concept 5: Reference HDPE pipe
Concept 5 comprises the reference HDPE pipe. HDPE is often mentioned as the best material choice
due to high flexibility, lightness, stability, long life-time in both fatigue and corrosion and cheap to av-
erage material prices. In offshore environment, HDPE is mostly used for the transmission of water
over longer distance and it is most well known for it high strength-to-density ratio. A picture of a typical
HDPE pipe can be seen in Figure 4.6.

Figure 4.6: Typical HDPE pipe

The operational efficiency is determined to be excellent, due to the smooth inner surface in the HDPE
pipe. The market readiness is determined to be excellent as well due to the fact that current diameters
go as high as 3.5 𝑚 in diameter. The expected costs are determined to be acceptable as well since
HDPE’s price is only 1.40 €/kg according to CES Edupack. However, installation is expected to be
relatively difficult with longer HDPE pipes up to 500 𝑚 that have to be joined together and installed
offshore [31]. Lastly, maintainability is determined to be excellent due to excellent corrosion resistance
of the HDPE material.
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4.4. Results of MCA
The results of the MCA are shown in Table 4.5.

Concept name Foldable spiral FLEX-hose Flexible composite Rigid composite HDPE
Operational efficiency

WF = 0.30
-2 -2 2 2 2

Market readiness

WF = 0.13
-2 -1 -1 2 2

Costs

WF = 0.30
2 2 -1 -2 0

Deployment

WF = 0.23
2 2 0 -2 -1

Maintainability

WF = 0.07
-2 2 0 -2 2

Total Score 0.00 0.41 0.17 -0.28 0.80

Table 4.5: Results Multi Criteria Analysis flexible pipe designs

From the MCA that has been performed it can be concluded that concept 2 and 5 are considered to
be the best cold water pipe designs. Secondly, concept 1 and 4 are not sufficient enough for the cold
water pipe design.

The foldable spiral concept is expected to generate large motions due to the spiral that is present in
the pipe, which is unfavorable. The inner pipe’s surface is not entirely smooth, meaning the flow is
expected to be not entirely in line over the length of the pipe. In-homogeneity’s in surface roughness
are expected to create vortices leading to significant motions and lowering efficiency. In addition, no
designs are available on the market currently. This means that a long time will be needed before
implementation is possible, considering this concept needs to start from scratch.

The foldable FLEX-hose concept is expected to be a good concept due to easy deployment with the
foldable concept and fewer material costs that are expected to be needed. However, the inclination
angle while pumping may not become significant, meaning above 5 degrees, since this will lead to
lower energy efficiency. In addition, no current design is available on the market, meaning research
and development is needed. However, the foldable pilot tests performed by DCNS show promising
developments as shown in Figure 3.8.

The flexible composite concept performs average in the MCA. Especially the low maximum current
diameter of 0.4𝑚 in combination with non-foldability are the main reason that this concept is not further
analysed.

The rigid composite concept is interesting due to the fact that large diameters are currently available for
composite pipes. The main disadvantage, however, is that the material costs of composites are very
high.

Te reference HDPE pipe also performs well in the MCA. The current market that is focused on HDPE,
as well as the relatively low material costs are considered to be the main advantages. Installation is
expected to be relatively difficult, since large parts will have to be joined together offshore.



38 4. Flexible cold water pipe design

4.4.1. Choice of design
The chosen concept is concept 2 due to the possibility of foldability and the expected lower costs that
are associated with the concept. In addition, the market readiness is expected to improve in the future
as tests are done for foldable concepts by DCNS.
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Literature review thin walled flexible

concept design

In this chapter, the chosen thin walled flexible concept is reviewed through literature research about
thin walled pressure vessel theory and creep. First, the thin walled pressure vessel theory is discussed,
including the theory of buckling of vessels under external pressure. Subsequently, a collapse pressure
analysis is performed for some preliminary design values of the flexible concept. Lastly, the risk of
creep occurring for plastics is discussed including some recommendations on the prevention of creep.

5.1. Thin walled pressure vessel theory
Pressure vessels are commonly seen in the form of spheres, cylinders, ellipsoids or some composite
of these materials. In principal, the pressures exerted on a circular cylinder generate three possible
stresses: axial stresses, hoop stresses and radial stresses. Axial stresses arise from pressures that
are exerted by closures. Hoop stresses are generated by the pressure exerted on the inner and outer
cylindrical surfaces. Radial stresses, which are by definition always negative because it is compressive,
arise as a result of the external and internal pressure, given the wall thickness of the pipe is sufficiently
large. For a thin-walled cylinder the hoop stress is generally approximately twice the longitudinal stress,

and the absolute value of the radial stress is fewer than
1
20 of the hoop stress [35]. A schematic picture

of the three principal stresses can be seen in Figure 5.1. When the thickness of a pipe is small in
comparison with the other dimensions, a pipe can be modelled as a membrane and the corresponding
stresses are calculated by neglecting the bending moments.

Figure 5.1: Three principal pipe stress directions: axial stress, hoop stress and longitudinal stress
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5.1.1. Axial stress
The axial stress in a thin walled cylinder can be calculated as a result of hydrostatic pressure, ballast
and pre-tension for the thin walled FLEX-hose foldable concept. The resultant force causes a normal
stress in the sheet, according to equation 5.1. Elongation in the axial direction also leads to lateral
contraction at the same time. The ratio of the unit lateral contraction to the unit axial elongation is
constant within the elastic limit for a given material, and this is what describes the so called poisson
ratio.

𝜎ፚ =
𝐹፬
𝐴፬

(5.1)

in which:

• 𝐹፬ denotes the axial force in the sheet calculated along the length of the pipe [𝑁]

• 𝐴፬ denotes the cross section of the sheet, calculated by equation 5.2 [𝑚ኼ]

𝐴፬ =
1
4 ∗ 𝜋 ∗ (𝐷

ኼ
፨ − 𝐷ኼ። ) (5.2)

in which:

• 𝐷፨ denotes the outer diameter of the pipe [𝑚]

• 𝐷። denotes the inner diameter of the pipe [𝑚]
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5.1.2. Hoop stress
If a thin circular ring is subjected to the action of radial forces uniformly distributed along its circumfer-
ence by internal and external pressure, hoop forces will be produced throughout its thickness which
act in tangential direction. A uniform enlargement of the ring will take place if the acting forces are
radial outward, or contraction will occur if the acting forces are radial inward. The hoop stress through
a thin walled circular cylinder is described by equation 6.15, which is a widely used formula in industrial
standards. A clarification of the hoop stress formula is given in Figure 5.2. The difference in pressure
between the inside and the outside of the pipe is accounted for in this formula. The formula provides
reasonably accurate results for large ፃ

፭ ratios [25].

Figure 5.2: Hoop stress formula explanation

𝜎፡ =
(𝑝። − 𝑝፞) ∗ �̄�

2 ∗ 𝑡 (5.3)

in which:

• 𝑝። denotes the internal pressure [𝑁/𝑚ኼ]

• 𝑝፞ denotes the external pressure [𝑁/𝑚ኼ]

• �̄� denotes the average diameter [𝑚]

• 𝑡 denotes the thickness of the pipe [𝑚]

5.1.3. Radial stress
The presence of internal and external pressure compresses the shell radially, thereby generating radial
stresses. The radial stress formula for the inner radius and outer radius are given by equation 5.4 and
5.5. However, for thin-walled circular cylinders where ፃ

፭ > 20 the radial stress can be neglected since
the thickness is relatively too small in comparison to the diameter.

𝜎፫,። = −𝑝። (5.4)

𝜎፫,፞ = −𝑝፞ (5.5)

in which:

• 𝑝። denotes the internal pressure [𝑁/𝑚ኼ]

• 𝑝፞ denotes the external pressure [𝑁/𝑚ኼ]
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5.2. Buckling of cylindrical cylinders under external pressure
Rings or cylindrical bodies are liable to collapse as a result of combined uniform compression and
bending due to an external pressure alone if their flexural rigidity is insufficient. When a circular cylin-
der is subjected to external pressure and the primary stresses become compressive (𝑝፞ > 𝑝።) buckling
instability can occur at stresses below the elastic limit or yield strength of the material. The pressure
at which the annular shape becomes unstable and begins to buckle, and the deflections increase in-
definitely, is called the critical collapse pressure. Primary stresses become compressive for the case
that the external pressure is larger than the internal pressure. This type of failure gives little warning
leading to a rapid increase in radial deflection is also called implosion. [19]

5.2.1. Buckling shapes
A thin walled cylinder buckles in a definite pattern depending on its relative dimensions and the restraint
conditions at the ends. They are described by the number of lobes with the smallest number giving the
lowest collapsing pressure. The number of lobes for a cylinder of given dimensions is largely dependent
the type of restraint at the circumference or edge of the ends of the cylinder and the distance between
the restraints. A thin walled cylinder whose length is large in comparison to its diameter will buckle
elastically in the form of two lobes when subject to uniform external pressure. The ring is assumed to
be perfectly circular before the application of external pressure. Each cross section of the thickness
of the arc is subjected to a straight slender column under a central axial load for which the buckling
load is given by Euler’s formula [19]. Different buckling mode shapes (𝑛=2, 𝑛=3 and 𝑛=4) in which
the thin-walled structure could deform are shown in Figure 5.3. It is the most probable the thin walled
foldable FLEX-hose pipe will deform in its first mode forming an ellipse as shown in Figure H.3.

Figure 5.3: Implosion with different failure shapes [35]
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Description of buckling ellipse shape at n=2

The buckling ellipse for 𝑛=2 is shown in Figure H.3. It is important to note that the circular ring com-
presses more in the vertical plane in comparison to the horizontal plane due to the ellipse shape.
Further explanation and the derivation of the ellipse shape and geometries is provided in Appendix H.
The relation between the horizontal compression 𝑢፨ and vertical compression 𝑢 is given by equation
5.6.

Figure 5.4: Cylindrical ring under external pressure ellipse shape [19]

𝐴𝐵
ኼ

2 − 𝐴𝑂 ⋅ 𝐴𝐷 = 𝑟 (𝑢ኺ − 𝑢) (5.6)

in which:

• 𝐴𝐵 denotes the length from A to B, as shown in Figure H.3 [𝑚]

• 𝐴𝑂 denotes the length from A to O, as shown in Figure H.3 [𝑚]

• 𝐴𝐷 denotes the length from A to D, as shown in Figure H.3 [𝑚]

• 𝑟 denotes the radius r of the thin walled cylinder [𝑚]

• 𝑢ኺ denotes the horizontal compression at the right and left edge [𝑚]

• 𝑢 denotes the compression along the circle as a function of the angle [𝑚]
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5.2.2. Critical collapse pressure
The critical collapse pressure is defined as the pressure at which the annular shape becomes unstable
and begins to buckle. The derivation of general differential equations that are applicable is described
by Sturm [35]. The axial tension is not included. According to these equations the collapsing pressure
per unit of area,𝑊፜, under a uniform external pressure is equal to the product of the collapsing stiffness
and the cube of the ፭

ፃ ratio of the cylinder. The collapse pressure is defined by equation 5.7.

𝑊፜ = 𝐾𝐸(
𝑡
𝐷 )

ኽ (5.7)

in which:

• 𝑊፜ is the collapse pressure in due to uniform external pressure [𝑀𝑃𝑎]

• 𝐸 is for the linear elastic modulus of elasticity [𝑀𝑃𝑎]

• 𝑡 and 𝐷 are the thickness and the diameter of the thin walled pipe [𝑚]

• 𝐾 is a constant, dependent on the boundary conditions and the forcing applied to the thin walled
pipe, determined by Figures 5.5 and 5.6
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5.3. Preliminary design: collapse pressure analysis
The preliminary FLEX-hose foldable concept design comprises a vertical pipe from nylon with a deter-
mined diameter of 3.5 𝑚 and a preliminary thickness of 0.01 𝑚, supported by vertical tensioners and
concrete rings on a distance of 10 𝑚 between each other. The thickness of the design of the nylon
sheet is relatively very small to the diameter, meaning it is important that the structural integrity of the
design is tested. Thus, the concept is subject to an external and internal pressure and since the internal
pressure is lower due to pressure losses, there is a possibility of instability due to buckling.

5.3.1. Determination of the K-value
The determination of the constant K depends on the boundary conditions and the forcing applied. The
collapsing pressure is dependent on whether the boundaries can be modelled fixed or simply supported
and whether the pressure is applied to the sides only or to the sides and the edges. The different graphs
for these situations are shown in Figure 5.5 and 5.6 [35]. The graph to be used for the FLEX-hose
foldable concept is chosen to be simply supported and to have pressures on both the sides and the
ends.

Figure 5.5: K-values for pressure on sides only [35]

Figure 5.6: K-values for pressure on sides and ends [35]
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5.3.2. Preliminary results collapse pressure
For the preliminary design the design values are listed in Table 5.1. 𝐿፜፨፧፜፫፞፭፞ denotes the distance
between every concrete ring and 𝑅። denotes the radius of the internal diameter of the pipe.

Design parameter Value Unit
𝐷። 3.50 𝑚
𝑡 0.01 𝑚
𝐿፜፨፧፜፫፞፭፞ 10 𝑚
𝑅። 1.75 𝑚
𝐸 495 𝑀𝑃𝑎

Table 5.1: Preliminary design values with FLEX-hose foldable design

Sensitivity analysis in thickness and length

A sensitivity analysis has been performed for the collapse pressure, according to equation 5.7. The
thickness and the length between the rings has been varied in the sensitivity analysis. The results of
the sensitivity analysis are shown in Table 5.2. The graphs corresponding to the determination of the
different K-values are presented in Appendix H.

𝑡(𝑚) 𝐿፜፨፧፜፫፞፭፞(𝑚) 𝐿፜፨፧፜፫፞፭፞/𝑅። 𝐷።/𝑡 𝐾 − 𝑣𝑎𝑙𝑢𝑒 𝑊፜(𝑀𝑃𝑎) 𝑊፜(𝑘𝑁/𝑚ኼ)
0.01 10 6 350 16 0.00018 0.18
0.01 7.5 4 350 25 0.00029 0.29
0,01 5 3 350 35 0.00040 0.40
0.05 10 6 70 8 0.01155 11.55
0.05 7.5 4 70 9 0.01299 12.99
0.05 5 3 70 12.5 0.01804 18.04
0.1 10 6 35 5.5 0.06350 63.50
0.1 7.5 4 35 9 0.10391 103.91
0.1 5 3 35 12.5 0.14431 144.31

Table 5.2: Sensitivities for collapse pressure

Conclusion collapse pressure preliminary results

The calculated collapse pressure for a thin walled flexible nylon sheet without axial tension varies
between 0.13 𝑘𝑁/𝑚ኼ and 103.50 𝑘𝑁/𝑚ኼ, depending on the thickness 𝑡 and length 𝐿 between the rings.
In general, it can be stated that the ratio of ፃ፭ and ፋ

ፑ have a large impact on the collapse pressure.
The collapse pressure of cylindrical structures can be increased when the distance 𝐿 becomes smaller
between the stiffener rings and when the thickness becomes larger in comparison to the diameter of
the pipe. In addition, the chosen material and its corresponding Young’s Modulus also has an impact
on the collapse pressure of a structure. A relatively large ፃ

፭ ratio is undesirable as this leads to a lower
structural integrity. Also, a relatively lower value of ፋፑ is desirable, meaning it is favorable to choose
the distance L between the rings as small as possible. Moreover, a higher stiffness, meaning a larger
modulus of elasticity, leads to a larger collapse pressure of the system. Lastly, in order to increase the
resistance against collapse in the thin walled nylon sheet, it is beneficial to have tension in the sheet
to prevent collapse from happening. This is introduced in Chapter 6.
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5.4. Creep
In this sub-chapter, problems that could arise from creep are discussed. A reference case for a HDPE
design case is used to be able to investigate the negative influences of plastics experiencing creep
over time.

5.4.1. Reference case: HDPE
Creep is the tendency of a solid material to deform permanently under the influence of constant stress.
It occurs as a function of time through extended exposure of stress levels that are smaller than the yield
strength of the material. Since the sheet in the flexible pipe is made of plastic, creep is an important
phenomena to investigate. The lifetime of polymers like HDPE is restricted by 3 failure mechanisms:
ductile or creep failure, brittle failure due to cracks caused by cycling loading and brittle failure due to
molecular decomposition. A schematic representation of these three failure mechanisms is shown in
Figure 5.7 [8].

Figure 5.7: Failure mechanisms HDPE over time [8]

As time passes by, creep could lead to failure of the material. The strain rate of plastics is highly
dependent on temperature and the applied stress. As a result of creep, the Young’s Modulus of a plastic
material changes over time. A relatively lower Young’s Modulus leads to relaxation of the material. For
example, the Young’s Modulus of HDPE reduces from around 1125 𝑀𝑃𝑎 to 260 𝑀𝑃𝑎 after 30 years,
as is shown in Figure 5.8.

Figure 5.8: Creep modulus of HDPE material [8]

Conclusion creep

In order to mitigate creep as much as possible, it is beneficial to choose a material that has similar
strength properties but is lower in density, creating lower tensions. Next to this, locally increasing the
strength of the pipe by means of reinforcements also reduces the maximum stress in the pipe, which
could be beneficial for the mitigation of creep.
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6
Modelling of FLEX-hose concept

In this chapter, the model that is implemented including the calculations is described. First, the main
goal of themodel is described. After this, the preliminary design values of the pipe design are described.
Lastly, the model is described including important calculations and limitations.

6.1. Scope of modelling
The main goal of the model is to assess the feasibility of the FLEX-hose foldable pipe concept design.
The feasibility is assessed by calculating the tension that is necessary in the sheet to resist collapse, as
well as by calculating the associated pressure drop in the FLEX-hose foldable pipe concept. In addition,
the amount and weight of the concrete rings is also taken into consideration to asses the feasibility of
the concept. In the case of large radial displacement of the sheet, a larger pressure drop is present
in the pipe due to contraction and enlargement losses. In the end, this may lead to an energy loss in
the cold water pipe which is significant. The main loads that are exerted on the pipe are being caused
by the movements of the platform, the dynamic wave forces, the current and the flow running through
the pipe while in operation. In this model, only the flow running through the pipe while in operation is
examined.
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6.2. Preliminary design values
A preliminary concept design is used as start input for the model. The FLEX-hose concept consists of
a thin sheet of nylon, supported by concrete rings and steel cables. The nylon sheet is attached to the
concrete rings and the cables are attached to the concrete rings. The attachment of the concrete rings
to the nylon sheet is a challenge on its own. In general, a plastic such as a nylon is not joined to a
concrete ring. An idea could be to manufacture small systems in the sheet on which the concrete ring
could be hung up upon. Another solution could be some kind of epoxy or other joining material. The
cables run through the concrete rings and can be used during installation to lower the pipe. The force
distribution in the cables and the sheet respectively is determined by the axial stiffness of the nylon
sheet and the cables. A 3D visualization can be seen below in Figure 6.1.

The preliminary design values are listed in Table 6.1 and Table 6.2. Flexible nylon properties as stated
in Table 5.1 are used for the sheet properties. The concrete rings are determined to have a height of
0.5 𝑚 and a thickness of 0.4 𝑚 [18]. A concrete ring of a maximum height of 0.5 𝑚 is seen as feasible.
This has been decided in consultation with Allseas. The submerged weight of one concrete ring is
calculated to be 33.04 𝑘𝑁. An illustration of two cross sections of the preliminary design are given in
Figure 6.1 and Figure 6.2. The distance between the cable and the sheet is 2/3 of the length of the
concrete ring, which is 0.34𝑚. This length has been determined by the requirement that the sheet may
not touch the cables.

Figure 6.1: FLEX-hose Foldable pipe
concept drawing with nylon sheet,
concrete rings and steel cables

Figure 6.2: Cross sections of pipe at
concrete ring and in between span

Design parameter Value Unit
𝐷፨,፧፲፥፨፧ 3.50 𝑚
𝐷።,፧፲፥፨፧ 3.48 𝑚
𝑡፧፲፥፨፧ 0.01 𝑚
𝐸፧፲፥፨፧ 355 𝑀𝑃𝑎
cables 3 -
𝐷፜ፚ፛፥፞ 0.04 𝑚

Table 6.1: Design parameters sheet and cables

Design parameter Value Unit
𝐿፜፨፧፜፫፞፭፞ 10 𝑚
ℎ፜፨፧፜፫፞፭፞ 0.5 𝑚
𝐷።,፜፨፧፜፫፞፭፞ 3.50 𝑚
𝐷፨,፜፨፧፜፫፞፭፞ 4.30 𝑚

Table 6.2: Design parameters concrete rings
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6.3. Model description
The process of modelling the pipe design consists of coming up with pipe design parameters, running
the model and its calculations, analysing the output, comparing the results to the design requirements
and finally changing the pipe design parameters accordingly to satisfy the design requirements. In
order to satisfy the design requirements, many iterations in the modelling calculations have been done.
This process is illustrated by Figure 6.3. Figure 6.4 presents the complete model description, including
the steps that are taken in order to calculate the desired design configuration. In the following section,
all the calculation steps that are done in the model are discussed.

Figure 6.3: Design iteration procedure of modelling

Figure 6.4: Model description flow diagram
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6.3.1. Design requirements
The design requirements are used to asses whether the pipe design input parameters are acceptable.
The design requirements for the FLEX-hose foldable concept design are:
1. Δ𝑝 needs to be below 0.6 bar, as explained in Chapter 2. The pressure drop calculations are

done by using the diffusor analogy and are explained in section C.2 in Appendix C.

2. The unity checks for the nylon sheet and the cables for the stresses should be < 1.0.
For the cable, equation 6.1 should be satisfied.

𝜎፜ =
𝐹፜
𝐴፜
< 1.0 (6.1)

in which:

• 𝐹፜ denotes the cable force [𝑁]
• 𝐴፜ denotes the cross section of one cable, calculated by equation 6.2 [𝑚ኼ].

𝐴፜ፚ፛፥፞ =
1
4 ∗ 𝜋 ∗ 𝐷

ኼ
፜ፚ፛፥፞ (6.2)

in which:

• 𝐷፜ፚ፛፥፞ denotes the diameter of the cable [𝑚]
For the sheet, equation 6.3 should be satisfied.

𝜎ፕፌ = √𝜎ኼ፡ + 𝜎ኼፚ − 𝜎፡ ∗ 𝜎ፚ < 1.0 (6.3)

in which:

• 𝜎፡ denotes the hoop stress, as calculated in equation 6.15 [𝑁/𝑚ኼ]
• 𝜎ፚ denotes the axial stress, as calculated in equation 5.1 [𝑁/𝑚ኼ]

3. The cable force should be positive (>0)
In order for the pipe to be hanging straight and for the cable not to buckle, the cable force should
always be positive during operation. For the cable this means that the equilibrium at the bottom
of the pipe should satisfy equation 6.4. An illustration of the vertical equilibrium is given in Figure
6.5. Locally, tension is introduced into the concrete. This means it is advise-able to include
reinforcement into the concrete.

𝐹፜፥፮፦፩ − 𝐹፡፲፝፫፨,፜፥፮፦፩ − 𝑇፩፫፞ዅ፭፞፧፬።፨፧,፬፡፞፞፭ > 0 (6.4)

in which:

• 𝐹፜፥፮፦፩ is the clump weight at the bottom of the pipe [𝑁]
• 𝐹፡፲፝፫፨,፜፥፮፦፩ is the hydrostatic force acting upon the clump weight [𝑁]
• 𝑇፩፫፞ዅ፭፞፧፬።፨፧,፬፡፞፞፭ is the pre-tension in the sheet by making the sheet shorter [𝑁]

4. The sheet should not be in contact with the cables.
The radial displacement of the sheet as a result of the pressure difference, is not allowed to touch
the cables that run through the concrete rings. In case the sheet touches the cable, it is expected
there is a high probability that the sheet will fail locally and the streamline of the flow will change
direction influencing the pressure drop negatively.

5. The maximum weight of the structure should be < 2000 𝑚𝑇
In order to be able to make the installation of the foldable structure feasible, the total structure
including the concrete rings should not be too heavy. A limit of 2000 𝑚𝑇 has been determined,
since two reference projects of foldable pipes have masses of respectively 1521 𝑚𝑇 and 1601
𝑚𝑇, as can be seen in Table 6.3.
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Figure 6.5: Clarification vertical equilibrium at bottom of pipe

Concept Total mass (mT)
Steel Concept - Kleute 4228
Composite concept - Kleute 1028
Bundle concept - Kleute 2043
Soft concept - Kleute 1521
HDPE concept - Brakel 1601
Steel concept - Adiputra 15000
Aluminium - Adiputra 6200
FRP - Adiputra 941

Table 6.3: Previous cold water pipe projects masses

6.3.2. Static equilibrium calculations
The goal of static equilibrium calculations is to calculate the stresses and the strains in the materials
while the cold water pipe is in operation. The temperature at the surface and the temperature at the
bottom of the pipe are used as input for the determination of the density of the ambient seawater. Next
to this, the material weights of the nylon sheet, the concrete rings and the cables are used as an input
to determine the stresses and the strains.

The model assumptions that are used to calculate the forces in the static equilibrium are:

• Vertical equilibrium of forces at the location of each concrete ring.

• Strains are equal on the interface 𝜀፧፲፥፨፧ = 𝜀፬፭፞፞፥.

• Sheet stress governed by axial tension (𝜎ፚ) and hoop stress (𝜎፡).

• Cable stress governed by axial tension.

• Pressure losses governed by pumping loss, inlet loss, wall friction loss, contraction losses and
enlargement losses.

Temperature profile

The temperature profile for the years 2016, 2017 and 2018 at an offshore location near Bonaire are
used as input. The temperature at the surface at the location is therefore determined to be 27.4 ∘C,
and the temperature at 1000 𝑚 deep is 5.1 ∘C. Further explanation is provided in Appendix F.

Water density profile

The water density profile offshore is dependent on the temperature of the water, as well as the salinity
of the water. In this study, only the influence of the temperature is used in the model. The density of the
ambient seawater is modelled as a linear function. Using a surface water temperature of 27.4 ∘C, and a
bottom temperature of 5.1 ∘C, the water density is determined to be 1022.7 𝑘𝑔/𝑚ኽ and 1027.7 𝑘𝑔/𝑚ኽ



56 6. Modelling of FLEX-hose concept

respectively at the surface and at the bottom. The water density profile is approximated by equation
6.5, which is a linear interpolation of the two values calculated at the surface and the bottom of the pipe
using the temperature plot as input. The positive z-coordinate is in upward direction and the function
starts at 1000𝑚 depth. The water density of the cold water flowing through the pipe is determined to be
1022.7 𝑘𝑔/𝑚ኽ. The average ambient seawater is calculated to be 1025.2 𝑘𝑔/𝑚ኽ. Further explanation
is provided in Appendix F.

𝜌ፚ(𝑧) = 1022.7 + (
𝜌፜ − 𝜌፬
𝐿 ) ∗ 𝑧 (6.5)

in which:

• 𝜌፜ is the density of the cold seawater [𝑘𝑔/𝑚ኽ]

• 𝜌፬ is the density of the surface seawater [𝑘𝑔/𝑚ኽ]

• 𝐿 is the length of the cold water pipe [𝑚]

• 𝑧 is the depth in the water, in which the z-axis is positive downwards and starts at the surface of
the water

Submerged weight

The submerged weight of materials that are used in the modelling are given in Table 6.4. The sub-
merged weight is calculated by equation 6.6. Flexible nylon is a material that is just heavier than the
ambient seawater, meaning a larger ballast will probably be needed.

Material Dry weight Submerged weight Unit
Concrete 2400 1375 𝑘𝑔/𝑚ኽ
Flexible nylon 1045 20 𝑘𝑔/𝑚ኽ
Polyester 1380 356 𝑘𝑔/𝑚ኽ
Rigid nylon 1140 116 𝑘𝑔/𝑚ኽ
Steel 7800 6775 𝑘𝑔/𝑚ኽ
Dyneema 980 -45 𝑘𝑔/𝑚ኽ

Table 6.4: Dry weight and submerged weight of materials

𝜌፬፮፛፦፞፫፠፞፝ = 𝜌፦,፝፫፲ − 𝜌ፚ,ፚ፯፞፫ፚ፠፞ (6.6)

in which:

• 𝜌፦,፝፫፲ is the dry weight of the material [𝑘𝑔/𝑚ኽ]

• 𝜌ፚ,ፚ፯፞፫ፚ፠፞ is the average ambient seawater density, which is calculated to be 1025.25 𝑘𝑔/𝑚ኽ

Static force calculations

In order to be able to calculate the tension in the sheet and the cables, a model for the force distribution
in the cables as well as the sheet is necessary. For this, the static vertical equilibrium is considered.
By using a static model, it is possible to calculate the stresses and strains in the vertical direction.
The forces that are used in the model are forces as a result of the submerged weight, hydrostatic
pressure and the concrete rings, which are shown in Figure 6.7. The axial forces in the sheet and the
cable are calculated by respectively equation 6.7 and equation 6.8. The first and the second term in
equation 6.7 respectively represent the force due to the pre-tension that is a applied and due to the
submerged weight. The last term in the equation describes the effect of the concrete ballast stations.
𝑁 is the amount of ballast stations determined by the distance between the concrete rings and can be
calculated using equation 6.9. The positive z-coordinate is in upward direction and the function starts
at 1000 𝑚 depth, which is illustrated in Figure 6.6.
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𝐹፬ = 𝑇፩፫፞ዅ፭፞፧፬።፨፧ + (𝜌፬፮፛፦፞፫፠፞፝,፧፲፥፨፧ ∗ 𝑔 ∗ 𝐴፬ ∗ 𝑧) +
፧዆ፍ

∑
፧዆ኻ

𝐹፬,፛ፚ፥፥ፚ፬፭,፧ (6.7)

𝐹፜ = (𝜌፬፮፛፦፞፫፠፞፝,፜ፚ፛፥፞ ∗ 𝑔 ∗ 𝐴 ∗ 𝑧) +
፧዆ፍ

∑
፧዆ኻ

𝐹፜,፛ፚ፥፥ፚ፬፭,፧ (6.8)

𝑁 = 𝐿፭፨፭ፚ፥
𝐿፜፨፧፜፫፞፭፞

(6.9)

in which:

• 𝐹፬,፛ፚ፥፥ፚ፬፭,፧ is the percentage of the concrete ring weight that is transferred to the sheet [𝑁]

• 𝐹፜,፛ፚ፥፥ፚ፬፭,፧ is the percentage of the concrete ring weight that is transferred to the cable [𝑁]

• 𝐿፭፨፭ፚ፥ denotes the total length of the cold water pipe, which is 1000 𝑚

• 𝐿፜፨፧፜፫፞፭፞ denotes the length between every concrete ring [𝑚]

Figure 6.6: Positive z-axis in model

At the location of the concrete rings, the sum of the vertical forces is set to zero, which is illustrated by
respectively equations 6.14 and 6.13. Equation 6.13 represents the vertical equilibrium at the bottom
of the pipe, whereas equation 6.14 represents the calculation performed at every concrete ring. Effec-
tively, this means that the weight of the concrete is transferred to the cables and the sheet, denoted
by the 𝐹፬,፛ፚ፥፥ፚ፬፭,፧ and 𝐹፜,፛ፚ፥፥ፚ፬፭,፧ in equations 6.7 and 6.8. Both the cables and the sheet take a part
of the additional load, which is determined according to the axial stiffness of the sheet and the cable
as demonstrated by equation 6.12 and in Table 7.2 for the materials polyester, rigid nylon, steel and
dyneema. The pre-strain in the material 𝜖፩፫፞ዅ፬፭፫ፚ።፧ at every location is defined by equation 6.10, which
is the same at every location on the sheet. The pre-strain in the material is separate from the addi-
tional strain since the pre-strain is applied beforehand. The pre-strain is achieved by making the sheet
shorter between every concrete ring. The length that the sheet should be made shorter to achieve the
pre-tension is calculated by equation 6.11. The pre-stress is therefore applied at every part of the sheet
separately.

𝜖፬,፩፫፞ዅ፬፭፫ፚ።፧ =
𝑇፩፫፞,፭፞፧፬።፨፧
𝐸፬ ∗ 𝐴፬

(6.10)

Δ𝑙 = 𝜖፬,፩፫፞ዅ፬፭፫ፚ።፧ ∗ 𝐿፜፨፧፜፫፞፭፞ (6.11)

𝜖፬,ፚ፝፝።፭።፨፧ፚ፥ =
𝐹፬

𝐸፬ ∗ 𝐴፬
= 𝐹፜
𝐸፜ ∗ 𝐴፜

= 𝜖፜,ፚ፝፝።፭።፨፧ፚ፥ (6.12)

in which:
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• 𝜖፬,፩፫፞ዅ፬፭፫ፚ።፧ is the pre-strain in the sheet [%]

• 𝜖፜ and 𝜖፬ are the additional strain in the cable and the sheet respectively [%]

• 𝐸፬ and 𝐸፜ are the Young’s Modulus of the sheet material and the cable material [𝑀𝑃𝑎]

𝐸፬ (𝑀𝑃𝑎) 𝐴፬ (𝑚ኼ) 𝐸፜ (𝑀𝑃𝑎) 𝐴፜ (𝑚ኼ) % sheet % cable
495 0.11 5500 0.12 72.35 9.21
495 0.11 9000 0.12 61.53 12.82
495 0.11 200000 0.12 6.71 31.09
495 0.11 65000 0.12 18.13 27.29

Table 6.5: Force distribution as a result of different materials for cables

Figure 6.7: Static equilibrium calculations

∑𝑉 = 𝐹፜፥፮፦፩ − 𝐹፡፲፝፫፨,፜፥፮፦፩ − 𝑇፩፫፞ዅ፭፞፧፬።፨፧ − 𝐹፜ ∗ 𝑛 − 𝐹፬ = 0 (6.13)

∑𝑉 = 𝐹፜ኻ,፣ +𝐹፜ኼ,፣ +𝐹፜ኽ,፣ +𝐹፬,፣ +𝐹፜፨፧፜፫፞፭፞ −𝐹፡፲፝፫፨,፜፨፧፜፫፞፭፞ −𝑇፩፫፞ዅ፭፞፧፬።፨፧ −𝐹፜ኻ,፣ዄኻ−𝐹፜ኼ,፣ዄኻ+𝐹፬,፣ዄኻ = 0
(6.14)

in which:

• 𝐹፜ኻ,፣, 𝐹፜ኼ,፣ and 𝐹፜ኽ,፣ denote the cable forces for cable 1,2 and 3 at location j, which is the location
1 before the concrete ring’s weight is added [𝑁]

• 𝐹፜ኻ,፣ዄኻ, 𝐹፜ኼ,፣ዄኻ and 𝐹፜ኽ,፣ዄኻ denote the cable forces for cable 1,2 and 3 at location j+1, which is the
location at which the the concrete ring’s weight is added [𝑁]

• 𝐹፬,፣ denotes the sheet force at location j [𝑁]
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• 𝐹፜፨፧፜፫፞፭፞ is the weight of a concrete ring, which is calculated to be 33.04 𝑘𝑁, resulting from the
design parameters in Table 6.2 [𝑁]

• 𝐹፡፲፝፫፨,፜፨፧፜፫፞፭፞ is the hydrostatic pressure working upon one concrete ring, having a height of 0.5
𝑚 [𝑁]
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Pressure difference during operation

There is a pressure difference present between the inside and the outside of the cold water pipe. This
pressure induced difference is a consequence of the OTEC pumps that need to maintain the flow in
vertical direction by suction. The suction leads to a relatively lower pressure in the pipe. Also, the
pressure losses in the pipe result in a lower pressure in the pipe. This pressure difference results in
a hoop stress in the thin walled cylinder, according to equation 6.15. The smaller the thickness of the
sheet, the higher the expected hoop stress in the sheet. A uniform enlargement of the ring will take
place if the acting forces are radial outward, or contraction will occur if the acting forces are radial
inward. The situation in which contraction occurs is shown in Figure 6.8. These deformations only
occur in the situation when the net external pressure is below the critical collapse pressure. Buckling
instability can occur at stresses below the elastic limit or yield strength of the material when the primary
stresses become compressive (𝑝፞ > 𝑝።) .

Figure 6.8: Expected deformation while pumping without buckling occuring

𝜎፡፨፨፩ =
(𝑝። − 𝑝፞) ∗ �̄�

2 ∗ 𝑡 (6.15)

The external pressure is governed by the hydrostatic pressure on the outside of the pipe due to the
ambient seawater. The ambient seawater function (in 𝑘𝑔/𝑚ኽ) as described in section of Appendix F
is used. The ambient seawater function is a linear interpolation between the cold water and the warm
water density. Equation 6.16 describes the external pressure acting upon the pipe. The hydrostatic
pressure increases over depth.

𝑝፞ = 𝜌ፚ፦፛።፞፧፭ ∗ 𝑔 ∗ 𝑧 (6.16)

The internal pressure consists of the hydrostatic pressure and the friction losses as a consequence of
pumping. The friction losses consist of the the inlet friction, hydrostatic head loss, wall friction, and the
friction caused by deformation of the membrane. Equation 6.17 describes the internal pressure upon
the pipe. The internal pressure reduces when closer to the water surface, since more pressure drop is
accumulated for. Also, a larger radial deformation of the sheet, leads to a higher pressure drop. This
is shown in Figure 6.9. At a flow speed of 2 𝑚/𝑠 , the maximum inclination angle to stay below 0.6 bar
is 7.5 degrees. This means the inclination angle has a value of 7.5 degrees at every location along the
pipe length. The positive z-coordinate of equation 6.17 is in upward direction and the function starts
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at 1000 𝑚 depth, which is illustrated in Figure 6.6. 𝑧ኻ is the location, starting at the value of 1000 and
counting back to 0. A more in depth explanation of the pressure losses is given in Appendix C.

Figure 6.9: Pressure drop for different inclination angles

𝑝። = 𝜌፜፨፥፝ ∗𝑔 ∗𝑧ኻ−𝑑𝑃።፧፥፞፭−
(𝑑𝑃፡፲፝፫፨፬፭ፚ፭።፜ + 𝑑𝑃፰ፚ፥፥፟፫።፜፭።፨፧ + 𝑑𝑃፜፨፧፭፫ፚ፜፭።፨፧ + 𝑑𝑃 ፧፥ፚ፫፠፞፦፞፧፭)

𝐿፭፨፭ፚ፥
∗𝑧 (6.17)

in which:

• 𝑑𝑃።፧፥፞፭ is the pressure drop at the inlet of the pipe, as calculated by equation C.6 [𝑏𝑎𝑟]

• 𝑑𝑃፡፲፝፫፨፬፭ፚ፭።፜ denotes the hydrostatic pressure drop, as calculated by equation C.7 [𝑏𝑎𝑟]

• 𝑑𝑃፰ፚ፥፥፟፫።፜፭።፨፧ denotes the wall friction pressure drop, as calculated by equation C.2 [𝑏𝑎𝑟]

• 𝑑𝑃፜፨፧፭፫ፚ፜፭።፨፧ denotes the contraction pressure drop, as calculated by equation C.9 [𝑏𝑎𝑟]

• 𝑑𝑃 ፧፥ፚ፫፠፞፦፞፧፭ denotes the enlargement pressure drop, as calculated by equation C.10 [𝑏𝑎𝑟]
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6.3.3. 2D sheet model displacement
The goal of modelling the displacement of the sheet is to keep the angles of inclination of the sheet
within acceptable limits, meaning below 5 to 7.5 degrees. The importance of keeping the angle of
inclination angle within these limits, is to prevent the pressure drop in the FLEX-hose foldable pipe
from becoming too significant. In the 2D sheet model, the tension and the pressure difference are
used as input to calculate the displacement of the sheet. An illustration of the sheet model is given in
Figure J.1. The thin walled sheet is divided into two zones in order to calculate the deformed sheet. In
this sheet model the assumption is made the sheet contracts uniformly inwards as a results of uniform
loading along the length. However, it should be noted it might be possible for the thin walled sheet to
form an ellipse shape as a result of buckling instability as discussed in section 5.2.1.

Figure 6.10: 2D sheet model of the thin walled sheet

Sheet model assumptions

The model assumptions for the 2D sheet model are:

• Plastic nylon sheet is modelled as two 2D cables on tension, implying there is no bending stiffness,
constant tension and small deformations occur.
By using the 2D sheet model, the effect of the circular shape of the thin sheet is neglected. In
order to check whether the deformation as a result of buckling could become an issue, an ellipse
calculation for the thin walled sheet is performed. An elaborate explanation of the ellipse shape
and calculation is presented in Appendix H.

• At the concrete rings the displacement is 0, meaning w(0) = 0 and w(L) = 0

• The q-load is modelled by the pressure difference 𝑝፞ - 𝑝። [𝑁/𝑚ኼ]

The equation of motion for the left and right part of the sheet is given by equation 6.18.

�̈� − 𝑇
𝜌𝐴𝑤” =

𝑞ኻ
𝜌𝐴 +

𝑞ኼ − 𝑞ኻ
𝐿𝜌𝐴 (6.18)

Since dynamics is disregarded in this thesis, the equation of motion becomes equation J.3.

− 𝑐ኼ𝑤” = 𝑞ኻ
𝜌𝐴 +

𝑞ኼ − 𝑞ኻ
𝐿𝜌𝐴 (6.19)
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The displacement of the 2D sheet, thereby solving the differential equation, is given by equation 6.20.
A complete derivation of the solution of the equation of motion is given in Appendix J.

𝑤(𝑥) = −16
𝑞ኼ − 𝑞ኻ
2𝑇 ∗ 𝑥ኽ − 12

𝑞ኻ
𝑇 ∗ 𝑥ኼ + 𝐿(2𝑞ኻ + 𝑞ኼ)6𝑇 ∗ 𝑥 (6.20)

in which:

• 𝑇 is the tension in the sheet [𝑁]

• 𝐿 is the span between the concrete rings [𝑚]

• 𝑞ኻ is the pressure difference 𝑝፞ - 𝑝። at the location of the lower concrete ring [𝑁/𝑚ኼ]

• 𝑞ኼ is the pressure difference 𝑝፞ - 𝑝። at the location of the upper concrete ring [𝑁/𝑚ኼ]





7
Model results

In this chapter, the model results of the FLEX-hose foldable concept design are presented. First,
the model approach is discussed. Then, the results of the sensitivity study are presented, including
comparing a span width of 5 𝑚 and 10 𝑚 between the concrete rings. After this, the outputs for two
model configurations of the model are discussed. Finally, the two possible design configurations are
presented and discussed.

7.1. Model approach
Throughout the optimization of the model many parameters have been varied. The number of cables
has been varied between 3 and 5. Through running the model numerous times, it is concluded that
three cables are sufficient to resist the axial forces in the material. This was checked by making sure
the unity checks of the cable stresses stay below the yield criterion. In addition, the span between the
concrete rings has also been varied between 5 𝑚 and 10 𝑚 to investigate the effect on the results,
which is presented in section 7.2.1 [18].

7.2. Sensitivity study
For the sensitivity study, the material choice of the cables and the pre-tension in the sheet has been
varied. Thematerials that have been analysed can be seen in Table 7.1. In Table 7.2, the corresponding
force division per material is shown. The pre-tension has been varied between 500 𝑘𝑁 to 15000 𝑘𝑁. In
order to optimize the results andmeet the design criteria, the thickness of the sheet may also be altered.
The weight of the concrete rings is 33.04 𝑘𝑁 in submerged weight. Due to feasibility considerations,
the weight of the concrete rings has not been varied.

Material Density (𝑘𝑔/𝑚ኽ) Young’s Modulus (𝑀𝑃𝑎) Yield strength (𝑀𝑃𝑎)
Steel 7860 200000 2160
Polyester 1380 5500 850
Rigid nylon 1140 9000 1050
Dyneema 980 65000 3300

Table 7.1: Materials used for cables in model

𝐸፬ (𝑀𝑃𝑎) 𝐴፬ (𝑚ኼ) 𝐸፜ (𝑀𝑃𝑎) 𝐴፜ (𝑚ኼ) % sheet % cable
495 0.11 5500 0.12 72.35 9.21
495 0.11 9000 0.12 61.53 12.82
495 0.11 200000 0.12 6.71 31.09
495 0.11 65000 0.12 18.13 27.29

Table 7.2: Force distribution as a result of different materials for cables

65
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7.2.1. Span between concrete rings
In Figure 7.1 and Figure 7.2, the result of varying the pre-tension is shown for a span width of 5 𝑚 and
10𝑚. From these two figures, it can be concluded that for a span width of 10𝑚, the calculated pressure
drops are significantly higher. With a pre-tension of 15 𝑀𝑁, the calculated pressure drop is above 2
bar. Since the design requirement of staying below 0.6 bar is not met by far, this design configuration is
not sufficient. However, by using a length of 5 𝑚 between the concrete rings, the calculated pressure
drop at 15 𝑀𝑁 is 0.87 bar. Since this value is close to 0.6 bar, more model runs were examined, which
is discussed in the next section.

Figure 7.1: Model runs with a concrete ring span of 10 ፦

Figure 7.2: Model runs with a concrete ring span of 5 ፦
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Design input parameters

The design configurations of the runs in the next section are shown in Table 7.8 and Table 7.3. Both
runs are done with polyester cables.

Design parameter Value Unit
1) Cables
𝜌፜ፚ፛፥፞ 1380 𝑘𝑔/𝑚ኽ
𝐸፜ፚ፛፥፞ 5500 𝑀𝑃𝑎
𝑓፲,፜ፚ፛፥፞ 850 𝑀𝑃𝑎

nr of cables 3 -
𝐷፜ፚ፛፥፞ 0.07 𝑚

2) Sheet
𝜌፬፡፞፞፭ 1025 𝑘𝑔/𝑚ኽ
𝐸፬፡፞፞፭ 495 𝑀𝑃𝑎
𝑓፲,፬፡፞፞፭ 29 𝑀𝑃𝑎
𝑇፩፫፞ 15000 𝑘𝑁
𝑡 0.06 𝑚

𝐷𝑜፧፲፥፨፧ 3.5 𝑚
𝑢፟ 2 𝑚/𝑠

Allowed angle 7.5 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
Pressure drop input 0.63 𝑏𝑎𝑟

3) Concrete rings
𝐷𝑖፜፨፧፜፫፞፭፞ 3.5 𝑚
𝐷𝑜፜፨፧፜፫፞፭፞ 4.3 𝑚
ℎ፜፨፧፜፫፞፭፞ 0.5 𝑚

Submerged weight 33.04 𝑘𝑁

Table 7.3: Design polyester cables 15 ፌፍ

Design parameter Value Unit
1) Cables
𝜌፜ፚ፛፥፞ 1380 𝑘𝑔/𝑚ኽ
𝐸፜ፚ፛፥፞ 5500 𝑀𝑃𝑎
𝑓፲,፜ፚ፛፥፞ 850 𝑀𝑃𝑎

nr of cables 3 -
𝐷፜ፚ፛፥፞ 0.07 𝑚

2) Sheet
𝜌፬፡፞፞፭ 1025 𝑘𝑔/𝑚ኽ
𝐸፬፡፞፞፭ 495 𝑀𝑃𝑎
𝑓፲,፬፡፞፞፭ 29 𝑀𝑃𝑎
𝑇፩፫፞ 10000 𝑘𝑁
𝑡 0.04 𝑚

𝐷𝑜፧፲፥፨፧ 3.5 𝑚
𝑢፟ 2 𝑚/𝑠

Allowed angle 7.5 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
Pressure drop input 0.63 𝑏𝑎𝑟

3) Concrete rings
𝐷𝑖፜፨፧፜፫፞፭፞ 3.5 𝑚
𝐷𝑜፜፨፧፜፫፞፭፞ 4.3 𝑚
ℎ፜፨፧፜፫፞፭፞ 0.5 𝑚

Submerged weight 33.04 𝑘𝑁

Table 7.4: Design polyester cables 10 ፌፍ

7.2.2. Force distribution
In the following section, model runs are presented for a pre-tension of 10 𝑀𝑁 and 15 𝑀𝑁. The force
distribution as a consequence of the sheet being attached to the concrete rings is shown in Table 7.5.
The largest percentage of weight (77.2 %) is transferred to the sheet for a design in which polyester is
chosen as the cable material. The two plots differ in thickness in order to satisfy the design require-
ments.

Run Sheet % Cable %
Run 1 - Rigid nylon 67.44 10.85
Run 2 - Polyester 77.2 7.6
Run 3 - Steel 8.52 30.5
Run 4 - Dyneema 22.24 25.90

Table 7.5: Force distributions of run 1 and 2
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7.2.3. Pressure difference
As discussed in Chapter 5, a pressure difference is present during pumping water through the cold
water pipe. The pressure difference is the largest in the upper section of the pipe, as can be seen in
Figures 7.3 7.4. The shape of the pressure difference graph can be explained by the fact that more
pressure is lost once the water gets closer to the surface. Also, the difference in water density between
the ambient seawater and the cold seawater explains the shape of the graph. The maximum pressure
difference is calculated to be 40 𝑘𝑁/𝑚ኼ. A positive net external pressure on the pipe, means a negative
pressure is present inside the pipe, leading to compression of the pipe. This is also shown in Figure 7.5,
since the hoop stress is negative. Buckling instability could occur as a consequence of this negative
hoop stress. This has not been quantitatively calculated, but is a significant risk which should be taken
into account.

Figure 7.3: Pressure difference due to pumping exerted
on the outside of the pipe, T = 10 ፌፍ, t = 0.04፦

Figure 7.4: Pressure difference due to pumping exerted
on the outside of the pipe, T = 15 ፌፍ, t = 0.06፦
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7.2.4. Axial tension and hoop stress sheet
As a result of the pre-tension, concrete ballasts and the pressure difference axial stresses and hoop
stresses occur in the thin walled sheet. Due to the high pre-tension, the axial stress in the sheet is
governing and the hoop stress is relatively low. Two plots for the axial tension, hoop stress and von
Mises stress are shown in Figures 7.5 and 7.6. The hoop stress is negative due to the compression
while pumping. The maximum stress in the nylon is calculated to be 26 𝑀𝑃𝑎, where the yield criterion
is at 29 𝑀𝑃𝑎. This means the nylon sheet is axially loaded almost to its full potential to resist the
deformation that happens while pumping.

Figure 7.5: Hoop stress and combined von misis stress
nylon sheet, T = 10 ፌፍ, t = 0.04፦

Figure 7.6: fig.Hoop stress and combined von misis
stress nylon sheet, T = 15 ፌፍ, t = 0.06፦

7.2.5. Axial tension cables
The axial tension in the cables is shown in Figure 7.7 and 7.8. Since the polyester cables take only 7.6
% of the concrete load per section, the cable forces are relatively much smaller compared to the nylon
sheet forces.

Figure 7.7: Cable force over depth, T = 10 ፌፍ, t = 0.04
፦

Figure 7.8: Cable force over depth, T = 15 ፌፍ, t = 0.06
፦
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7.2.6. Displacement of sheet
The large pre-tension of 10 𝑀𝑁 causes the thin walled sheet not to have a pressure drop above 0.6
bar. In addition, this means the deformation of the sheet is influenced by the pre-tension applied. The
deformation of the sheet is shown in Figure 7.9 and 7.9. It is clear to see that a larger pre-tension of 15
𝑀𝑁 leads to a smaller deformation. In Figure 7.10, it can also be seen that in the upper region more
deformation takes place due to the fact that the pressure difference is larger.

Figure 7.9: Deformation sheet first 20፦, T = 10 ፌፍ, t =
0.04፦

Figure 7.10: Deformation sheet total, T = 10 ፌፍ, t = 0.04
፦

Figure 7.11: Deformation sheet first 20፦, T = 15 ፌፍ, t
= 0.04፦

Figure 7.12: Deformation sheet total, T = 15 ፌፍ, t = 0.06
፦
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7.2.7. Inclination angle
The inclination angle of the sheet is the angle halfway between the concrete rings. For a design with a
pre-tension of 10 𝑀𝑁, the maximum inclination angle is 10.2 degrees at the top. By applying a higher
pre-tension of 15𝑀𝑁, the maximum angle of inclination angle is 7.6 degrees at the top. Both inclination
angles have a mean value below 7.5 degrees which is why it is acceptable.

Figure 7.13: Inclination angle over depth, T = 10 ፌፍ Figure 7.14: Inclination angle over depth, T = 15 ፌፍ
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7.3. Summary of results
In the following section, a summary of all the model results is given.

7.3.1. Material choice
Steel is concluded to be too heavy for the FLEX-hose foldable concept design. The weight of steel
adds up quickly over a length of 1000 𝑚. In addition, in the steel concept only 8.52 % of the concrete
ring’s load is transferred to the sheet. Dyneema could be an interesting material choice due to its high
strength. However, dyneema is expensive as its costs up to 100 €/𝑘𝑔, according to CES Edupack.
Using polyester for the cables is the regarded to be a good choice due to the fact that a larger percentage
of the load is transferred to the sheet.

7.3.2. Discussion of results
The results of the design parameters as summarized in Table 7.8 and Table 7.3 are given in Table 7.7
and Table 7.3 respectively. For both design parameters, the calculated pressure drop is acceptable as
it is smaller than 0.6 bar. However, the thickness needed to keep the unity check of the stresses within
acceptable limits is at least 0.04 𝑚. Foldability is questionable for a thickness of 0.04 𝑚. Prevention
of the sheet touching the cables is achieved by placing the cables on a distance of 0.34 𝑚 from the
sheet. The prevention of the sheet touching the cables is calculated by the ellipse form as shown in
Figure H.3. Lastly, the system weight of the total FLEX-hose concept is calculated to be 1843 𝑚𝑇 and
2423 𝑚𝑇 respectively. The FLEX-hose foldable pipe concept could be installed by the Oceanic vessel
of Allseas. The Oceanic is able to lift 300 𝑚𝑇. A calculation of the lift of the foldable pipe is given in
Appendix G.

Design parameter Value Unit
Collapse No

Calculated pressure drop 0.48 𝑏𝑎𝑟
Gross energy left 14.09 𝑀𝑊

Mean angle 2.5 °
Maximum angle 7.6 °
U.C cable stress 0.29 -
U.C sheet stress 0.89 -

Total weight of concrete 6608.00 𝑘𝑁
Total weight of system (sub) 24323.00 𝑘𝑁

Vertical displacement 48.72 𝑚
Clump weight force 17672.84 𝑘𝑁

ℎ፜፥፮፦፩ 54.38 𝑚
Sheet touches cable No

Table 7.6: Design polyester cables results for T = 15 ፌፍ

Design parameter Value Unit
Collapse No

Calculated pressure drop 0.59 𝑏𝑎𝑟
Gross energy left 13.77 𝑀𝑊

Mean angle 3.1 °
Maximum angle 10.2 °
U.C cable stress 0.26 -
U.C sheet stress 0.96 -

Total weight of concrete 6608.00 𝑘𝑁
Total weight of system (sub) 18433.30 𝑘𝑁

Vertical displacement 32.26 𝑚
Clump weight force 11781.90 𝑘𝑁

ℎ፜፥፮፦፩ 36.25 𝑚
Sheet touches cable No

Table 7.7: Design polyester cables results for T = 10 ፌፍ
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7.4. Final design
The final design which satisfies the design requirements is the design summarized in Table 7.8. The
reason for choosing a pre-tension of 10 𝑀𝑁 instead of 15 𝑀𝑁 is the total system weight. The total
system weight of 1843𝑚𝑇 as stated in Table 7.7 is considered to be feasible since it is lower than 2000
𝑚𝑇. A picture of the final design which satisfies all design requirements is shown in Figure 7.15.

Design parameter Value Unit
1) Cables
𝜌፜ፚ፛፥፞ 1380 𝑘𝑔/𝑚ኽ
𝐸፜ፚ፛፥፞ 5500 𝑀𝑃𝑎
𝑓፲,፜ፚ፛፥፞ 850 𝑀𝑃𝑎
nr of cables 3 -
𝐷፜ፚ፛፥፞ 0.07 𝑚

2) Sheet
𝜌፬፡፞፞፭ 1025 𝑘𝑔/𝑚ኽ
𝐸፬፡፞፞፭ 495 𝑀𝑃𝑎
𝑓፲,፬፡፞፞፭ 29 𝑀𝑃𝑎
𝑇፩፫፞ 10000 𝑘𝑁
𝑡 0.04 𝑚
𝐷𝑜፧፲፥፨፧ 3.5 𝑚
𝑢፟ 2 𝑚/𝑠
Allowed angle 7.5 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
Pressure drop input 0.63 𝑏𝑎𝑟

3) Concrete rings
𝐷𝑖፜፨፧፜፫፞፭፞ 3.5 𝑚
𝐷𝑜፜፨፧፜፫፞፭፞ 4.3 𝑚
ℎ፜፨፧፜፫፞፭፞ 0.5 𝑚
Submerged weight 33.04 𝑘𝑁

Table 7.8: Design polyester cables 10 ፌፍ
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Figure 7.15: Final design picture foldable concept design
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8
Conclusions

In this chapter, the conclusions of this thesis are presented. The conclusions of the thesis are presented
by reflecting upon the research question and the sub-questions. First, the key design requirements of
a 10 𝑀𝑊 OTEC cold water pipe are discussed. Subsequently, the foldable FLEX-hose concept is
discussed in comparison with other cold water pipe concepts. After this, the technical risks of the
foldable FLEX-hose concept during operation that influence the technical feasibility are discussed.

8.1. Key design requirements
The key design requirements of the cold water pipe OTEC pipe that have been established in this thesis
are a consequence of the criteria of generating 10 𝑀𝑊 and are concluded to be:

• The maximum head loss in the CWP is determined to be 0.6 𝑏𝑎𝑟. The reason for the value of
0.6 𝑏𝑎𝑟, is that in the OTEC system itself energy is lost during pumping the water through the
system. The pressure drop in the cold water pipe, warm water pipe, heat exchangers and other
pipes add up to a net OTEC efficiency of 70 %.

• A flow rate of respectively 20.000 𝑘𝑔/𝑠 for the cold water pipe. This has been established to be
a good flow rate for the cold water pipe by previous research in order to generate 10 𝑀𝑊.

• A length of the CWP of 1000 𝑚, in order to have a temperature difference of at least 20 ∘C.

8.2. Foldable concept compared to other cold water pipe concepts
The foldable FLEX-hose concept is concluded to be attractive in comparison to other current cold wa-
ter pipe concepts due to easy deployment with the foldable concept and fewer material costs that are
expected to be needed. However, the inclination angle while pumping may not become significant,
meaning above 7.5 degrees, since this will lead to lower OTEC energy efficiency below 70%. In addi-
tion, no current design is available on the market, meaning research and development is needed. The
other foldable concept, in which a spiral is wrapped into a sheet, is concluded to be less attractive. The
main reason is that the foldable spiral concept is expected to generate large motions due to the spiral
that is present in the pipe. In-homogeneity’s in surface roughness are expected to create vortices in
the flow leading to significant motions and lowering efficiency.

Non-flexible cold water pipe concepts such as a composite pipe and a HDPE pipe have also been
assessed. The rigid composite concept is interesting due to the fact that large diameters are currently
available for composite pipes and the high strengths that can be achieved with composite structures.
However, a composite pipe structure is concluded to be less susceptible due to the expectation of very
high material costs. Secondly, the current HDPE pipe is concluded to be the most attractive currently
for the OTEC cold water pipe. The main reasons for this are the fact that the current market is focused
on HDPE and the relatively lowmaterial costs. However, installation is expected to be relatively difficult,
since large parts will have to be joined together offshore.
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8.3. Technical risks of foldable FLEX-hose concept
In the following section, the conclusions about the technical risks in relation to the feasibility are dis-
cussed. The final foldable concept design consists of a total of 200 concrete rings over 1000𝑚, a nylon
sheet thickness of 0.04𝑚 and three polyester cables of 0.07𝑚. The total system weight of the foldable
pipe with concrete rings is 1840 𝑚𝑇, which could be installed with an offshore installation vessel. The
main challenges regarding technical risks of the FLEX-hose concept that have been established in this
thesis are: pressure drop becoming too large, buckling instability leading to collapse, creep, foldability
of the plastic material and the attachment of the concrete and the nylon.

8.3.1. Pressure drop
The pressure drop in the FLEX-hose foldable cold water pipe due to the displacement of the sheet is
concluded to be governing for the design. In order to have a pressure drop below 0.6 bar and have
a FLEX-hose foldable design which is below 2000 𝑚𝑇 in weight, a high pre-tension of at least 10 𝑀𝑁
is needed. The high pre-tension is achieved by making every 5 𝑚 of sheet 0.16 𝑚 shorter. Using a
span distance of 5 𝑚 between the concrete rings is concluded to be needed to keep the pressure drop
below 0.6 bar. This would mean a total of 200 rings over 1000 𝑚. However, a large pre-tension of 10
𝑀𝑁 is still needed, leading to a large clump weight of approximately 12 𝑀𝑁. This could for instance
be done by a clump weight made from steel. In addition, the pressure drop in the cold water pipe
increases significantly when the sheet contracts in the upper region from the sea surface until -200 𝑚.
This can be explained by the fact that the pressure difference is the largest in the upper region. It is
therefore recommended to locally increase the strength of the pipe in the upper region, for instance by
a transition piece.

8.3.2. Collapse
Since the hoop stress becomes negative during pumping of the water, buckling instability could occur
at stresses below the elastic limit or yield strength of the material. In this case, the thin walled sheet
will deform in an ellipse shape. The calculated collapse pressure for a thin walled flexible nylon sheet
without axial tension varies between 0.13 𝑘𝑁/𝑚ኼ and 103.50 𝑘𝑁/𝑚ኼ, depending on the thickness 𝑡
and length 𝐿 between the rings. This is relatively low since the maximum pressure difference during
pumping is calculated to be 40 𝑘𝑁/𝑚ኼ. In order to prevent instabilities from occurring, a pre-tension
should be introduced into the sheet. However, since the thin walled structure has a very high 𝐷/𝑡 ratio,
there is still a probability of instabilities occurring.

8.3.3. Creep
The foldable FLEX-hose pipe is operational for 30 years and is therefore subjected to creep when
loaded for a longer period of time. As time passes by, the creep of the nylon could lead to failure of
the material. It could therefore be beneficial to locally increase the strength of the pipe by means of
reinforcements such as fibers thereby reducing the maximum stress in the pipe. It is recommended for
future research to investigate the behaviour of a nylon plastic when loaded for a longer period of time.

8.3.4. Foldability
To meet the design criteria of the cables and sheet not exceeding their unity checks, the needed wall
thickness of the nylon sheet has been calculated to be 0.04 𝑚. The question is, whether this would
still be foldable. The thicker the wall thickness gets, the more difficult it will be to fold the material. The
foldability of a nylon sheet of 0.04 𝑚 is an uncertainty which should be investigated by future research.
From my own opinion and expertise, I would say a maximum thickness of 0.01 𝑚 is foldable.

8.3.5. Attachment concrete and nylon
The attachment of the concrete rings to the nylon sheet is a challenge on its own. In general, a plastic
such as a nylon is not joined to a concrete ring. An idea could be to manufacture small systems in the
sheet on which the concrete ring could be hung up upon. Another solution could be some kind of epoxy
or other joining material. Future research is needed to investigate whether this could be possible.



9
Recommendations

In this chapter, the recommendations following from the conclusions are presented. First, the recom-
mendations regarding the design of the flexible cold water pipe are discussed. Subsequently, possible
future work for a foldable OTEC pipes is discussed.

9.1. Design of the FLEX-hose cold water pipe
As stated in the conclusions in the previous chapter, the main challenges and technical risks have been
concluded to be:

1. The pressure drop due to the inclination angle in the pipe (< 0.6 𝑏𝑎𝑟)

2. The possibility of instability occurring in a thin walled pipe (< 0.05 𝑚) structure due to buckling
collapse

3. The possibility of creep in the nylon sheet (over a life-time of 30 years)

4. Foldability of a nylon sheet of 0.04 𝑚

5. The attachment of concrete blocks to a nylon sheet

Regarding these technical risks, certain recommendations can be made. Firstly, since the pressure
difference is the largest in the upper section of the pipe and the environmental loads have the most
impact in the upper section, it is recommended to design a transition piece from the vessel or platform
to the flexible pipe with stiffer elements. Also, it is recommended to look into the effects of waves,
current and the movement of the vessel on the pipe design. Especially in the upper part of the foldable
pipe, this is expected to have a large influence. It is therefore recommended this should be further
researched. Secondly, the shape of the thin walled sheet will deform into once the water flows through
the pipe, is an uncertainty. The shape the cold water pipe during pumping will therefore have to be
validated with an experimental set-up. The non-occurrence of buckling also has to be validated for
smaller thicknesses < 0.05 𝑚 of pipes. Thirdly, it could be interesting to investigate the use of fibers in
flexible materials in order to locally increase the strength of the material. In the long term, this will lead
to lower stresses in the material. Regarding the foldability of nylon materials, future research should
be done regarding the thickness at which nylon material can be folded. Lastly, further research should
be done on how to attach a concrete block and a sheet in a good way.

9.2. Future work for foldable OTEC pipe concepts
Regarding the modelling done in this thesis, it would be scientifically interesting to make a new model
in which the sheet is modelled in 3D by using the shell equations. This could be good work for the
future in order to understand the deformation of the thin walled sheet better. Secondly, a concept in
which the cables are attached to the sheet through a sleeve could be interesting for future research. In
this way more stability is provided meaning the possibility of instability occurring becomes a lot smaller.
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A
New energy concepts for a vessel

As discussed in Chapter 1, the energy transition is changing the maritime industry. In this Appendix,
the Multi Criteria Analysis for different energy concepts on a vessel is explained. The application of the
Multi Criteria Analysis is for a stationary vessel offshore which has to produce energy for a longer period
of time (e.g. for deep sea mining, see Appendix E). The energy resource should meet the regulations
for 𝑁𝑂፱, 𝑆𝑂፱ and 𝐶𝑂ኼ, it should therefore be a sustainable form of energy production.

The following forms of energy production on a vessel have been identified:

• Conventional diesel generators (on board)

• Dual fuel diesel generators (ICE) (on board)

• Fuel cells using hydrogen (PEMFC) (on board)

• Solar energy (on deck)

• Wind energy with high masts (on deck)

• LNG tanks (on board)

• Nuclear energy (on board)

• OTEC (on deck)

Solar energy is not incorporated in the MCA because it requires too much space on a vessel. Large
spaces are required on the offshore vessel (262 𝑚 x 262 𝑚), which are needed for other activities
offshore making it a less favorable option. Wind energy is also not incorporated since high masts on
a vessel require much space as well. As a logical consequence, it would also be difficult to operate
cranes and other offshore equipment. Also, the capacity factors of

A.1. Current developments energy concepts vessels
In the following section, the current developments for new forms of energy production on board of a
vessel are discussed.

A.1.1. Conventional diesel generators
Conventionally, diesel generators are used on board of a vessel which run on MDO (marine diesel oil)
or HFO (heavy fuel oil). However, HFO and MDO heavily produce the gasses 𝑁𝑂፱, 𝑆𝑂፱ and 𝐶𝑂ኼ when
being burned which is disadvantageous for air quality and the greenhouse effect, which can be seen in
Figure A.1. Conventional diesel generators do not pass the requirement of IMO2020 since heavy fuel
oils and marine diesel oil heavily emit 𝑁𝑂፱, 𝑆𝑂፱ and 𝐶𝑂ኼ.

With the legal obligation of IMO 2020, vessels are obligated to comply to the limit for sulphur in fuel oil
used on board of vessels. Current vessels using heavy fuel oils, have to install a so called ”scrubber”.
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Figure A.1: Greenhouse gas intensities shipping sector [14]

According to a study performed by Bluerise B.V, offshore diesel costs only 0.168 €/kWh [6]. However,
offshore diesel heavily produces 𝐶𝑂ኼ, 𝑁𝑂ኼ and 𝑆𝑂ኼ. Another disadvantage of conventional diesel gen-
erators is that the fuel for the offshore vessel needs to be transported to the vessel, or the vessel needs
to go to the shore to re-fuel. Taking into account the plans of IMO conventional diesel generators are not
advised to be a good primary source of energy for future offshore vessels, which is why conventional
diesel generators are not assessed in the MCA.
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A.2. Multi Criteria Analysis
The energy concepts for an offshore vessel are compared to one another on the criteria market readi-
ness, refuelling necessity, capital expenditure (CAPEX), capacity factor and 𝐶𝑂ኼ produced. Each cri-
teria is given a weight factor according to the importance. Sustainability and costs are seen as criteria
which are vital for new technologies, which is why these are weighed accordingly. The energy sources
are scored according to an interval from -2 to 2, in which -2 means bad and +2 means excellent. The
scores of -1, 0 and 1 respectively mean insufficient, sufficient and good.

Description Weight factor Criteria
Desirable 1 Market readiness
Important 2 Refuelling, CAPEX, capacity factor
Crucial 3 COኼ𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

Table A.1: Weight factors of MCA energy concepts

A.2.1. Criteria
In the following section, the criteria that are used in the MCA are explained.

Market readiness: The criteria market readiness is aimed at scoring the energy technology on the
level of readiness for using the technology in the future. The following argumentation is used for this:

• If the technology has been implemented on a ship yet, the score in the MCA is positive, meaning
a 1 or a 2. The score of 2 is given when the technology or energy source already exists for a
longer period of time.

• If the technology has not been implemented on a ship yet, but is seen as promising for the future,
the score of 0 is given.

Refuelling: The criteria refuelling is aimed at making an estimation of the variable operational costs
of the energy production. Strictly speaking, this depends on the costs of the fuel used. However, for
simplicity it is only assessed whether or not refuelling is needed when the vessel stays offshore for a
few years. The difference between -2 and 2 is rather substantial, but this has been chosen since the
operating costs of fuel over the lifetime can be substantial. Fuel costs represent as much as 50-60 %
of the total operating costs This depends on the type of ship and service. The following argumentation
is used for this:

• If a tanker is expected to have to sail to the vessel for refuelling within 2 years, it is a score of -2.

• If the vessel does not need an external supply to refuel, it is rated as 2.

CAPEX: The criteria CAPEX is aimed to score the energy source on the capital expenditure it is ex-
pected to cost. The most expensive option is rated as -2 and the cheapest option as 2. Although the
costs are hard to predict, a reasonable estimate has been made by using some reference projects.

Capacity factor: The criteria capacity factor is aimed to score the energy source on its reliability.
The capacity factor is a ratio of the actual energy output over a given period of time to the maximum
possible electrical energy output over that period. Since renewable sources such as solar power and
wind energy are dependent on the actual weather the capacity factors are lower. Though the difference
in capacity factor is only very small, it is incorporated in the MCA.

CO2 produced: The criteria CO2 produced is aimed to score the energy source on impact on the
environment. The reference case as worst for this criteria, is the CO2 emitted with conventional diesel,
which is 3.2 g CO2/g fuel. If the energy source produces no CO2, a maximum score of 2 is assigned.
If the energy source produces CO2, a score of 1, 0, -1 or -2 is assigned, according to how much CO2
is produced. The intervals are listed below:

• 0.00 - 0.63 g/g fuel is a score of 2
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• 0.64 - 1.27 g/g fuel is a score of 1

• 1.28 - 1.91 g/g fuel is a score of 0

• 1.92 - 2.55 g/g fuel is a score of -1

• 2.56 - 3.20 g/g fuel is a score of -2

A.2.2. Dual fuel diesel generator (ICE CI)
A new energy development to lower harmful emissions in the maritime emissions, uses ammonia or
methanol for power generation in combination with an Internal Combustion Engine. A small percentage
of diesel is still used, however, mainly ammonia is used to generate energy in the combustion engine.
The costs of this concept are estimated to be around €10.000.000 for 10𝑀𝑊, which is relatively cheap
and therefore economically attractive. The capacity factor is high (90 %) as long as the fuel is available
on the vessel. With this combination of ammonia and diesel, 80% of CO2 can be reduced, whichmakes
it an attractive renewable fuel for shipping. The vessel needs refuelling since ammonia or methanol
needs to be stored in the vessel. The market has not seen the implementation of ammonia into engines
yet. However, DNVGL predicts the usage of ammonia in shipping to rise in the coming decade, which
is why it is seen as a promising new concept.

A.2.3. Fuel cells with hydrogen (PEMFC)
Fuel cells are a new kind of energy supply for offshore vessels. For marine vessel, fuel cells are the
only viable, true zero-emission option. A fuel cell functions like a battery; it produces electricity with
high efficiencies up to 55 % through an electro-chemical process. The difference is that with a fuel
cell, the energy is stored separately in the form of a hydrogen fuel. As long as the hydrogen fuel is
available, the fuel cell produces electricity. Additionally, hydrogen fuel can be produced from renewable
sources, including solar, wind, hydroelectric, and geothermal energy. For a vessel, this would mean
that hydrogen tanks in the vessel have to be filled in a place like a port or at some place offshore with
hydrogen supply. The costs of this concept are estimated to be around €30.000.000 for 10 𝑀𝑊. The
capacity factor is high (90 %) as long as the fuel is available on the vessel. The vessel needs refuelling
since hydrogen needs to be stored in the vessel. The market has not seen the implementation of fuel
cells into shipping yet. However, fuel cells are already used in products like cars and can be a good
integrated energy system on board of a vessel. In Figure A.2, a diagram is shown how a fuel cell works.

Figure A.2: Diagram of fuel cell
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A.2.4. LNG tanks
LNG, also known as Liquid Natural Gas, is compressed natural gas stored in liquid form which can be
used for power generation. LNG complies with the requirements of IMO 2020, meaning it produces
only very little𝑁𝑂ኼ and almost no environmentally damaging 𝑆𝑂ኼ emissions. Compared to conventional
heavy fuel oils, LNG represents a 25% reduction in 𝐶𝑂ኼ, a 90% reduction in𝑁𝑂ኼ and a 100% reduction
in 𝑆𝑂ኼ emissions [15]. 𝐶𝑂ኼ emissions for LNG are still as substantial as 2.75 g/g fuel, meaning it is not
sustainable and renewable. As stated before, this is only a 25 % reduction in 𝐶𝑂ኼ emissions. The costs
of this concept are estimated to be around €32.000.000 for 10 𝑀𝑊. LNG has existed for quite some
time now, though only recently it has been incorporated in more energy systems. The capacity factor
is high (87 %) as long as the fuel is available on the vessel. The vessel needs refuelling since LNG
needs to be stored in the vessel.

A.2.5. Nuclear energy vessel
Nuclear energy vessels are used in the military, for instance in submarine ships. Also, the Russian
governments has produced the Akademik Lomonosov, a nuclear vessel able to produce 70𝑀𝑊. There
is quite much knowledge about nuclear energy, though only one large commercial vessel has been built
at the moment. Also, safety is a big issue with nuclear power plants. The waste of the energy has to be
stored on the vessel as well. With a large nuclear energy vessel, the probability of refuelling is rather
low since the nuclear energy does not have to be stored. The costs of this concept are estimated to be
around €62.000.000 for 10 𝑀𝑊, which is relatively expensive. The largest plant of OTEC right now is
a 1 𝑀𝑊 plant in Japan, meaning much research and development still needs to be done.

A.2.6. OTEC vessel/installation
Ocean Thermal Energy Conversion (OTEC) can be used to produce clean and base-load electricity
without emitting 𝐶𝑂ኼ. OTEC installations offshore (such as a TLP) or on a vessel could be used for
power generation. An advantage of OTEC is that it does not need storage, meaning it is not needed
to refuel. The costs of OTEC are estimated to be around €63.000.0000 for 10 𝑀𝑊, which is relatively
expensive. The capacity factor of OTEC is high (90 %), since all year round the temperature difference
is larger than 20 degrees Celsius.

A.2.7. Results of Multi Criteria Analysis

Energy concept for vessel Market Refuelling CAPEX Cap. factor CO2 produced Score
Dual fuel diesel generator 0 -2 2 2 1 7
Fuel cells with hydrogen 0 -2 0 2 2 6
LNG tanks 2 -2 0 1 -1 -3
Nuclear energy vessel 1 2 -2 2 2 11
OTEC on a vessel 0 2 -2 2 2 10

Table A.2: MCA table energy concepts on a vessel

From the results of the MCA it can be concluded that according to the criteria listed, OTEC on a vessel
and nuclear energy on a vessel are the winners for the future of renewable energy concepts on vessels.
Also dual fuel diesel generators and fuel cells are promising due to low emissions and high capacity
factors. However, the final scores are still quite close to one another, meaning the conclusions are
sensitive. In
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C
Hydraulic pressure losses in the pipe

In this Appendix, the formulas which are used for the hydraulic pressure losses in the cold water pipe
are shown [31].

The pressure drop in a pipeline (head loss in 𝑚) can generally be described by equation C.1:

ℎ፭፨፭ = 𝑓 ∗
𝐿
𝐷 ∗

𝑢ኼ፟
2𝑔 +∑𝐾 ∗

𝑢ኼ፟
2𝑔 +

Δ𝜌
𝜌።፧፬።፝፞

∗ 𝑦 (C.1)

The first term is called the friction pressure loss (also known as the Darcy Weissbach term), and can
be determined with figure C.1. The second term is the sum of all singular head losses. Singular head
losses can be present due due to accelerations, decelerations, curvatures, branches and obstructions.
It is assumed that the pipe inlet loss is the main singular head loss, since there are no curvatures,
branches or obstructions in the cold water pipe. The third term is called the hydrostatic pressure loss.
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C.1. Continuous pipe concepts
In this section, the relevant calculations for the pressure drop for the continuous pipe concepts are
presented. The pressure drop in the continuous pipe consists of the inlet loss, the friction loss and the
hydrostatic loss.

C.1.1. Assumptions
• 𝑢፟ is assumed to be constant throughout the pipe

• 𝜌ፚ፯፞፫ፚ፠፞ is calculated by assuming a linear density water profile

C.1.2. Friction pressure loss
The friction pressure loss is calculated according to the Darcy Weissbach formula (equation C.2), in
which:

• 𝑓 is the coefficient of friction [-], which can be determined according to equation C.3

• 𝐿 is the length of the pipe [𝑚]

• 𝐷 is the internal diameter of the pipe [𝑚]

• 𝑢፟ is the the flow velocity of the internal seawater [𝑚/𝑠]

• 𝑔 is the gravitational acceleration, which is 9.81 [𝑚/𝑠ኼ]

ℎ፟፫።፜፭።፨፧ = 𝑓 ∗
𝐿
𝐷 ∗

𝑢ኼ፟
2𝑔 (C.2)

The coefficient of friction can be calculated according to equation C.3, in which:

• 𝜖 is the roughness of the pipe [𝑚]

• 𝐷 is the internal diameter of the pipe [𝑚]

• 𝑅𝑒 is the Reynolds number, which is calculated by equation C.4.

𝑓 = 1
√𝑓ፃ

= −1.8 log [(
Ꭸ
ፃ
3.7)

ኻ.ኻኻ

+ 6.9𝑅𝑒 ] (C.3)

The Reynolds number can be calculated by equation C.4, in which:

• 𝑢፟ is the the average flow velocity of the internal seawater [𝑚/𝑠]

• 𝐷 is the internal diameter of the pipe [𝑚]

• 𝜈 is the kinematic viscosity [𝑚ኼ/𝑠], which is calculated by equation C.5

𝑅𝑒 =
𝑢፟ ∗ 𝐷
𝜈 (C.4)

The kinematic viscosity can be calculated by equation C.5, in which:

• 𝜂 is the dynamic viscosity [𝑃𝑎.𝑠], dependent on the temperature

• 𝜌፜፨፥፝ is the density of the cold water inside the pipe [𝑘𝑔/𝑚ኽ]

𝜈 = 𝜂
𝜌፜፨፥፝

(C.5)
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Figure C.1: Moody diagram for coefficient of friction [31]

C.1.3. Singular head losses
The sum of the head losses is assumed to consist of the pipe inlet pressure loss and the pipe outlet
pressure loss. The K value is assumed to be 0.2, which is the K-value for a curved entrance with a bell
shape. The maximum value of K, when no curved entrance is used, is 0.5.

The sum of these losses is calculated according to equation C.6, in which:

• ℎ።፧ is the pipe inlet pressure loss [𝑚]

• 𝐾 is the inlet/outlet K value, also known as the pipe entry loss coefficient [-]

• 𝑢፟ is the the flow velocity of the internal seawater [𝑚/𝑠]

• 𝑔 is the gravitational acceleration, which is 9.81 [𝑚/𝑠ኼ]

ℎ።፧፥፞፭ = 𝐾 ∗
𝑢ኼ፟
2𝑔 (C.6)

C.1.4. Hydrostatic pressure loss
The hydrostatic pressure loss is calculated according to equation C.7, in which:

• 𝜌፜፨፥፝ is the density of the cold water [𝑘𝑔/𝑚ኽ]

• 𝜌ፚ፯፞፫ፚ፠፞ is calculated by equation C.8

• 𝑦 is the total depth [𝑚]

ℎ፡፲፝፫፨ =
𝜌፜፨፥፝ − 𝜌ፚ፯፞፫ፚ፠፞

𝜌፜፨፥፝
∗ 𝑦 (C.7)

𝜌ፚ፯፞፫ፚ፠፞ =
𝜌፜፨፥፝ − 𝜌፰ፚ፫፦

2 (C.8)
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C.2. Discontinuous pipe concept
In this section, the relevant calculations for the pressure drop in the discontinuous pipe concepts are
presented. The pressure drop in the continuous pipe consists of the inlet loss, the friction loss, the
hydrostatic loss, the contraction losses and the enlargements losses. The inlet loss, hydrostatic loss
and the friction loss are calculated according to respectively equation C.6, C.7 and C.2. A curved shape
of the inlet with a K-value of 0.2 is assumed.

C.2.1. Assumptions
• The discontinuous pipe is modelled as having straight linear boundaries.

• Conservation of mass and volume is applied.

• The velocity is assumed to accelerate in the contraction part, reaching a higher velocity. This
velocity is used for the estimation of the new ”enlargement” part. The velocity profile is assumed
to be as shown in Figure C.2.

Figure C.2: Pressure losses in discontinuous pipe

C.2.2. Contraction and enlargement losses
The contraction and enlargement losses are calculated by respectively equation C.9 and C.10. The
diffusor analogy is used to calculate the pressure losses in the foldable pipe.

ℎ፜፨፧፭፫ፚ፜፭።፨፧ = 𝐾፜ ∗
𝑢ኼኼ
2𝑔 (C.9)

in which:

• 𝑢ኼ denotes the flow speed after the contraction [𝑚/𝑠]
The value of 𝐾፜ and 𝐾፞ are determined by respectively Figure C.3 and C.4.

ℎ፞፧፥ፚ፫፠፞፦፞፧፭ = 𝐾፞ ∗
(𝑢ኻ − 𝑢ኼ)ኼ

2𝑔 (C.10)

in which:

• 𝑢ኻ denotes the flow speed before the enlargement [𝑚/𝑠]
• 𝑢ኼ denotes the flow speed after the enlargement [𝑚/𝑠]
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Figure C.3: K value contractions

Figure C.4: K value enlargements
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C.2.3. Pressure loss in the pipe for the different concepts
The operational efficiency of the flexible cold water pipe is measured by the flow losses that occur in
the pipe. In order to have the highest efficiency of the overall OTEC system, it is favorable to have
a low head loss. The parameters that influence the head loss are the flow speed, the diameter and
the smoothness value of the pipe. Plastic pipe refers to respectively concept 3,PVC and HDPE. The
pressure drop of the cold water pipe should stay below 0.6 bar as a threshold. This is chosen as a
threshold to optimize the energy efficiency. The results of the pressure drop comparison can be seen
in Figure C.5.

Figure C.5: Pressure drop for different concepts with different roughness values

From this graph, it can be concluded that the HDPE pipe causes the lowest pressure drop in the pipe.
Due to very similar roughness values for the coated steel carcass and the FRP of concept 3 and 4,
these two pipes are plotted in the same category. The foldable concept can be concluded to be feasible
with the requirement that the average inclination angle should stay below 5 degrees. The roughness
values used are stated in Table C.1. Concept 1 is not shown in the graph since the roughness value
including a steel spiral on the inside of the pipe is expected to cause a significant pressure drop above
1 bar.

Concept Inner pipe material Roughness value (mm)
1 PVC with steel spiral 0.15
2 Nylon 0.0015
3 Coated steel carcass 0.003
4 FRP 0.005
5 HDPE 0.0015

Table C.1: Roughness values for different materials



D
Heat losses through the cold water pipe

In this Appendix, the heat that is transferred from the water outside the pipe into the water inside the
thin pipe film is calculated. The heat transfer that is calculated is the heat transfer through the wall of
the pipe. Previous studies calculated the heat transfer through an OTEC pipe, which is what is used
as a guideline for this calculation [22]. The most important equations are equation D.8 and equation
D.9. In section D.0.1, the heat transfer for the different concepts is presented.

The cold water pipe exchanges heat as a consequence of the temperature difference. For the Bonaire
profile, the average water temperature on the outside is 11.7 degrees. The temperature profile can be
seen in Appendix F. It is a plot of the average temperature profile in 2017, 2018 and 2019.

The process of heat losses in the pipe consists of three steps:

• convection from the pipe wall to the internal cold seawater

• conduction through the pipe wall

• convection from the ambient seawater to the pipe wall

For each step, the heat transfer coefficient should be determined.

The internal heat transfer coefficient is determined by the Dittus-Boelter correlation applicable for fully
developed flows, which can be seen in equation D.1. Since the Reynolds number of the flow inside the
pipe is relatively high (> 1E6), this is a valid correlation to use. The correlation gives a Nusselt number
(Nu) as output, which is a dimensionless number for the heat transfer coefficient.

𝑁𝑢 = 0.023𝑅𝑒ኺ.ዂ𝑃𝑟ኺ.ኽ (D.1)

The Prandtl and Reynolds number are calculated taking the seawater dynamic viscosity of the average
seawater temperature outside of the pipe. The Prandtl number accounts for the physical properties
of the fluid and can be interpreted as the ratio of momentum diffusivity to thermal diffusivity and is
calculated as:

𝑃𝑟 =
𝜇𝑐፩
𝑘 (D.2)

With the Nusselt number, the heat transfer coefficient of the convection from the pipe wall to the ambient
seawater can be calculated by equation D.3.

ℎ፨ =
𝑘𝑁𝑢
𝑑፨

(D.3)

The heat transfer through the pipe wall itself is determined by the thermal resistance 𝑅, which can be
calculated by equation D.4
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𝑅፰ፚ፥፥ =
ln ፃᎲፃᑚ
2𝜋𝜆፰𝑑𝐿

(D.4)

The external convection is more difficult to predict because flow separation happens across the pipe.
A turbulent area will form. Due to this phenomena, the empirical relation developed by Churchill and
Bernstein is used for the determination of the Nusselt number:

𝑁𝑢 = 0.3 + 0.62𝑅𝑒ኻ/ኼ𝑃𝑟ኻ/ኽ

[1 + (0.4/𝑃𝑟)ኼ/ኽ]ኻ/ኾ
⋅ [1 + ( 𝑅𝑒኿/ዂ

282000)]
ኾ/኿

(D.5)

Based on these three individual heat transfer coefficients, the (outside) overall heat transfer coefficient
and heat loss per meter pipe can be determined applying, respectively, equation D.6 and D.7.

𝑈፨ = (
𝐷፨
𝐷።ℎ።

+
ln ፃᎲፃᑚ
2𝜆፰

+ 1
ℎኺ
)

ዅኻ

(D.6)

𝑑𝑄 = 𝑑𝐴፨𝑈፨ (𝑇። − 𝑇፨) (D.7)
The difference in temperature over dL can now be calculated by equation D.8.

𝑑𝑇 = 𝑑𝑄
𝑐𝑝፰ፚ፭፞፫ ∗ 𝑚

∗ 𝑑𝐿 (D.8)

in which:
• 𝑑𝑄 is the total heat that is transferred through the pipe over per meter [𝑊/𝑚]
• 𝑐𝑝፰ፚ፭፞፫ is the specific heat capacity [𝐽/𝑘𝑔.𝐾], which is 3985 𝐽/𝑘𝑔.𝐾 for seawater

• 𝑚 is the mass flow of the cold water in the pipe [𝑘𝑔/𝑠]
By discretization of the pipe into small segments of dL, it is possible to calculate the internal seawater
in the cold water pipe by applying an Euler forward scheme. This can be done by using the fact that at
the boundary condition at the inlet pipe, the internal seawater is equal to the outside ambient seawater.
The total heat balance of the convection along the three processes can be described by equation D.9.

𝑑𝑄 = 𝑑𝐴።ℎ። (𝑇። − 𝑇፰።) =
(𝑇፰። − 𝑇፰፨)
𝑅፰ፚ፥፥

= 𝑑𝐴፨ℎ፨ (𝑇፰፨ − 𝑇፨) (D.9)

in which:
• 𝐴። is the internal diameter [𝑚]
• 𝐴፨ is the outer diameter [𝑚]
• ℎ። is the internal surface resistance coefficient
• ℎ፨ is the outer external resistance coefficient
• 𝑇። is the internal temperature in the pipe [∘C]
• 𝑇፰። is the temperature on the inside of the wall [∘C]
• 𝑇፰፨ is the temperature on the outside of the wall [∘C]
• 𝑇፨ is the outer temperature on the outside of the pipe [∘C]

D.0.1. Heat transfer for the different concepts
Since the concepts are thin walled and there exists an average temperature difference of approxi-
mately 6.4 degrees, thermal energy is transferred from the ambient seawater to the inside of the pipe.
Every material has its own thermal conductivity 𝑘 value, and this can be seen in Figure D.1. Clearly,
polypropylene has the lowest thermal conductivity, whereas composite has the highest thermal con-
ductivity.
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Figure D.1: Thermal conductivity values for several materials

In general, plastics have a relatively low thermal conductivity below 1𝑊/𝑚.𝐶, whereas conductors such
as aluminium and steel have high thermal conductivity’s above 50𝑊/𝑚.𝐶. The results for concept 1,2,4
and 5 are discussed and can be seen in Figure D.2. Concept 3 is not incorporated in the results since
this concept is expected not to have large heat transfer happening, due to more than one layer being
present, including plastic materials.

It can be concluded that the composite concept has the highest temperature loss, and this can be
explained by having the highest value of thermal conductivity. However, the temperature loss in the
pipe is negligible as for a pipe with a thickness of 5 𝑚𝑚, the temperature loss is only 0.087 degrees.
In conclusion, for plastics such as PE, PP, nylon, PVC and composite GFRP the temperature loss due
to heat transfer is not significant, which is why it is not incorporated in the MCA.

Figure D.2: Temperature loss heat transfer





E
Deep Sea Mining application for OTEC

In this Appendix, the deep sea mining market is discussed. Deep sea mining requires high energy
capacities for a longer period of time offshore in stationary vessel mode, implying an OTEC installation
could be the answer. Having an OTEC installation on a vessel which goes offshore for a longer period
of time could provide the energy needed for the deep sea mining activities.

E.1. Background deep sea mining
Deep sea mining is a technology that started in 1960 when companies such as West Germany, Japan
and Canada became interested. In order to be able to fund the capital expensive deep seamining, com-
panies formed consortia and used subsidies from the government. Falling commodity prices, changes
in international maritime law and politic law tensions between North and South eventually led to the
end of the deep sea mining industry around 1980 [34].

Due to rising demand in scarce metals and minerals that are possible to be mined at deeper seas,
the urge and interest is there to start deep sea mining. Minerals that are possible to be mined include
manganese nodules, copper, nickel, gold, zinc and cobalt. Manganese nodules are also referred to
as poly-metallic nodules. Manganese nodules are potato like shaped mineral rocks with a diameter of
0.01 𝑚 - 0.12 𝑚. Although the deep sea mining industry is a very promising market, it is also a capital
intensive market [34].

Exploration contracts for particular zones are given by the ISA (international seabed authority). In
collaboration with the UN, the ISA can award exploration contracts to do research for certain areas.
The Clarion Clipperton Zone (CCZ) has been investigated and contains many poly-metallic nodules.
Other areas that are interesting for the deep sea mining industry are the Peru basin, near the Cook
island and in the Central Indian ocean basin. On the environmental impact of deep sea mining at the
bottom of the seabed has not been done much research yet. Habitats of rare species and plants live
at the bottom of the sea and might be impacted by the deep sea mining industry. In total there are
considered to be three different main types of mineral deposits [28], which can be seen in Figure E.1:

• Massive sulphides in the neighborhood of hydro-thermal vents

• Poly-metallic nodules on flat areas of the sea bottom (abyssal plains)

• Cobalt rich crusts present on slopes and summits
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Figure E.1: Processes in deep sea mining [16]
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E.2. Relevance for OTEC technology
Two possible concepts for combining OTEC with DSM are shown in Figure E.2 and E.3 [17] [6].

Figure E.2: OTEC onboard of a vessel for DSM [6]

Figure E.3: OTEC subsea concept [6]





F
Conditions on Bonaire

F.1. Current over depth in years 2016, 2017 and 2018
The current profile data has been retrieved from Copernicus data. The location used for this data is
(12.250; -68.500).

Figure F.1: Current over depth profile 2016 Figure F.2: Current over depth profile 2017 [10]

Figure F.3: Current over depth profile 2018 [10]
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F.2. Bathymetry
In Figure F.4, the rough bathymetry of the island of Bonaire is shown. The website Navionics is used
for the retrieval of the bathymetry data. It is clea to see the bathymetry is steepest around location 1
and location 2. This is favorable since in this way, the shortest distance for the electricity cables to the
shore is achieved.

Figure F.4: Bathymetry location 1 and 2

F.3. Map of the island
In Figure F.5, the grid connections at the island of Bonaire are shown. It is clear to see that most grid
connections are located at the west side of the island.

Figure F.5: Energy grid Bonaire
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F.4. Water density at the location
The temperature dependency of the water density is shown in Figure F.6. The density function of water
as a function is plotted in Figure F.8.

Figure F.6: Water density as a function of temperature
Figure F.7: Linear vs theoretical density function over

depth

Figure F.8: Density ambient seawater

F.4.1. Salinity in the water

Figure F.9: Water salinity over depth at location for years 2017-2019 [10]
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F.4.2. Temperature profile Bonaire
The inlet temperature differs from approximately 4.7 degrees to 5.7 degrees and the temperature at
the surface differs from 26.0 degrees to 30.3 degrees in the years 2016, 2017 and 2018. However,
the difference in ocean temperature (between 0 and 1000 m) is always above 20 degrees, as can be
seen in Figure F.12. A minimum temperature difference of 20 degrees is guaranteed throughout the
years, with the exception of one year which is negligible. In the year 2018, a few days in February the
temperature difference was below 20 degrees.

Figure F.10: Temperature over depth in 2016, 2017 and
2018

Figure F.11: Temperature profile Bonaire

F.5. Environmental conditions on Bonaire
The environmental conditions that are assessed at the chosen location for the OTEC deployment are
current, waves (mainly driven by wind) and temperature. Copernicus data has been retrieved for the
significant wave height, wave direction and current profile [10]. The significant wave height and current
have been calculated for a return period of 100 years as input for the forces working upon the cold
water pipe. The return period of 100 years has been chosen as an input for the design loads. Even
though there is no public design standard for OTEC pipes yet, the design criterion of withstanding a
weather condition with a return period of 100 years is chosen. This is assumed to be reasonable and
on the safe side.
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Figure F.12: Difference in temperature between inlet and surface water

F.6. Location
The chosen location for the Ocean Thermal Energy Conversion plant is Bonaire. The island of Bonaire
is of commercial interest to Allseas. In addition, Bonaire is located in the Caribbean meaning favorable
conditions of at least 20 degrees temperature difference are present for OTEC.

Figure F.13: Location spots for OTEC offshore

Three possible spots for the location of the OTEC plant have been selected and can be seen in Figure
F.13. Location 1 has coordinates (12.25, -68.5) and Location 2 has coordinates (12.30, -68.3).

Location 1 is selected to be the most suitable location for an offshore OTEC plant due to the the relative
short distance to the shore and an easy grid connection to the power station of BOPEC, which is located
at the shore next to location 1 (see Appendix F). Also, location 1 is located in a more sheltered are
compared to location 2 since the dominant wave direction is from the east and flows along the east
coast in north direction meaning location 2 is more subjected to environmental conditions.

The depth at the chosen location is of importance to the design of the OTEC installation. A depth of at
least 1000 𝑚 is needed in order to make sure the temperature difference is large enough. The specific
water depth is mainly of importance for the mooring system. A water depth of at least 1100𝑚 is chosen
to be a reasonable estimate for the water depth since the inlet of the cold water pipe should not be too
close to the seabed, else the seabed will be influenced. Location 1 is approximately 1750 𝑚 deep,
meaning it meets the requirement of at least 1100 𝑚.
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However, it is favorable to have the shortest distance to shore since a cable has to transport the gen-
erated electricity to shore. For this reason, Location 1 has been moved slightly to the east and south
direction. The final coordinates are: (12.20; -68.45). The environmental conditions for this location are
assumed to be the same. The depth at this location is 1200 𝑚.

F.6.1. Current conditions
The current conditions at the chosen location vary over time and over depth. Copernicus data has been
retrieved and is used as input for the current conditions. The current profile for 3 years (2016,2017 and
2018) was used for this analysis. The main current direction around the area of Bonaire is in direction
north west, which can be explained by the Caribbean current which flows through the Caribbean from
the east along the coast of South America into the Gulf of Mexico. In Figure F.14, the Caribbean current
can clearly be seen moving the water in west direction.

The maximum current velocities measured at the surface of the water have been summed up in Table
F.1. The current profiles over depth can be found in Appendix F. Using the maximum current velocity
at the surface a current profile can be determined using equation F.1 [18]. A maximum current velocity
at 1000 𝑚 depth of 0.2 𝑚/𝑠 is assumed in this current profile, which is a conservative estimate of the
current velocity at 1000 𝑚 deep.

𝑉፜ = 𝑉፦ፚ፱ ∗ 𝑒𝑥𝑝(−0.0043𝑧) + 0.2 (F.1)

in which:

• 𝑉፦ፚ፱ is the maximum current speed at the surface measured [𝑚/𝑠]

• 𝑧 is the location coordinate, in which the origin of the axis is at the water surface and the positive
coordinate is downwards [𝑚]

Table F.1: Maximum current velocity at the surface

Year Maximum current velocity (z=0) Maximum current velocity (z=-1000m)
2016 0.85 m/s 0.14 m/s
2017 0.66 m/s 0.16 m/s
2018 0.77 m/s 0.16 m/s

Figure F.14: Caribbean current profile

A current profile distribution for the design life of the OTEC plant should be determined in order to give
a correct estimate for the forces that act upon the structure. Since only 3 years of current data was
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available, a Gumbel extrapolation was not used since the estimation gives too much of incorrectness.
Instead, other OTEC works have been used as input to determine a realistic maximum current acting
upon the pipe. Previous OTEC installation designs were mainly focused on the location of Curacao.
However, since Curacao lies in the same area as Bonaire in the Caribbean the current conditions can
be assumed to be similar. A maximum current velocity at the surface of 2.2 𝑚/𝑠 for a return period of
100 years was used for Curacao [8]. A conservative estimate of 2.0 𝑚/𝑠 was chosen for the maximum
current velocity at the surface, which is more than double the maximum current velocity measured in
the years 2016, 2017 and 2018.

F.6.2. Wave conditions
The main wave direction at the chosen location spot is from the east and is dominated by the wind. In
Figure F.15 , the direction of the waves is plotted for the years 2016, 2017 and 2018. It can clearly be
seen that the dominant wave direction is from the east (90 degrees). By analysing the wave direction
graph, it can be concluded the mean value of wave direction is 90 degrees and it is clear that the
wave direction spectrum represents a normal distribution with a mean of 90.7 degrees and a standard
deviation of 21.6 degrees.

Figure F.15: Wave direction histogram for 3 years
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F.6.3. Determination of extreme wave height
In order to determine the extreme wave height at the chosen location, a Gumbel extrapolation to the
significant wave height in 100 years is done. After this, the significant wave height is converted into an
extreme wave height representable for 100 years. With the value of the extreme wave height, the peak
period corresponding to these conditions can be determined. Finally, by using linear wave theory, the
corresponding wave length and wave frequency can be calculated.

For a total of 10 years (2008 - 2017), the significant wave height from Copernicus has been used as
input for the significant wave height. The data contains 8 data points per day. The significant wave
height has been plotted for the years 2014 and 2017 as can be seen in Figure F.16. This has been
done since these two years have caused the highest and lowest significant wave height.

Figure F.16: Significant wave height in 2014 and in 2017

For each year, the extreme value of the significant wave height has been reported and this can be seen
in Table F.2. By using the maximum values per year for 10 years (n=10) including the rank of each
significant wave height, a Gumbel extrapolation can be used to estimate the maximum significant wave
height with a return period of 100 years. The Gumbel cumulative density function (CDF) is represented
by equation F.2.

Year 𝐻፬,፦ፚ፱ (m) Rank (#)
2014 2.05 10
2012 2.12 9
2013 2.18 8
2008 2.3 7
2010 2.34 7
2015 2.45 5
2011 2.5 4
2016 2.62 3
2009 2.71 2
2017 2.96 1

Table F.2: Significant wave height per year

𝐹፱ = exp(− exp(−(
𝑥 − 𝑢
𝛼 ))) (F.2)

In this distribution 𝑥, 𝑢 and 𝛼 are used and can be calculated by the equations below.

�̄� =
፧

∑
።዆ኻ

𝑥።
𝑛
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𝑠ኼ፱ =
1

(𝑛 − 1)

፧

∑
።዆ኻ
(𝑥። − �̄�)

ኼ

𝑢 = �̄� − 0.5772𝛼
𝛼 = √ዀ፬ᑩ

᎝

The results of the Gumbel extrapolation can be seen in Figure F.17. Equation F.3 describes the function
of the significant wave height. Inserting the desired return period, gives the corresponding significant
wave height. For 30 years, 𝐻፬ is equal to 3.13 𝑚. For 100 years, 𝐻፬ is equal to 3.48 𝑚.

𝐻፬(𝑡) = 0.2953𝑙𝑛(𝑡) + 2.1268 (F.3)

Figure F.17: Gumbel extrapolation significant wave height

In order to get a maximum wave height for 100 years, the significant wave height for 100 years needs to
be converted to the extreme wave height. An easy rule of thumb, is that in many storms the maximum
wave height is approximately equal to twice the significant wave height (equation F.4). In this conversion
factor, it is assumed that the crest heights and wave heights are Rayleigh distributed and a duration of
a 6 hour storm with a zero crossing period of 10 seconds.

𝐻፦ፚ፱ = 1.96 ∗ 𝐻፬ (F.4)

in which:

• 𝐻፬ is the significant wave height [𝑚]

The maximumwave height for 100 year return period, according to equation F.4 is equal to 6.84𝑚. This
is a value for the wave height in a severe storm. By assuming we have regular waves, the amplitude of
the corresponding wave can be estimated to be half of the value of 𝐻፦ፚ፱, meaning 𝑎፦ፚ፱ for 100 years
is 3.42 𝑚.

The corresponding period, wave frequency and wave length can be calculated using the dispersion
relation for deep water. The results are listed in Table F.3.

Parameter Value Unit Parameter Value Unit
𝐻፬ 3.49 𝑚 𝐻፦ፚ፱ 6.84 𝑚
𝑇፬ 7.47 𝑠 𝑇፦ፚ፱ 10.46 𝑠
𝑤፬ 0.85 𝑟𝑎𝑑/𝑠 𝑤፦ፚ፱ 0.60 𝑟𝑎𝑑/𝑠
𝐿፬ 87.18 𝑚 𝐿፦ፚ፱ 170.87 𝑚

Table F.3: Results 100 year environmental values





G
Installation of foldable pipe

The idea of the installation sequence of the foldable FLEX-hose is shown in Figure G.1 and Figure G.2.
The folded pipe can be transported on the vessel, as shown in Figure G.1. Once the vessel is at the
desired location, the foldable pipe can be installed as shown in Figure G.2.

Figure G.1: Top view installation

Figure G.2: Side view installation
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G.1. Foldable pipe design during lifting calculation
In order to be able to check whether an offshore installation vessel could be able to lift the total foldable
concept design, a rough calculation is provided by the lifting operation shown in Figure G.3.
The assumptions of the lifting case are:

• 𝐹፜፰፩ = 1840 𝑚𝑇

• 𝐹፜፫ፚ፧፞ = 250 𝑚𝑇 (Oceanic)

• 𝐹፯፞፬፬፞፥ = 3719 𝑚𝑇 (Oceanic)

• 𝜌፰ = 1027.75 𝑘𝑔/𝑚ኽ

• 𝐴፯፞፬፬፞፥ = 129 x 25 = 3225 𝑚ኼ (Oceanic)

Figure G.3: Lifting situation of foldable pipe

The vertical equilibrium that should be satisfied is given by equation 6.13. The needed draft for Oceanic
disregarding a mooring system is calculated to be 1.64 𝑚, which is feasible.

∑𝐹 = 𝐹፜፰፩ + 𝐹፯፞፬፬፞፥ − 𝐹፜፫ፚ፧፞ − 𝜌፰ ∗ 𝑔 ∗ 𝑑 ∗ 𝐴፯፞፬፬፞፥ = 0 (G.1)

in which:

• 𝐹፜፰፩ is the force due to the weight of the foldable cold water pipe [𝑁]

• 𝐹፜፫ፚ፧፞ is the lift capacity of a crane [𝑁]

• 𝐹፯፞፬፬፞፥ is the force due to the weight of the vessel in the water [𝑁]

• 𝜌፰ is the warm seawater density [𝑘𝑔/𝑚ኽ]

• 𝐴፯፞፬፬፞፥ is the surface area on the bottom of the vessel [𝑚ኼ]



H
Buckling of a thin walled pipe

The assumptions of the general differential equations which lead to the expression of the collapse
pressure are [35]:

• The shell is a round cylinder before buckling

• The shell is of uniform thickness throughout

• The material in the shell is homogeneous and isotropic, and

• The thickness of the shell wall is small compared to the diameter, so that the distribution of the
normal stress over the thickness may be assumed as linear

• As a consequence the preceding assumption, the radial stress is considered to be negligible
compared to the circumferential and longitudinal stress

• Displacements are small compared to the thickness so that certain small quantities may be ne-
glected.

• The graphs shown in this study are performed for a material with a Poisson’s ratio v = 0.3

H.1. Determination of K-values
The K-values as used in Chapter 5 are determined by Figure H.1 and H.2.

Figure H.1: K value collapse pressure for
preliminary design values Figure H.2: K value collapse pressure for sensitivities
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H.2. Buckling of a circular ring
The differential equation for the deflection curve for a thin circular ring is given by equation H.1. For an
infinitely large 𝑟 this equation reduces to that for a straight beam [19]. The following derivation is taken
from the book [19]. The main importance of this derivation, is the expression given in equation H.2.

𝑑ኼ𝑢
𝑑𝑠ኼ +

𝑢
𝑟ኼ = −

𝑀
𝐸𝐼 (H.1)

The method of obtaining the collapsing pressure is to assume that the true circular section is slightly
deflected elastically, and then find the external pressure that will just hold the ring in equilibrium in this
shape. Its value can be obtained by use of the equation for the deflection curve of a ring, as seen in
equation H.1. There are four inflection points (𝑎, 𝑏, 𝑐, and 𝑑, Figure H.3) at which the bending moment
is zero and also the radial deflection is zero. The bending moment at any cross section B of the ring in
Figure H.3 is:

𝑀 = 𝑀ኺ + 𝑝𝐴𝑂 ⋅ 𝐴𝐷 − (
𝑝
2)𝐴𝐵

ኼ

In the triangle 𝐴𝑂𝐵, the law of cosines gives:

𝑂𝐵
ኼ
= 𝐴𝑂

ኼ
+ 𝐴𝐵

ኼ
− 2𝐴𝑂 ⋅ 𝐴𝐵 cos 𝜃

but cos 𝜃 = 𝐴𝐷/𝐴𝐵, so
𝑂𝐵

ኼ
= 𝐴𝑂ኼ + 𝐴𝐵ኼ − 2𝐴𝑂 ⋅ 𝐴𝐷

or
𝐴𝐵

ኼ

2 − 𝐴𝑂 ⋅ 𝐴𝐷 = 1
2 (𝑂𝐵

ኼ
− 𝐴𝑂

ኼ
)

and substituting the values 𝑂𝐵 = (𝑟 − 𝑢) and 𝐴𝑂 = (𝑟 − 𝑢ኺ) gives:

𝐴𝐵
ኼ

2 − 𝐴𝑂 ⋅ 𝐴𝐷 = 1
2 [(𝑟 − 𝑢)

ኼ − (𝑟 − 𝑢ኺ)
ኼ]

Noting that 𝑢 is small in comparison to 𝑟, terms in 𝑢ኼ and 𝑢ኼኺ can be neglected to give:

𝐴𝐵
ኼ

2 − 𝐴𝑂 ⋅ 𝐴𝐷 = 𝑟 (𝑢ኺ − 𝑢) (H.2)

in which:

• 𝐴𝐵 denotes the length from A to B, as shown in Figure H.3 [𝑚]

• 𝐴𝑂 denotes the length from A to O, as shown in Figure H.3 [𝑚]

• 𝐴𝐷 denotes the length from A to D, as shown in Figure H.3 [𝑚]

• 𝑟 denotes the radius r of the thin walled cylinder [𝑚]

• 𝑢ኺ denotes the horizontal compression at the right and left edge [𝑚]

• 𝑢 denotes the compression along the circle as a function of the angle [𝑚]

This expression is used for the relation between the compression at the edges left and right of the thin
walled sheet and the outward displacement.
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Figure H.3: Cylindrical ring under external pressure ellipse shape





I
Visualizations of foldable pipe

Some visualizations of the foldable pipe have been made in Sketchup and can be seen in Figures I.1,
I.2 and I.3.

Figure I.1: Foldable concept drawing
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Figure I.2: Visualization foldable pipe concept with ship Allseas 1

Figure I.3: Visualization foldable pipe concept with ship Allseas 2



J
Sheet model derivation

In this Appendix, the sheet model derivation is explained. Figure J.1 shows the sheet model repre-
sentation. The thin walled sheet is split up into two sections: a left section and a right section. The
displacement of the tin walled sheet is calculated on the cross section in the middle, as denoted by the
red points in Figure J.1.

Figure J.1: 2D sheet model of the thin walled sheet

J.1. Equation of motion
The equation of motion for the left and the right part is the same and is shown in equation J.3. The
static solution of the equation of motion is considered.

𝜌𝐴�̈� − 𝑇𝑤” = 𝑞ኻ +
𝑞ኼ − 𝑞ኻ
𝐿 ∗ 𝑥 (J.1)

�̈� − 𝑇
𝜌𝐴𝑤” =

𝑞ኻ
𝜌𝐴 +

𝑞ኼ − 𝑞ኻ
𝐿𝜌𝐴 (J.2)

− 𝑐ኼ𝑤” = 𝑞ኻ
𝜌𝐴 +

𝑞ኼ − 𝑞ኻ
𝐿𝜌𝐴 (J.3)

As can be seen from equation J.3, the cross section falls out of the equation, meaning it does not have
an influence on the displacement of the sheet. This is an uncertainty of the sheet model.
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126 J. Sheet model derivation

− 𝑐ኼ = 𝑇
𝜌𝐴 (J.4)

J.2. Boundary conditions
𝑤(0) = 0;𝑤(𝐿) = 0 (J.5)

J.3. Solution of the equation of motion
𝑤(𝑥) = −16

𝑞ኼ − 𝑞ኻ
2𝑇 ∗ 𝑥ኽ − 12

𝑞ኻ
𝑇 ∗ 𝑥ኼ + 𝐿(2𝑞ኻ + 𝑞ኼ)6𝑇 ∗ 𝑥 (J.6)
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