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Duto sanduiche (DS) é uma solugdo promissora para aplicagbes em dguas ul-
traprofundas. Devido a vasta possibilidade de escolhas do material e da espessura
de cada camada, o projeto pode desenvolvido para cendrios especificos. O objetivo
da tese ¢ investigar um método de projeto 6timo para dutos sanduiche baseado em
requisitos estrutural e de isolamento térmico. Resultados de testes experimentais
de DSs submetidos a pressao externa sao correlacionados com aqueles de modelo de
elementos finitos nao-linear. Um estudo paramétrico é entao conduzido, para am-
pla faixa de variaveis, para analisar o comportamento de colapso de DS em escala
real com anular constituido de compdsito cementicio com encruamento (SHCC).
Uma equacao ¢ proposta para o colapso de DS baseada em resultados numéricos,
utilizando técnicas de aprendizado supervisionado e algoritmos estocasticos. O pro-
grama computacional OLGA é empregado para analisar o desempenho do isolamento
térmico do DS com anular de SHCC. Um modelo matematico para a transferéncia
de calor do DS é desenvolvido para as condicoes de fluxo continuo e interrupcao de
fluxo. Um modelo para estimativa de custo de DSs, incluindo os custos de material,
fabricacao e soldagem, é também considerado. Um modelo de programacao nao-
linear “mixed-integer”, incorporando requisitos estrutural e de isolamento térmico,
é estabelecido para o projeto 6timo de configuragoes de DS sob diferentes condi¢oes
de trabalho.
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Sandwich pipe (SP) is a promising solution in ultra-deepwater applications. Due
to the vast choices of materials and thicknesses for each layer, the design process
can be tailored for a specific scenario. The purpose of the thesis is to investigate an
optimal design method for sandwich pipes based on structural and thermal insulation
requirements. Experimental test results of SPs subjected to external pressure are
correlated with those from a nonlinear finite element model. A parametric study is
then conducted for a wide range of variables to analyze the collapse behavior of full-
scale SP with strain-hardening cementitious composite (SHCC) core. An equation
to predict the SP collapse pressure is proposed based on the numerical results using
supervised learning techniques and stochastic algorithms. The software OLGA is
employed to analyze the insulation performance of the SP with the SHCC core. A
mathematical model for the SP heat transfer is developed under both steady-state
and shut-in conditions. A cost estimate model for SPs, including material cost,
fabrication cost, and welding cost, is also considered. A mixed-integer nonlinear
programming model, incorporating structural and thermal insulation requirements,
is established for the optimal design of the SP. The performance of the proposed
model is evaluated in a case study. Finally, a parametric study is conducted to
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Chapter 1

Introduction

1.1 Overview

Oil and natural gas have been major sources of energy supply for the world and will
continue to do so over several decades. As onshore and shallow water reserves and
production capacity decline, the oil industry shifts its attention to the deepwater
and ultra-deepwater fields. From 2012 to 2014, over 70% of the top 10 annual oil
and gas discoveries were made in deepwater regions[I]. Besides, the oil and gas
reserves in deepwater areas account for 44% of the total offshore oil and gas reserves
worldwide. Figure [1.1] shows the distribution of the main global deepwater basins.
The concept of deepwater is actually dynamic and is constantly changing with
the progress in offshore technology. Currently, offshore oil fields with a water depth
of 300 m are considered deepwater and those with water depth over 1500 m are
classified as ultra-deep water. In deepwater and ultra-deep water applications, the
conventional single-wall (SW) pipe (Figure , due to the excessive steel pipe
thickness needed to withstand the extremely high hydrostatic pressure, becomes
expensive and difficult to install. Further, the low water temperature incorporating
high fluid pressure causes severe flow assurance problems to SWs [2, [3]. Aiming at
solving the related challenges, Paqualino et al. [4], Netto et al. [5], and Estefen et al.
[6] initially proposed the concept of sandwich pipes (SP) as an alternative solution for
deepwater applications. An SP is composed of two steel tubes separated by a core
layer that can be filled by materials with good structural strength and adequate
thermal insulation properties. Further, an extra insulation layer can be applied
outside the outer steel pipe of an SP when high thermal insulation is required.
Figure[L.3|shows the schematic of an SP. Since the core layer provides both structural
resistance and thermal insulation, SPs are able to provide high structural strength
using relatively thin steel tubes while attending the thermal insulation requirements.

By employing thin steel tubes, replacing the SW with the SP decreases both weight



and cost of the pipeline for deepwater applications.
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Figure 1.1: Distribution of the main global deepwater basins (adapted from [I])

Since the pipe-in-pipe (PIP) systems also consist of two concentric steel pipes
separated by a core layer (Figure , the configurations of PIPs and SPs are quite
similar. And the PIP receives more attention since it was proposed earlier than the
SP. Therefore, sometimes the SP is misrecognized as the PIP. In fact, PIPs and SPs
differ from each other in several aspects. When applying single-wall (SW) pipes
fails to solve flow assurance problems, PIP systems, incorporating nonstructural
insulation material or hot water in its core layer, are employed to deliver excellent
thermal insulation. Besides, the annular space of PIP systems is also used for well
injection, umbilical cables, active heating systems, etc. In the case of SPs, the core
layer is filled with low-cost materials with adequate thermal insulation properties and
good structural resistance. The application of SP systems is not to provide excellent
thermal insulation but to reduce both pipeline cost and its submerged weight, while
maintaining adequate thermal insulation and good structural strength for deep-
water application. Usually, the core layer of PIPs only provides thermal insulation
properties without structural resistance, while that of SPs combines both structural
functionality and thermal insulation. For the PIP, inner and outer steel pipes are
designed independently against failure under internal and external pressures while
in the SP the design integrates all the three layers to resist the acting pressure loads.
Since the inner pipe and outer pipe of PIPs independently withstand operational

loads, thick steel pipes are still needed for PIPs in the deep-water applications.



Sandwich pipes can be an effective solution for applications where thermal in-
sulation, resistance to excessive external pressure and reduction of buoyancy weight
during the installation process are required. Thus, the SP is suitable for severe con-
ditions involved high hydrostatic pressure and low temperature which are observed

normally in Brazil’s pre-salt reservoir [7] and in Arctic offshore exploration [§].

Insulation layer

steel layer

Figure 1.2: Schematic of single-wall pipe
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Figure 1.3: Schematic of sandwich pipe with extra insulation layer

1.2 Motivation and objectives

After decades of research on sandwich pipes, previous researchers have evaluated
the feasibility, benefits, and limitations of the application of sandwich pipes in deep-
water scenarios in terms of structural integrity, thermal insulation performance, and
suitable joining methods. Sandwich pipes are proven to be promising solutions for
ultra-deep-water applications. A wise design method is essential for a successful
application of sandwich pipes. As concluded by Netto et al. [5], the design of

sandwich pipes shall be tailored based on the specifics of each scenario because of
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Figure 1.4: Schematic of pipe-in-pipe system

the wide range of choices. Despite the fact that considerable researches on sandwich
pipes were reported in the literature, few studies discussed the design method of
sandwich pipes. Up to now, a comprehensive optimal design model of sandwich
pipes has not been reported in the literature. Castello et al. [9] briefly presented
a design procedure for sandwich pipes without further investigation of the optimal
design. Using a simplified cost function, Arjomandi and Taheri [I0] presented a
general procedure of the optimal design of a sandwich pipe without presenting an
optimization model. More recently, a D.Sc. thesis by Basto [11] initially investigated
the optimal design of the SP. In his proposed optimization model, the material
costs of the SP section and the threaded connector were selected as the objective
function. The required collapse pressure and the maximum tensile stress were set
as the structural constraints. And the required overall heat transfer coefficient was
employed as the thermal insulation constraints. However, the proposed optimization
model can be improved in several aspects like considering the thermal insulation
requirements in the shut-in condition or including more available materials in the
design.

Subsea pipelines like single-wall pipes and pipe-in-pipes are designed so that each
layer of the pipe provides a single functionality. The steel layer only provides struc-
tural strength, while the insulation layer only gives thermal insulation. Therefore,
for a given scenario, the design of SWs and PIPs involve determining the material
and thickness of the steel layer to meet structural requirements and that of the
insulation layer to meet the thermal insulation requirements, respectively [12, [13].
However, the same design procedure is not suitable in the case of sandwich pipes. As
the core layer of sandwich pipes provides both structural resistance and thermal in-
sulation, different choices of the thickness and material for the core layer affect both
structural resistance and thermal insulation of the whole SP system and, thus, affect

the choices of thicknesses and materials of both steel layers and the extra insulation



layer. Therefore, sandwich pipes need an integral design procedure considering all
the layers. Furthermore, for a certain scenario, the configuration of SPs that can
meet the application requirements is not unique. Several configurations of SPs that
combine different material and thickness of each layer can provide proper structural
resistance and thermal insulation. How to optimally design sandwich pipes with a
wide range of choices remain unanswered.

Based on the above observations, the thesis is dedicated to developing a suitable
optimal design model for sandwich pipes so that their advantages can be fully ex-
ploited. The model can serve as a reference for standard design method of SPs. To
construct the optimal model, the structural strength and thermal insulation of SPs
should be analyzed first. The main objectives of the investigations presented in the

thesis can be summarized as:

e To investigate the collapse pressure and the post-buckling behavior of several
SPs with SHCC cores and to propose a suitable prediction equation of the

collapse pressure;

e To evaluate the thermal insulation performance of SPs and to develop a math-

ematical model for the analysis of heat transfer in SPs;

e To develop a design model for the optimization of SPs.

1.3 Thesis organization

The innovative contributions achieved throughout the thesis are concluded as fol-

lows:

1. An unusual collapse behavior of the SHCC SP with frictionless inter-layer
adhesion, which has not been reported previously, is observed and thoroughly
discussed. The results improve the understanding of the mechanical behavior

of SPs with weak inter-layer adhesions.

2. Based on supervised learning techniques, a suitable prediction equation for
the collapse pressure of SHCC SPs, which captures its special behavior, is

proposed.

3. An optimal design model is initially developed, which fills the theoretical gap

and provides a reference for possible design criteria of SPs in the future.

Chapter 2 — Literature review
This chapter systematically reviews related researches of SPs, providing some of

its historical backgrounds and recent outcomes. With the objective of developing



an optimization model, existing materials for the core and insulation layers are
summarized to define the possible choices for the SP optimization model. Special
attention is paid to the prediction methods of the SP collapse pressure as well as
the researches on thermal analyses related to flow assurance problems in a multi-
layer pipeline. Basic theories and applications of machine learning techniques and
optimization algorithms are introduced.

Chapter 3 — Collapse pressure of SHCC SPs

In this chapter, experiments of collapse under external pressure are carried out
on SPs composed of two steel tubes and SHCC core. The experimental results have
been employed in the correlation studies with the finite element model using the
software ABAQUS. The proposed numerical model has been used in a parametric
study for the collapse simulation of 6,000 different practical configurations. The
influence of geometric parameters and material properties of the SP on its collapse
pressure under external pressure and post-buckling behavior are systematically an-
alyzed. Additionally, based on the extensive simulation results, supervised machine
learning techniques are applied to support the regression for equations in different
forms. Finally, one suitable prediction equation of the SHCC SP collapse pressure
is obtained.

Chapter 4 — Thermal analyses of SPs

Chapter 4 evaluates the insulation performance of the SHCC SP using the pro-
fessional multiphase computational software OLGA[I4]. A case study is conducted
assuming a subsea production system with depth at 2200m for a comprehensive
evaluation of the insulation performance of the sandwich pipe, including both the
steady-state and the shut-in working conditions. For a comparative study, scenarios
using single-wall pipe (SW), pipe-in-pipe (PIP), and flexible pipe (FP) are also con-
sidered separately. Further, a mathematic model for the analysis of heat transfer in
SPs is developed to provide a quick prediction of the minimum fluid temperature in
the steady-state condition and the cool-down time in the shut-in condition.

Chapter 5 — An optimization model of SPs

Chapter 5 describes the optimal design model of SPs. A cost model of SPs is
initially proposed. Along with the results from Chapters 3 and 4, a mixed-integer
nonlinear programming (MINLP) model for the optimal SP is developed. The op-
timization model is employed in a case study where the optimal SP is compared
with single-wall pipes (SW) and SPs developed by the existing design method. A
parametric study that combines 540 practical subsea working conditions is then car-
ried out. Further, similar to the established optimization model, an optimization
model of SWs is also developed. Finally, the cost ratios of the optimal SPs and the
optimal SWs under different working conditions are calculated where the preferred

application conditions of SPs are discussed.



Chapter 6 — Conclusions and future work

The final chapter summarizes the principal conclusions obtained during the thesis
preparation as well as the contributions of the thesis. The future potential works
are indicated by pointing out some of the important works that exceed the scope of
the thesis.



Chapter 2

Literature review

2.1 The core materials of SPs

The core layer of the SP is supposed to provide both structural strength and thermal
insulation. However, for a certain material, a higher structural strength usually leads
to lower thermal insulation capacity. Thus, it is crucial for the choice of the core
material to balance the mechanical and thermal performances of the SPs. Besides,
parameters like density, cost, and maximum service temperature should also be
considered to deliver a good overall performance.

Due to their wide availability and relatively low cost, plain cement and
polypropylene (PP) were initially proposed as the SP core materials by Estefen
et al. [6]. Since then, the proposed core materials follow two general categories, the
polymer-based, and cement-based materials. Souza et al. [I5] conducted a great
job on the evaluation of several polymer-based materials for SP applications. Con-
sidering factors that include the density, yield strength, yield elongation, thermal
conductivity, maximum service temperature, and the cost, they employed a digital
logic approach to assess the applicability of several polymeric materials. In addition
to the PP, the authors recommended the poly-ether-ether-ketone (PEEK) and the
polycarbonate (PC) as potential SP core materials. Castello [16] investigated the
applicability of the syntactic epoxy foam (SEF) and high density polyimide foam
(HDPF) for SPs. SEF is a composite material synthesized by filling an epoxy resin
matrix with hollow glass microspheres, which has almost the same yield strength
but only half of the thermal conductivity. Except for the high price, HDPF is an
advanced thermoplastic elastomer with excellent mechanical and thermal properties
required by SP systems, which is extensively used in the aerospace, automotive and
marine industries. The structural behaviors of polymeric materials are normally
temperature-dependent and the deterioration of the structural strength with hot

oil passing the SP should be considered. Several stress-strain curves of PP under



different temperatures are shown in Figure 2.1 Since the maximum strain during
the installation process is relatively small compared to the yield strain of polymeric
materials, the polymer-based core layer is usually modeled as a fully elastic, or
hyperplastic incompressible material by Ogden model [I7], in which the material

coefficients should be calibrated by the measured stress-strain data.
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Figure 2.1: Stress-strain curves of the PP under different temperatures (adapted
from [15])

Because of the low ductility, plain cement is not the best choice for the SP core
layer as the whole system undergoes relatively large strain during the installation
process. To overcome the tensile ductility problem, An et al. introduced the steel
fiber reinforced concrete (SFRC) [18] and the SHCC [19] to the cement-based core
materials. With the ability of the steel fibers to hold the cement together after
appearing of the first crack, SFRC is proven to have superior resistance to cracking
and crack propagation under flexural loading [20]. The SFRC demonstrates a strain-
softening constitutive law which can be simulated by Concrete Damage Plasticity
(CDP) model. The SHCC, on the other hand, displays strain-hardening behavior
and multiple fine cracking characteristics, which allow for large energy absorption.
The ultimate tensile strain of the SHCC can reach around 4% under monotonic
load [21]. According to An et al. [19], the SHCC is one of the composite family of
engineered cementitious composites (ECC). Figure illustrates a typical stress-
strain curve of the ECC with strain-hardening behavior, in which the ultimate strain
of the ECC is expanded by ten times of the plain concrete. In the previous researches,
the SHCC plasticity behavior was simulated by the CDP model [19], or the Druker-
Prager (DP) model [22].

Table summarizes the properties of all the proposed core materials of SPs.
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Figure 2.2: Stress-strain curves of the ECC and plain concrete under uniaxial tensile
test (adapted from [23])

Table 2.1: Properties of the proposed core materials of SPs (collected from [0} [7], [16],

18, 23))
. Tensile  Tensile Elastic Thermgl
. Density . modu-  conductiv-  T},4.
Category Material 5\ strength  strain : .
(kg/m?) (Mpa) (%) lus ity (°C)
(M Pa) (W/mK)
PP 900 23 8 1000 0.2 145
Polymer- PEEK 646 68 2331 0.18 348
based PC 679 44 5 2599 0.22 188
material g 720 22 8.5 1580 0.12 177
HDPF 500 26 9.1 521 0.066 300
Plain
]Sem(eint_ oo 2200 2.89 0.024 12280 0.67 _
¢ SFRC ; 2.79 0.75 37673 - -
material
SHCC 1473 4.5 4.5 11410 0.28 -

Note: T}, is the maximum service temperature.

Although several core materials were proposed previously, only the mechanical per-

formances of SPs with SHCC, PP or cement cores were experimentally investigated
by previous researchers [0, [19], see Figure Thus, most of the related researches

focused on SPs with SHCC or PP cores.

In addition to all the existing SP core materials, the phase change material

(PCM) incorporated with the cementitious composite can be a promising candi-

date. Previous researchers paid more attention to the mechanical performance than

the thermal insulation performance. In most of the researches, only the thermal

conductivity, which decides the SP insulation performance in the steady-state con-



Figure 2.3: Sandwich pipes with different core materials: (a) PP core; (b) cement
core; (c) collapsed SP with PP core; (b) SP with SHCC core (adapted from [19])

dition, was included when selecting the SP core material. However, the thermal
analyses conducted in chapter 4 show that the thermal energy storage capacity of
the core material has a dominant impact on the SP insulation performance in the
shut-in condition. Further, the results in chapter 5 also indicate that improving
the energy storage capacity of the core material would improve the overall perfor-
mance of SP by allowing a more balanced SP design. Thus, aiming at indicating
the promising direction, relevant studies on the materials combining the PCM and
cementitious composites are included in this section.

The PCMs possess large energy storage capacity due to the endother-
mic/exothermic energy transfer during the solid-liquid phase transformation [24].
Thus, the application of PCMs to delay and decay of indoor temperature fluctua-
tions has drawn substantial attention in areas of residential buildings [25, 26]. To
date, the organic paraffin is considered to be a promising candidate due to its inher-
ent merits of large volumetric heat capacity (VHC), little or no phase segregation,
chemical inertness and compatibility with most construction materials [27]. Since
the pure paraffin cannot be directly employed into construction materials due to
leakage problems, PCMs are often impregnated into porous granular materials. In

this way, PCM is retained in the porous pace by capillary force and surface ten-
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sion, thus preventing the leakage. Typically used porous materials are expanded
perlite [28], recycled brick aggregates [29], and porous clay minerals [30]. After the
impregnation, the PCM composites are incorporated into cement to form the PCM

incorporated cementitious composite, Figure [2.4]
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Figure 2.4: Hlustration of PCM incorporated cementitious composite

According to the study by Ramakrishnan et al. [28], the composite PCM fabri-
cated on paraffin/hydrophobic expanded perlite (EPO) showed an apparent density
and 28-day compressive strength of 1244.2 kg/m? and 17.9 M Pa respectively, when
integrated into ordinary cementitious composite at 80% volume replacement of fine
aggregate. It was reported that the PCM composite could reduce the peak indoor
temperature by up to 2.8 °C and 4.43 °C in summer. Mankel et al. [29] experi-
mentally investigated the mechanical and thermal performance of PCM integrated
recycled brick aggregates (PCM-RBA) and concluded that the material is efficient
in thermal energy storage. A heat storage capacity of around 26 MJ/m3K was
achieved in the temperature range of 18-28 °C. Meanwhile, PCM- RBA lost 25% of
the flexural strength and 27% of the compressive strength compared to the reference
mortar without the PCM.

The construction materials used in residential buildings share the same necessi-
ties, which are structural strength and thermal insulation, with the SP core layer
materials. Thus, the PCM integrated cementitious composite, which is widely in-
vestigated in the construction and building area, can be a promising material for
the SP core layer. The investigation in Section 4.1 indicates that a higher heat
storage capacity of the SP is critical for a qualified insulation performance in the
shut-in condition. The VHC of the current SP core materials like SHCC and PP
are 1.29 and 1.44 M.J/m3, respectively. The employment of the PCM integrated
cementitious composite like PCM-RBA can increase the VHC by nearly 20 times

12



of the SP with existing core materials. Meanwhile, no significant loss of structural
strength caused by adding PCM to the cement composite was reported.

To conclude, the PCM incorporated cementitious composite can be a promis-
ing SP core material, providing good thermal insulation and adequate structural
strength. However, impacts on the cost, submerged-weight, mechanical performance

of the SP caused by the application of PCM composite should be investigated.

2.2 SP collapse under external hydrostatic pres-

sure

In ultra-deep water scenarios (beyond 1,500 m), the extremely high hydrostatic
pressure may cause the collapse failure of the subsea pipeline which makes the
external pressure capacity of the SP systems essential to the design process. The SP
system should be designed as an integrated system since all three layers contribute to
structural strength. Also, the behavior of the SP system under external pressure can
be complicated as it is influenced by many factors like the material and geometric
properties of each layer and the inter-layer adhesion conditions. The optimized
design of the SP system can only be achieved with a full understanding of the
mechanical behavior of such a system and an accurate prediction of the external
pressure capacity. Therefore, considerable attention has been paid to this topic
during the past few years. The methods applied by previous researchers to study
the collapse pressure of the SP can be classified into four categories: 1) Analytical
or semi-analytical solution; 2) Experiments; 3) Numerical simulation; 4) Empirical

equation.

2.2.1 Analytical solutions

The analytical solution can provide a quick estimation on the collapse pressure of
the SP as well as a physical understanding of the collapse mechanism. Assuming a
perfect bounded inter-layer relation, Sato and Patel [31] developed an analytical so-
lution for the elastic buckling of SPs. The variational principle of minimum potential
energy was applied to build the equilibrium equation of the SP system. The smart
solution from their method was to express the strain energy of the core layer as the
work done by the internal and external steel layers at the interface. However, the
analytical solution was proposed without enough details, and the presented equa-
tions include some typing errors. As the solution includes several typical theories
in solving the SP elastic collapse pressure, their analytical solution is redeveloped
with details and presented in appendix A. Based on Sato’s work [31], Arjomandi

and Taheri [32] developed a similar analytical solution for SP considering four kinds
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of inter-layer relations: a) Core layer is fully bonded to the inner and outer layer;
b) outer layer is bonded to the core while the inner layer is free to slide in the tan-
gential direction; ¢) Inner layer is bonded to the core while the outer layer is free to
slide in the tangential direction; d) Core can slide freely against both layers. In the
solutions developed in the two previous papers, the Sander’s equation (shell theory)
was applied to the kinematic relation for inner and outer pipe and linear kinematic
relation was applied to the core layer. Thus, radial and shear strains in the inner
and outer pipes and non-linear strain in the core layer were neglected for simplic-
ity. In order to capture the non-linear strain effect, Hashemian [33] 34] applied a
more complex kinematic relation for all layers and developed an eigenvalue buckling
solution for the SP. The equations that dominate the buckling phenomenon were
obtained by setting the second variation calculus of the total potential energy of the
SP to zero. Due to the complexity of the equations, buckling pressure had to be
calculated by numerical methods. Based on a stress function method and assuming
a perfect bounded inter-layer relation, Jin et al. [35] proposed a three-dimensional
analytical model to determine the stress and displacement of SP systems subjected
to linearly varying external pressure. Xue et al. [36] developed a first-order shear
deformation theory for SPs under external pressure by considering the initial cur-
vatures in the circumferential direction. A bifurcation study on the elastic collapse
was conducted. More recently, Ghahfarokhi and Rahimi [37] proposed an analytical
approach for SPs with the iso-grid core. By transforming the sandwich pipe with
iso-grid core into a single-walled pipe, the critical buckling pressure was solved by
Rayleigh-Ritz energy method.

To date, most analytical solutions can only provide elastic collapse pressure of the
SP. However, for some SP configurations, plastic buckling could happen where the
stress of the partial or whole material pertaining to the plastic region when buckling
occurs. The analytical solution may not provide an accurate collapse pressure when
the SP configuration has a plastic buckling. Further, due to the natural complexity of
the problem, there was a tradeoff between accuracy and simplicity for the previous
analytical solutions. To reduce the complexity of the equilibrium equation, the
above-mentioned analytical solutions inevitably rely on certain simplifications like
assuming perfect geometry, neglecting the material plasticity, applying the shell
theory, idealizing the interlayer adhesion, and so on. These assumptions can make
the estimation deviate from reality in some SP configurations. The applicability of

the analytical solution presented in appendix A is discussed in section 3.2.1.
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2.2.2 Experiments

Most experimental research on the collapse pressure of sandwich pipes has been
conducted at the Subsea Technology Laboratory at COPPE — Federal University of
Rio de Janeiro. Estefen et al. [6] conducted eight small-scale collapse experiments
on an SP composed of two aluminum tubes separated by a cement or polypropylene
(PP) core. The researchers applied a calibrated finite element model for the strength
analyses of the SP under external pressure and longitudinal bending. Using the
same materials (Aluminum and PP), Souza [38] carried out collapse experiments
on an SP with silicon grease in the interface layer. Focusing on the inter-layer
adhesion behavior, Castello et al. [39] proposed six experiments on SPs composed
of steel tubes and PP cores. An et al. [19] conducted a full-scale laboratory test to
analyze the collapse pressure of SPs with SHCC cores (SHCC SP). The preparation
of the SHCC material and the whole collapse experiment process were explained with
details. With the experimental results, the researchers proposed a proper numerical
model for the collapse simulation.

Until now, a limited number of experiments on the collapse pressure of SPs can
be found in the literature. The previous experimental researches focused on SPs
with SHCC, PP, and cement cores. In general, the collapse pressure of an SP can
be experimentally obtained by the following process. The SP prototypes are put
inside a hyperbaric chamber (Figure with welded lids to close the ends. Then,
the hyperbaric chamber is filled with water. The pressure is increased by pumping
water into the chamber. The experiments are concluded when a sudden drop of
pressure occurred, which implied the collapse of the SP prototype. Figure [2.6] shows
an intact SP before the test and a collapsed SP afterward.

........

Figure 2.5: Sketch of the hyperbaric chamber for the SP collapse experiment
(adapted from [23])

2.2.3 Numerical simulations

Experiments are usually considered the most accurate method to discover the col-
lapse pressure of an SP system. However, the experimental approach is impracti-
cal for a large-scale parametric study. Numerical simulation is more suitable for

studies focusing on several SP configurations. By setting different maximum shear
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Figure 2.6: Collapse experiment:(a) Putting the intact sample in the pressure vessel;
(b) Collapsed sample

stresses for inter-layer adhesion, Castello [40], [41] numerically investigated the ulti-
mate strength under external pressure and the bending moment of an SP with a PP
core. Later, Castello [9] extended the previous research by including the thermal
insulation performance of the SP and concluded that, with proper core materials,
SPs could generate significant advantages in deep-water applications. An et al.
[18, 42] conducted numerical analyses on the ultimate strength of an SP filled with
strain-hardening cementitious composite (SHCC) under external pressure and at the
bending moment. The researchers produced pressure curvature failure envelopes for
SPs with different interface conditions. By building a 2D model, Fu et al. [22] nu-
merically studied the effect of initial imperfections on the collapse pressure of an SP
filled with SHCC. With proper modeling, collapse mechanisms and post-buckling
behavior can be investigated by parametric studies. Assuming a full elastic core and
perfect inter-layer bonding, Arjomandi and Taheri [10] investigated the behavior of
SPs with 3840 practical configurations subjected to external pressure. In their later
study [43], 44], this parametric study was further developed by considering four dif-
ferent inter-layer adhesions for SPs. He et al. [45] numerically studied the effects of
different inter-layer adhesion strengths, relative angles between the main axis of the
inner and outer pipes, and geometrical and steel properties on the collapse pressure
of SPs with PP cores. Several pieces of research [5] 6], 8, 9, 22] 4], 44] reported that
the inter-layer adhesion has a significant impact on the structural performance of
SPs. Xu et al.[46] dedicated investigations to the collapse pressure of SPs with PP
cores under different inter-layer adhesion strength. The stick-slip levels of two dif-
ferent adhesives in steel pipes were experimentally evaluated. Recently, Fernandez-
Valdés et al. [47] established a full ring 2D model for the collapse analysis of SPs
with cement core and PP core in the ANSYS software. The researchers investigated
the effects of different initial imperfections and inter-layer friction behaviors on the
collapse pressure of SPs subjected to external hydrostatic pressure, where different
inter-layer friction behaviors were modeled using the Coulomb friction model and
different friction coefficients.

The finite element (FE) model established in the software ABAQUS [48] was
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widely used to investigate the collapse behavior of SP under external pressure nu-
merically. Table summarizes the numerical models for SPs with different core
material by previous researchers. As shown, with a proper numerical model, the
numerical simulation can accurately predict the collapse pressure of the SP sub-
jected to external pressure. For the SP with PP core, the numerical model with
the fully bonded inter-layer condition predicts more accurately than the model with
the frictionless inter-layer condition. For the SP with SHCC or cement core, the
model with the frictionless inter-layer condition gives a more accurate prediction.
Since only the experimental results of SPs with PP, cement, and SHCC cores are
available in the literature, most of the numerical studies focused on SPs with these
core materials. To date, there has been no comprehensive study on the collapse

pressure and post-buckling behavior of SPs with SHCC cores.
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Table 2.2: Numerical models for SPs by previous researchers

Resoarcher Corej Type of Model Steel layer Core layer model Interface P P, Pk
material elements features model model
Hyperelatstic,
Estefen et PP CPES 2-D J2 flow incompressive by Fully 30.3 9.6 26.6
al.[6] Quarter associated with Ogden model bonded or
ring isotropic Simplified frictionless
cerment hardenlng and assomat‘lve flow a5 4 99 5 95 1
von Mises rule with
criteria isotropic hardening
2-D Fully
Anetal | o C3D8R | Quarter Concrete damaged | 1 4 00 1 357 31.9 30.3
[19 ) plasticity model -
’ ring frictionless
Fu et al 2-D Drucker prager
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2.2.4 Empirical equations

For the conceptual design of SPs, a quick and accurate prediction of the collapse
pressure of different SP systems is required. Intending to achieve both speed and
accuracy of the estimation, researchers have proposed several empirical equations.
Based on their analytical solution, Sato and Patel [31] proposed a simplified equation
for the collapse pressure of SPs, assuming that the core material fills the entire
inner space of the outer pipe. Arjomandi and Taheri [32] improved the accuracy
of Sato’s equation by including more effective structural parameters. With a large
amount of data calculated by their semi-analytical solution, Hashemian [33] also
proposed an empirical equation applying the regression method. He et al. [45]
numerically studied the effect of different inter-layer adhesion strengths, the relative
angle between the main axis of the inner and outer pipes, and geometrical and
steel properties on the pressure capacity of SPs with polypropylene (PP) as the core
material. Based on a large amount of simulation data, the empirical equation can fit
the finite element (FE) results within a maximum error of 19.58%. Using practical
SP configurations and three different Young’s modulus core materials (representing
a soft, moderate and hard core), Arjomandi and Taheri [I0] proposed an equation
for fully bonded SPs based on more than 3000 FE simulation results. In a later
work [43], They described two categories of post-buckling behaviour, claiming that
the overall stiffness of some SP configurations could still increase after a threshold
pressure in which the plasticity response dominates the behaviour. Further, with
768 FE simulation results for each inter-layer adhesion, empirical equations were
proposed for SPs with four different conditions for the inter-layer adhesion. Later,
Arjomandi and Taheri [44] expanded the FE simulation results to more than 12,000
in total and proposed 12 empirical equations for the prediction of the SP pressure
capacity.

Generally, there are two types of empirical equations. First, empirical equations
proposed from the simplification of the analytical solution, as in the works of Sato
and Patel [31] and Arjomandi and Taheri [32]. Since the analytical solution is unable
to achieve adequate accuracy for various configurations of SP systems, the simplified
empirical equation obtained from the analytical solution usually performs worse,
as observed by Arjomandi and Taheri [I0]. Second, empirical equations acquired
by regression methods from a large amount of data from numerical simulations
[10, B3], 43-45], 49]. The regression equation seems to be a promising solution for a

quick and accurate prediction of the SP collapse pressure.
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2.3 Installation of SPs

There are several methods to install a subsea pipeline, among which the S-lay, J-lay,
and Reeling-lay are the most common methods. The traditional method for subsea
pipeline installation in relatively shallow water is referred as the S-lay method,
shown in Figure 2.7, The pipe segment between the seabed and the stinger forms
an elongated S shape during the installation. The stinger on the vessel is a structure
that supports the pipe through the transition from the horizontal position to the
inclined suspended shape. The pipe segment would be bent twice before it reaches
the seabed. The upper curved part is called the overbend. In this position, the
pipe is mainly subject to bending and tension. After that, the pipe continues in a
quasi-straight line under tension and hydrostatic pressure, until it bends gradually
in the opposite direction to lay on the seabed. The second curved part is called
sagbend. When the depth of seabed increases, the suspended length of the pipe will

also increase; this induces additional tension in the pipe.
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Figure 2.7: S-lay installation (adapted from [50])

In extremely deep water, the departure angle of the pipe, in an S-lay installation,
becomes so steep that the required stinger length may not be feasible. Under this
circumstance, the J-lay method was invented for deepwater subsea pipelines. Similar
to S-lay, the name J-lay is given because of the configuration of the pipe resembling
a J shape during installation, see Figure 2.8 Line pipes are joined to each other by
welding in a vertical or near vertical welding station. As more and more line pipes
are connected together, a string is formed and lowered onto the subsea floor. Hence,
the J-lay method is inherently slower than the S-lay method and is, therefore, more
costly.

In both S-lay and J-lay installation, the pipeline segments are connected by
welding on the lay barge. The offshore welding increases the operational time of

the lay barge, and thus, increases the installation cost. The reeling-lay is a pipe
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Figure 2.8: J-lay installation (adapted from [50])

laying method emerging in the late 20th century (Figure . With reeling-lay, the
pipe segments can be welded together on land to a great length, then reel up to
a drum mounted on a reel laying vessel. Subsequently, the pipe is unreeled and
straightened at the offshore site before launching it to the seabed (Figure .
Reeling, unreeling, and straightening involve plastic strains and variations in both
cross-sectional ovalities and residual strains, which may have a detrimental effect
on the ultimate strength of the pipeline. For a particular drum, the maximum
residual strain and the ovality induced by reeling-lay are proportional to the outmost
diameter of the pipeline. Estefen et al. [51I] conducted numerical and experimental
simulations to evaluate the reeling-lay effect on the collapse pressure of the SW. The
researcher found that the collapse pressure decreased substantially with the increase
of the pipeline diameter. Usually, depending on the wall thickness, the maximum
allowed diameter for the reeling-lay is around 18 inches. Also, due to the limited
size of the drum, only short lengths of pipe can be laid (usually 3-15 km depending
on pipe diameter). However, it is possible to install longer pipelines if more drums
of pipe are available.

Comparing to the conventional SW, the welding process for SP segments con-
sumes significantly more time since the connection should be conducted for several
layers. Thus, the S-lay and J-lay methods with offshore welding are not practical
for the SP since the long offshore welding time duration could substantially increase
the installation cost. The reeling-lay is considered a preferred installation method
since it can reduce the installation cost for the SP by eliminating the offshore weld-

ing time. Castello et al. [4I] numerically investigated the effect of the reeling-lay

process on the collapse pressure of a PP SP with an utmost diameter of 8— inches.

The results show that the reeling-lay process caused a small reduction of the collapse
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Figure 2.10: Reeling process scheme

pressure (1.4%). Later, Fu et al. [22] established a numerical model to investigate
the behavior of an SHCC SP in the whole bending and straighten process. Subse-
quently, Paz et al. [52] experimentally evaluated the detrimental effects of reeling-lay
on the collapse pressure of SHCC SPs with an utmost diameter around 8 inches.
One of the two specimens was submitted to the bending on the rigid surface of a
reeling-lay simulation apparatus, and the other specimen was kept intact before the
collapse test. Their results suggested that the negative influence of the reeling-lay
installation to the collapse pressure of the tested specimens can be neglected.

For the installation of an SP with a large diameter, the reeling-lay is not suitable,
and the S-lay or J-lay is required. In this situation, employing an SP connector is
a practical way for the connection of SP segments. Quispe, J. L. P. [53] proposed
an SP joint using the threaded connection (Figure and carried out numer-
ical analysis under different make-up torque, axial load, and the combined load
of bending and external pressure. The connector design paid special attention to
manufacture aspects, installation, and operation issues. The joint was focused on
metal-to-metal seal through the contact of metal surfaces. Onyegiri and Kashtalyan
[54H-57) conducted several studies on joining methods for SP segments. First, the
mechanical response of a swaged field joint connecting SP segments with different
geometric properties was studied [54]. Later, they numerically investigated the use
of a snap-fit connector [55] for SP installation. Regions susceptible to high stress
concentration under combined loads were identified. In the companion paper [56],

an optimization study on the stress relief groove in the pin of the snap-fit connec-
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tor was carried out. The relation between the geometric properties and the stress
concentration factor at the stress relief groove was discussed. Finally, they evaluate

the performance of swaged weld for SPs during J-lay installation [57].
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Figure 2.11: Threaded SP connector by Quispe et al.[53]

2.4 Thermal insulation of SPs

2.4.1 Thermal management of subsea pipelines

Flow assurance is one of the most important design issues for offshore pipelines in
deepwater, which usually does not arise in shallow water where water temperatures
are higher and hydrostatic pressures are lower. The term Flow Assurance was pro-
posed by Petrobras in the early 1990s. In general, flow assurance includes all issues
important for ensuring the flow of produced fluid from the reservoir to reception fa-
cilities [58]. When oil, gas, and water are flowing simultaneously inside a deepwater

pipeline, several problems may arise [59]:

e Water and hydrocarbon fluids can form hydrates and block the pipeline.

e Wax and asphaltene can deposit on the wall of the pipeline and reduce and/or

block the flow.

e Corrosion may occur if water cuts are high and/or impurities exist in the

hydrocarbon fluids.

e Scales may form due to pressure and temperature changes along the pipeline

or from incompatible crude mixing.

e Slugging may occur and cause operational problems.

Among the flow assurance issues, wax and hydrate formations are mainly in-
fluenced by the fluid temperature, which dictates the requirements for the pipeline
insulation system. A schematic of an oil phase diagram shows the possibilities as
the oil follows a path along a steadily decreasing temperature and pressure as it
moves from the reservoir into the wellhead and flowline (Figure[2.12). In deepwater
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fields, depressurization can not mitigate the hydrate problem since the hydrostatic
pressure at the seabed is high enough to form the hydrate. Thus, controlling the

fluid temperature to avoid hydrate and wax is one of the main challenges of flow

assurance.
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Figure 2.12: Schematic of temperature and pressure condition from reservoir to
flowline (adapted from [59])

Su [58] comprehensively reviewed the challenging engineering problems, corre-
sponding understandings, and solutions concerning flow assurance, which include
topics such as flow regime transition, pressure gradient, liquid holdup, slugging,
simulation of transient flow, thermal insulation, active hearting, and modeling of
wax deposition. The author classified the passive insulation systems as integral ex-
ternal insulation, multilayer insulation, insulation modules, PIP system, and bundle
insulation. All the insulation systems employ materials with low heat conductivity
to prevent heat transfer from the produced fluid to the seawater. Normally, the in-
sulation materials are polymeric such as polypropylene, polyurethane, and epoxies.
According to Grealish et al. [60], these insulation materials come in four main forms
as solid, blow foam, syntactic, and composite syntactic. Blown foam materials offer
good insulation properties but have limited water depth if unprotected. Syntactic
and composite syntactic foams offer good water depth capability as well as good
insulation and hydrostatic strength properties. Solid materials have the best depth
capability but have less favorable insulating properties. Collins [61] summarized and
evaluated the offshore insulation materials from the aspects of design, manufacture,
performance and deformation during reeling. Using experimental results, Gac et
al. [62] developed a mathematic model, coupling thermal gradient, water absorp-
tion, and hydrolysis kinetics, to predict the degradation of polyurethane as offshore

insulation material. In addition to traditional insulation materials, insulation sys-
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tems incorporating phase change materials (PCM) also have drawn attention. In
the steady-state working condition, the PCM absorbs heat from the produced fluid
and remains in the liquid state, acting as a heat accumulator. During the shut-in
condition, the crystallization of the PCM releases partially the stored heat back to
the fluid. Thus, such an insulation system produces considerable thermal inertia
delaying the hydrate formation [63]. Alawhadhi [64] numerically evaluated the in-
sulation performance of pipe with PCM materials, where the PCM layer is located
at the inner surface of the insulation layer. The results indicate that the insulation
with PCM is an effective thermal barrier in reducing the heat loss for a significant
amount of time. Wang et al. [65] developed a pseudo-3D mathematical model to in-
vestigate the thermal behavior of a long-distance pipe insulated by multilayers with
micro PCM particles, where the PCM particle is embedded in a polymeric matrix.
They concluded that it is foreseeable that incorporating micro PCM particles into
the composite layer can potentially prolong the cool-down time as demanded by the
oil and gas industry for pipeline intervention.

When the passive insulation systems are not sufficient to meet the severe thermal
insulation requirements, active heating is required. Heated flowlines can significantly
reduce the complexity of shutdown and start-up operations, and provide better
overall flow assurance. Two methods of active heating of deepwater pipelines have
been studied: electrical heating and heating by a circulating heat medium. Su et al.
[66] presented a global heat balance analysis of a subsea pipeline with active heating
and passive insulation system. Both active heating systems by circulating hot water
and electrical resistance were considered. An optimum heating strategy for long-
distance pipelines was proposed, which reduces the power requirement considerably.
Subsequently, Su et al. [67] conducted a steady heat transfer analysis on the SP with
electrical heating, where the fluid temperature distribution was calculated by a 2D
heat transfer model. Nysveen et al. [68] evaluated several electrical heating methods
by numerical studies. Further, some operational experience of active heating was
summarized, which gives an important guide for the electrical heating application.
More recently, Verdeil et al. [69] proposed a generic solution to overcome the high
voltage requirement and the high energy loss in the power cable for remote tie-backs
by optimizing pipeline cross-sections and field architecture.

For the subsea pipeline with active heating technology, the passive insulation
system is necessary to improve the heating efficiency. Thus, a passive insulation

system is almost mandatory for the subsea pipeline in deepwater applications.
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2.4.2 Heat conduction in multilayer structuress

The SP system is a kind of passive insulation system with several variations. Differ-
ent core materials could be employed with specific thermal insulation requirements.
Further, an extra insulation layer with different insulation material can be applied
outside of the outer steel pipe to meet high thermal insulation requirements. For an
SP working normally on the seabed, the temperature of the external fluid (seawa-
ter) may be lower than 4 °C, and the internal fluid (oil and gas) may reach 90 °C. It
is a typical heat conduction problem in multilayer cylinders, including steady and
transient states.

Castello et al. [9] compared SPs with different core layer materials that provide
the same maximum overall heat transfer coefficient (U-value). The U-value method
is an efficient and simplified way to evaluate the insulation capacity of a subsea
pipeline in the steady-state working condition. However, it is not able to indicate
the insulation capacity in the shut-in (transient) working condition. Estefen et al.
[70] conducted steady-state simulations with the OLGA software of the application
of SPs for long-distance gas transportation, where the pressure and temperature
curve of the pipeline was compared with the hydrate formation curve. The insula-
tion capacity of the SP was compared with the SW and the PIP, and the SP showed
superior insulation over the SW while the PIP gives the best insulation performance.
Escobedo et al. [71] developed a transient analysis model by coupling the fluid flow
conservation equations and the heat conduction equations of the pipe wall. A good
correlation between their model and the OLGA software was achieved. The authors
conclude that it is essential to account for the thermal capacity of the wall layers
that compose the pipeline since they significantly influence the cool-down time. Su
et al. [72] developed a mathematical model for transient heat transfer analysis of a
multilayer pipeline. An improved lumped-differential formulation was proposed for
the solution of the transient heat conduction equation in composite media. Later,
Su et al. [73] developed mathematical models governing the heat conduction in the
multilayered pipe and the energy transport in the produced fluid. With the devel-
oped models, the simulations of the cool-down process of SPs in three configurations,
as well as SPs with direct electrical heating, were carried out. An and Su [74] de-
veloped improved lumped parameter models for the transient heat conduction in
multilayer composite slabs subjected to combined convective and radiative cooling.
The improved lumped models were obtained through two-point Hermite polynomial
approximations for integrals. Transient combined convective and radiative cooling
of three-layer composite slabs was analyzed to illustrate the applicability of the
proposed lumped models, with respect to different values of the Biot numbers, the

radiation-conduction parameter, the dimensionless thermal contact resistances, the
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dimensionless thickness, and the dimensionless thermal conductivity. The method
was also applied to analyze the transient heat conduction problem of steel-concrete-
steel sandwich plates. Kayhani et al. [75] presented a steady analytical solution for
heat conduction in a cylindrical multilayer composite laminate. The problems with
various conditions, including combinations of thermal conduction, convection, and
radiation, can be solved using the analytical solution. The Sturm-Liouville theorem
was used to derive an appropriate Fourier transformation, which was solved by the

recursive Thomas algorithm.

2.5 Optimum design methods of subsea pipelines

The design of a subsea pipeline involves the determination of wall thickness, insu-
lation thickness, pipeline diameter, and the corresponding material. The pipeline
diameter is mainly decided by the flow velocity of the produced fluid, which is a
predetermined parameter for the mechanical strength and insulation capacity of the
pipeline. Thus, the following literature review concentrated on the researches related

to the determination of the thickness and material for the subsea pipeline.

2.5.1 Thermal insulation requirements and insulation thick-

ness

For a specific application, the thermal insulation requirements are the guidelines in
the selection of insulation material, thickness, and pipeline type. According to the
experience of the Brazilian offshore industry [2], 3], the insulation system should keep
the fluid temperature above a particular value, like the wax appearance temperature
(WAT), in the steady-state working condition. And the insulation system should
be able to provide 2 to 8 hours of cool-down time (defined as the time needed by
the coldest point of the flowline to enter into hydrate formation zone). According to
Hazirah [76], the maintenance process, the operative procedures to bring the system
outside the hydrate formation zone forever, may take more than 6 hours. Therefore,
8 to 12 hours of cool-down time is necessary for a qualified insulation system. Dwight
[77] also claims that the operators typically requires 8 to 12 hours of temperature
levels above hydrate formation temperature during the shut-in operation. In these
studies [78-80], the thermal insulation requirements are simplified as a required
U-value of the pipeline, which only considered the insulation for the steady-state
condition.

A cost-effective insulation system is of great importance for subsea applications.
Insulation optimization is a hot spot in the district heating area where hot water

or steam circulation in pipelines is applied to warm residential buildings. There are
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several works to optimize the pipe insulation [81H8§]. For a district heating system,
the temperature of the pipeline is governed by the amount of fuels used to generate
thermal energy, which makes the temperature of the pipeline independent of the
insulation thickness [82]. The main goal of these researches, towards insulation
optimization, is to wisely balance the fuel cost and the insulation cost (see Figure
. In contrast, offshore heating systems are usually an expensive choice and the
temperature of offshore flowlines and pipelines is highly dependent on the insulation
thickness. However, despite the extensive use of insulation in the offshore industry,

researches on insulation optimization are not frequent.
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Figure 2.13: Cost and insulation thickness (adapted from [82])

Chin and Bomba [89] developed a structural and thermal optimization design
method for cased insulated flowline configurations, including pipe-in-pipe and non-
steel synthetic jacket insulated flowlines. The pipeline installation process is sensi-
tive to the diameter to thickness ratio and submerged weight of the cased pipeline.
In their approach, a design map for pipe configuration was developed considering the
required U-value and the constraint from installation. Haoran and Yongtu [90] pro-
posed an optimal design method using an improved particle swarm optimizer (PSO)
algorithm, which jointly considered insulation performance and structural integrity
of subsea pipelines. Azevedo and Teixeira [80] introduced the design process of the
insulation system for a deepwater field in Brazil. They used a required overall heat
transfer coefficient to decide the insulation material and its thickness. Faluomi and
Arcipreti [91] did a review of the insulation systems. By building a multiphase flow
package, they used a single pipeline as a case study to evaluate different insulation
systems, including passive and active systems. Hazirah [76] built a transient heat
transfer model to calculate the temperature drop profile for the pipeline with multi-
coating layers. Based on the model, the authors collected the thermal properties

of several typical insulation materials and incorporated them into a software which
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was used to compare the insulation performance of pipelines with different insula-
tion configurations. However, no optimization method was applied in their study to
determine the most economical insulation design. Pavel [92] proposed an optimiza-
tion scheme combining Matlab and Ansys software applied to the insulation design
of gate valves. The genetic algorithm was employed in their work.

For the subsea pipelines, the design of a thermal insulation layer is achieved
by attending the corresponding thermal insulation requirements, which principally
involves the minimum fluid temperature in steady-state condition and minimum
cool-down time in the shut-in condition. Several pieces of research on the design of
the insulation layer could be observed in the literature. However, no study on the

optimal design of the SP insulation system is reported.

2.5.2  Structural requirements and wall thickness

The structural design of the offshore pipeline addresses the ability to withstand op-
erating, testing, and installation stresses in the pipe as well as the ability of the
pipeline system to withstand environmental forces. For a conventional SW, the cur-
rent design practice is to limit the hoop stress for design against the differential
pressure and to limit the equivalent stress for design against combined loads [93].
For single wall pipe design, the mechanical strength is required to meet the com-
monly used design codes: ASME B31 Codes, ISO Pipeline Code, API RP1111, and
Classing Undersea Pipelines and Risers and DNV Pipeline Rules. The selection of
material grade and wall thickness can be accomplished by the equations suggested
in these codes. Based on the data of a full-scale test, Alexander [94] proposed a limit
state design procedure which provides a legitimate basis for reducing safety factors
while maintaining an adequate level of reliability. Wang [95] mainly considered the
effect of hoop stress and equivalent stress on subsea pipeline design as well as others
like thermal, pressure, soil friction restraint, and externally applied axial forces, and
performed the calculation of unsupported span under static and dynamic situations.
Considering the related uncertainty factors like inhibitor efficiency, Hasan [96] prop-
erly quantified the internal corrosion and consolidated the metal loss in a corrosion
risk-based pipeline design method.

For the PIP system, the thickness of each layer is designed separately [13]. The
carrier pipe is used to protect the inner pipe against the external hydrostatic pressure
and is designed for failure modes associated with critical collapse, installation and
trawl gear interaction while the inner pipe is designed for bursting and installation
only [7]. In a compliant system, where continuous force transfer occurs between the
inner pipe and outer pipe, the design should consider the axial and bending force

that transfer between inner and outer pipe [98]. Sahota [99] discussed the design
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detail of a PIP system incorporates a 10-inch production pipe insulated in a 16-inch
carrier pipeline for a reservoir with high pressure and temperature. The analysis is
conducted by the finite element method using the Abaqus software.

Similar to the design of the insulation layer, the structural layer of an SW or a
PIP is designed with respect to the structural requirements involved in the deepwater
application. As the conventional solution, the SW has comprehensive and standard
design procedures defined in the above codes. The determination of the steel layers
of a PIP can be carried out by separately applying the design codes on the carrier
and inner pipes of the PIP. To date, the method to design the structural layers of
an SP has been barely reported.

2.5.3 Machine learning and optimization algorithms

The optimization problems in the real industry are complicated by nature. Likewise,
the optimization of the sandwich pipe combining structural and thermal analyses
is a strong non-linear problem involving multiple variables and constraints, which
is discussed in chapter 5. Optimization methods that require gradient information
are prone to provide local optima instead of a global one [I00]. Naturally inspired
algorithm like genetic algorithm (GA) [L01] and particle swarm optimization (PSO)
[102] has a distinct advantage of avoiding local optima which is difficult for the
gradient type method.

Genetic algorithm is one of the most popular methods widely used for optimiza-
tion problems. Dao [103] found over one hundred thousand papers published related
to GA which is inspired by Darwin’s evolution theory. Lucena et al. [100] applied
GA to the optimization of subsea pipeline routes, and different constraint handling
methods are compared in their work. GA is also employed in [104] working with
a commercial software to optimize the insulation of a residential building. For a
certain problem, one potential solution is treated as an individual with its informa-
tion coded in its chromosome. The evolution starts with an initialization algorithm
which randomly generates a group of individuals. After initialization, one or several
objective functions defining the problem are used to evaluate the fitness of each
individual, taking into account the constraint function. Then the operation of se-
lection begins. The fitness-proportional roulette wheel method is commonly used as
the selecting operator. The fittest individuals have a higher probability of surviving
and reproducing. In the reproducing process, the genes from parent individuals are
combined and exchanged to produce descendants. A mutation may happen in the
gene of the descendants to provide a better exploration of the search space. Then
the next loop begins with the evaluation of the descendants. The GA algorithm

terminates when the stopping criterion is reached. Usually, the criterion is simply
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the maximum number of loops defined. When the algorithm ends, the individual
with the best fitness is considered the optimized solution [105].

Particle swarm optimization (PSO) was introduced by Eberhart in 1995 [102]. Tt
imitates the social behavior of birds to find the optimized solution. The algorithm
involves communication between individuals and the memory of each individual. In
the PSO, one possible solution to the optimization problem is treated as the posi-
tion of each particle. Like the GA, the PSO starts with random initialization. The
objective functions and constraints are used to evaluate the fitness of the particles.
During iteration, each particle keeps track of its coordinates in hyperspace which
are associated with the best solution (fitness) it has achieved so far. (The value
of that fitness is also stored). This value is called personal best (pbest). Another
“best” value is also tracked. The “global” version of the particle swarm optimizer
keeps track of the overall best value, and its location, obtained by any particle in
the population, called global best (ghest). The particle swarm optimization con-
cept consists of, at each time step, changing the velocity (accelerating) each particle
toward its pbest and ghest. Acceleration is weighted by a random term, with sepa-
rate random numbers being generated for acceleration toward pbest and gbest. The
algorithm ends when the maximum iterations number is reached, and the particle
with the gbest is the optimized solution [I06]. Due to its simplicity, PSO is also
widely applied for engineering optimization [107), [T08].

For the stochastic optimization algorithm like GA and PSO, it is inevitable to
evaluate a large number of candidate solutions for each run. When the evaluation of
each candidate solution is computationally expensive, each run of the optimization
algorithm would be time-consuming or even impractical sometimes due to the heavy
computational work. For the optimization of the SP, it is critical to have quick and
accurate prediction methods of the structural strength and insulation capacity of a
particular SP configuration. However, as discussed in previous sections, these pre-
dictions involve complex modeling with theories related to the physical background,
which normally can not be quickly achieved. In this situation, Machine learning,
with its outstanding ability to extract patterns from a large amount of data, can be
a promising solution to overcome the challenge.

Depending on the data properties and the learning task to be performed, there
are two classes of machine learning: supervised learning and unsupervised learning.
Supervised learning is the case where both target y (also called response, outcome,
e.g., house price) and features = (also called predictors, regressors, e.g., house size,
location) are measured. And the goal is to find the pattern behind y and z, then
use the trained pattern for further prediction. Normally, the pattern is established
by minimizing the difference between the prediction value and the corresponding

target value. If the target y is quantitative (e.g., price), the supervised learning
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problem is further classified as a regression problem; if y is categorical (e.g., spam /
legitimate), the problem is classified as a classification problem. For unsupervised
learning, y is not provided in the data. The learning goal becomes fuzzy, usually to
find groups of samples with similar behaviors. In this study, the objective is to build
the pattern between the SP configuration and its structural strength. Thus, it is a
supervised learning problem. The application of supervised learning is presented in
section 3.2.2, where a prediction model of the collapse pressure of the SHCC SP is
proposed.

Machine learning has been applied to many areas and is very well described in the
available literature. Nilashi and Othman [I09] applied supervised and unsupervised
learning for disease diagnoses and prediction. Yang Liu [110] applied data mining
to extract oil reservoir model from data gathered by permanent downhole gauge.
Grimstad and Gunnerud [IT1] applied data mining to transform production data
of an oil field under operational guidance. Arun [I112] has built a prediction model
for the properties of polymer dielectrics using machine learning techniques. Data
mining is also employed in electrical engineering [I13] and financial area [114]. The
extensive applications of machine learning by scholars from different areas prove the

stability and maturity of this technique.

2.6 Summary

This chapter reviews researches related to the core materials, collapse pressure,
installation method, thermal insulation of the SP. Further, the optimum design
methods of subsea pipelines have been discussed. Based on the review, several

observations are obtained:

1. There are two types of the SP core materials, which are the cementitious com-
posites and the polymeric materials. Most of the previous researches focused
on SPs with PP or SHCC core. Researches on the PCM incorporated cemen-
titious composite in the area of the residential building show a new promising
material for the SP.

2. The analytical solutions for the SP collapse pressure give insightful under-
standings of the problem and are quick to conduct. Since the development
of the analytical solution involves several simplifications, the prediction accu-
racy needs to be evaluated. The collapse pressure obtained by the experiment
is more reliable. However, the preparation of the collapse test needs extra
time and work. Previous researchers conducted collapse tests on the SPs with
SHCC, PP, and cement cores. With proper modeling, finite element simulation

is able to provide accurate SP collapse pressure subjected to different loadings.
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Empirical equations were proposed for a quick estimation of the SP collapse
pressure. There are two types of empirical equations, the one developed by
simplifying the analytical solution and the one developed by regression using

numerical simulation results.

. Reeling-lay is a suitable installation method for the SP since it reduces the
offshore welding time. For the SP with a diameter that exceeds the limit of
the reeling-lay, using special SP connectors seems to be a feasible solution.
During the installation process, the SP experience several loads like bending,

tension, and external hydrostatic pressure.

. Flow assurance is a broad topic that involves issues like wax and hydrate
deposition, slugging, scales formation, and corrosion. Thermal insulation is
employed mainly to prevent the wax and hydrate formation. The SP is a kind
of passive insulation system which needs to be designed with respect to the
thermal insulation requirements. The heat transfer process inside the SP can

be analyzed by heat conduction equations of a multilayer pipeline.

. By far, the design of a pipeline with respect to structural and thermal insu-
lation requirements is conducted separately. This is reasonable for the SW
and the PIP, where the steel layer and insulation layer perform only one func-
tion, which is to provide structural resistance or thermal insulation. In this
circumstance, the structural design is independent of the insulation design.
The thickness of the structural layer has little impact on pipeline insulation
capacity and vice versa. Unlike the conventional pipeline, the core layer of the
sandwich pipe provides both insulation and resistance. Thus, the design of
the SP is constrained simultaneously by the structural and thermal insulation
requirements. Few studies that combined the thermal and structural analysis
in the pipeline design were reported. Moreover, only one research [11] which
carries an integral design to optimize the overall SP design was found in the

literature.
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Chapter 3

Collapse pressure of SHCC SPs

Cementitious composite material is a major option for the core material of an SP
system. The collapse pressure and post-buckling behavior of an SP system with
cementitious composite material differ from those of an SP system with PP cores
for two reasons: 1) The interlayer adhesion should be differently considered in the
numerical model for the different core materials. During the manufacturing process,
it is difficult to avoid the presence of air bubbles at the interfaces between the steel
tubes and the SHCC core, which weakens the interlayer bonding strength. Therefore,
while the fully bonded condition may be acceptable for an SP system with PP core,
it is not realistic for an SP system with SHCC core. An et al. [19] also found that a
numerical model with unbonded interfaces could better reflect the actual interface
conditions of SP systems with SHCC cores. 2) The material setting is completely
different. Previous researchers assumed that PP is a linear elastic or a hyperelastic
material. For the SHCC material, the compressive and tensile behaviors are not
the same. The plastic behavior of the SHCC under tension is complex due to the
appearance of microcracks. Therefore, the objectives of this chapter are to fully
investigate the collapse pressure and the post-buckling behavior of several SPs with
SHCC cores, and to develop an accurate and quick prediction model for SHCC SPs.

Initially, the experimental procedure and results about the collapse pressure of
SPs with SHCC cores were examined. Next, the experimental data were used to
establish and calibrate the numerical model. A parametric study of SP with prac-
tical configurations was then performed. The collapse pressure and post-buckling
behavior were thoroughly investigated. Then the analytical solutions for the SP col-
lapse pressure, shown in appendix A, were evaluated with the experimental results.
Based on the extensive simulation results, supervised machine learning techniques
were applied to support the regression of equations in different forms, which come
from three sources: (a) equation forms proposed by previous researchers, (b) equa-
tion forms found by the automatic machine learning software EUREQA [115], [116],

and (c) equation forms proposed in the thesis. Further, the performance of the
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equation forms in terms of prediction accuracy was compared. Finally, the equation

form with the best accuracy was suggested for the design of SHCC SPs.

3.1 Experiments and parametric study

3.1.1 Experiments and Results

An et al. [19] conducted experimental research on SPs with SHCC cores. The
researchers explained the details of the experiments on both material characteristic
testing and the collapse of SPs. The present research followed the same experimental
procedure carried out in An’s work. However, this study conducted nine new collapse
tests on SPs with different configurations and included SS316 stainless steel, which
possesses rough internal and external surfaces. A different super-plasticizer was used
for the SHCC, which caused slightly different mechanical behavior.

Material characteristics

To evaluate the material mechanical behavior, tensile tests were conducted for the
two stainless steel types, SS304 and SS316, and compression tests were carried out
for SHCC. Their mechanical behaviors were used later for the ABAQUS simulation.
Stainless steel Samples were extracted along the longitudinal direction of the
stainless-steel pipe that composed the sandwich pipe prototype. The thickness of
the SS316 was 2.77 mm and that of the SS304 was 2 mm. Tensile tests were carried
out on the samples using an Instron machine with a strain-rate of 0.1 mm/min.
Figure .1 shows the mechanical behavior of both the SS304 and SS316 specimens.
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Figure 3.1: Mechanical characteristics of stainless steel
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SHCC material The composition and fabrication process of the SHCC were intro-
duced in detail by An et al. [I9]. Three SHCC cylindrical samples were manufac-
tured with diameters of 50 mm and heights of 100 mm. The end surfaces of the
samples were flattened by polishing to avoid premature rupture problems caused
by uneven surfaces during the compression tests. Uniaxial compression tests were
conducted at an axial strain rate of 0.020 mm/min. The fitted curve was acquired
by averaging the three tested curves. Figure (3.2 shows the tested curves and their
best fits.
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| = = -Fitted cuvre |
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Figure 3.2: Tested strain-stress relationships and fitted curves

Collapse experiments of SP systems

Nine SPs, five SPs with SS304, and four SPs with SS316 were prepared for the
collapse experiments. For SPs composed of the same stainless steel, the geometric
imperfections (out-of-roundness) of the outer pipe varied for each prototype while
other geometries were the same. Table presents the geometries of the SPs and
each stainless steel.

The cross section of a real pipe is not a perfect circle and its diameter varies
along the circumferential direction (see Figure a). The geometric imperfection
of a pipe refers to the magnitude of its initial ovality. To measure the geometric
imperfection, the cross sections of the pipe were marked along the pipe length (see
Figure c). The shapes of the cross sections at each marked point were then
measured with the aid of FARO’S portable measuring arms (see Figure [3.13}b).
The geometric imperfection of each cross section is given by equation And the
geometric imperfection of the pipe is defined by equation [3.2]
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Table 3.1: Geometrical parameters for sandwich pipes

: Prototype

Stainless Dy Dy ty =t3 Imps
Prototype = o) Iﬁ;lit;l (mm) (mm) 2 (mm) (mm) (%)
SP-1A SS304 1250 203.20 148.40 23.40 2.00 0.29
SP-2A SS304 1250 203.20 148.40 23.40 2.00 0.33
SP-3A SS304 3370 203.20 148.40 23.40 2.00 0.57
SP-4A SS304 2600 203.20 148.40 23.40 2.00 0.34
SP-5A SS304 2600 203.20 148.40 23.40 2.00 0.46
SP-1B SS316 3125 219.08 162.74 22.63 2.77 0.19
SP-2B SS316 3000 219.08 162.74 22.63 2,77 0.50
SP-3B SS316 3000 219.08 162.74 22.63 2,77 0.57
SP-4B SS316 2600 219.08 162.74 22.63 2.77 0.40

k Dfnax B D?ﬁun X o
Imp" = DE Db k=B,C..H (3.1)
Imp = max{Imp*; k= B,C..H} (3.2)

where I'mp” is geometric imperfection of a pipe at the k-th cross section, D¥ __is the
k

maximum outside diameter of a pipe at the k-th cross section, D, is the minimum
outside diameter of a pipe at the k-th cross section, and I'mp is the geometric
imperfection of a pipe.

The prototypes were put inside a hyperbaric chamber with welded lids to close
the ends. Then, the hyperbaric chamber was filled with water. The pressure was
increased at a rate of 60 psi/min by pumping water into the chamber. The experi-
ments were concluded when a sudden drop of pressure occurred, which implied the
collapse of the SP prototype.

Table lists the collapse pressures of all prototypes. As shown, for most cases,
the prototypes with bigger geometric imperfection showed lower collapse pressures.
The prototypes composed of SS316 usually showed higher collapse pressures, since
the rough surface of SS316 increased the inter-layer friction between the layers of
the SPs, thus representing a boundary condition more restrained than that of SPs

composed of SS304.

Table 3.2: Collapse pressures of sandwich pipes
Prototype P, (MPa) Prototype P., (MPa)

SP-1A 37.68 SP-1B 38.71
SP-2A 35.96 SP-2B 34.29
SP-3A 35.23 SP-3B 37.57
SP-4A 37.18 SP-4B 39.05
SP-5A 36.92
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3.1.2 Finite Element Model

The finite element (FE) method was adopted to build a set of quasi 2D models that
represent the cross-section of a sandwich pipe, assuming an infinite length. The
modeling used ABAQUS CPES, 8-nodes biquadratic plane strain quadrilateral, with
the 2D element. Symmetry conditions reduced the problem to a quarter of a ring, as
shown in Figure|3.5l Based on mesh sensitivity studies, an FE mesh consisting of 40
elements along the circumferential direction was considered adequate to capture the
characteristic behavior with good accuracy, see Figure [3.4}a. Since the thickness of
each layer would vary in the parametric study, no specific number of elements was
established. The software ABAQUS was used to automatically decide the number
of elements through the radial direction. A mesh sensitivity study showed that the
element number at the radial direction has no significant impact on the simulation
results, see Figure [3.4}b.

In order for the numerical models to capture the actual response of the system,
geometric imperfections were assumed. A geometric imperfection, assumed as an
initial ovality, was applied to the pipe cross section. Ovality positions for both the
inner and outer pipes were assumed to be coincident. The radial displacement due

to the geometric imperfection is defined as:

wi(0) = Imp; X r; X cos20, i=1,3 (3.3)
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where w;(0) is the imperfection induced radial displacement of the i-th layer, and r;
is the outside radius of the i-th layer.

To verify the numerical model against the experimental results, the geometric
imperfection of the inner pipe is assumed equal to that of the outer pipe. In the

parametric study, different geometric imperfections were applied to each layer.
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Figure 3.4: Mesh sensitivity study

Figure 3.5: 2D finite element model for the SP system

Material properties

The outer and inner tubes of the SPs used SS304 or SS316 stainless steels. Elastic

properties with a Young’s modulus of 200GPa and a Poisson’s ratio of 0.3 were
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assumed for both SS316 and SS304. The plastic properties of the stainless steels
were obtained from the experimental results, as displayed in Figure |3.1, Based on
the experimental data, the steel layers were modeled by Hooke’s law in the elastic
regime and the potential flow J2 was associated with isotropic hardening and von
Mises yield criteria in the plastic regime.

For the SHCC layer, a Young’s modulus of 11.41GPa and a Poisson’s ratio of 0.2
were assumed. The Drucker-Prager yield criterion, which is widely used for equiva-
lent pressure dependent materials like soil and concrete, was selected to model the
behavior of the SHCC layer. The criterion states that the plastic flow of a material
begins when the second invariant of the deviator tensor and the first invariant of
the Cauchy stress tensor reach a critical combination [117]. A linear Drucker-Prager
model defined by equations [3.4] 3.5 and was used for the yielding prediction of
the SHCC [48].

T=1 xtanfB +d (3.4)
=t et (1) (2 3 (3.5)
2 K K Tom '
1
d= (1 - gtanﬁ) Oc (3.6)

where I; is the first invariant of the Cauchy stress tensor, /3 is the friction angle of
the material, d is the cohesion of the material, K is the flow stress ratio, J3 is the
third invariant of the deviator stress tensor, o, is the Mises equivalent stress, and
o, is the yield stress of the uniaxial compression.

The friction angle of the SHCC for the Mohr-Coulomb model was proved to
be 35° with details in one of the study at LTS [I18]. According to the matching
relation between the Mohr-Coulomb model and the Drucker-Prager model defined
by ABAQUS user manual [48], a friction angle (/) of 45° was determined for the
Drucker-Prager model. A cohesion factor (d) of 10.73 MPa was determined using
the compression experiment data. A default value in the ABAQUS is used for the
flow stress ratio (K). For the plasticity behavior, a hardening model was employed

using the stress-strain relationship from Figure (3.2

Load and boundary conditions

The ultimate structural strength of a sandwich pipe subjected to external pressure
was investigated by employing the Riks method (arc length method). External
pressure was applied to the outer pipe through the surface load, as shown in Figure

B.5 The symmetry boundary conditions were employed on the x-z and y-z planes.
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The setting of the maximum pressure increment significantly affects the simulation
results. A large pressure increment can lead to inaccurate collapse pressure while a
small pressure increment might result in, for models with high structural stiffness, a
displacement near to zero which causes convergence problem. The numerical settings

were carefully adjusted to avoid these two problems.

Inter-layer adhesion modeling

The adhesion behavior between the core layer and the outer/inner pipes has signif-
icant influences on the collapse pressure of a sandwich pipe. Similar to the work
that An [19] conducted for an SP system with an SHCC core, the surface-based
contact interaction model involving a strict master-slave algorithm was applied to
the interface of the steel tube and core material. When simulating the physical
situation, the master surfaces were the inner surface of the outer steel pipe and
the inner surface of the core layer. The contact pressure model was set to normal
behavior and the Coulomb friction model was set to tangential behavior. There
are three types of interface conditions. 1) For partial friction, the “Hard Contact”
relation and “Allow separation after contact” were applied to the surface normal
direction. The “penalty” method was applied along the tangential direction, where
the friction coefficient was adjusted to match the experimental data. 2) For fric-
tionless, the normal behavior remained the same while “Frictionless” was selected
for the tangential behavior. 3) For fully bonded, the “Hard Contact” relation and
“Not allow separation after contact” were applied to the normal behavior. Friction
coefficient was set to 1 for tangential behavior. Note that the “penalty” method is
the Coulomb friction model in the software ABAQUS where the maximum allowable
frictional (shear) stress across an interface is proportional to the contact pressure

between the contacting bodies.

Model verification

Using the geometric parameters of the experimental prototypes, numerical simula-
tions were carried out using the ABAQUS software. The collapse pressures of the
SP system under different inter-layer adhesions were obtained. Figures and
compare the numerical and experimental results. For all prototypes, the measured
collapse pressures remained between the results given by the fully bonded FE model
and frictionless FE model, which agrees with the fact that the actual sandwich pipe
with SHCC material had a partially bonded interface condition. The adjustment
of the friction coefficient can reflect the inter-layer adhesion strength. Since the
experimental collapse pressure of the prototype SP-2B was detected as a probable

error, it was not used for the adjustment of the friction coefficient. For prototypes

41



with SS304 steel, the simulation results better match the experimental data with a
friction coefficient equal to 0.1. The average error is 1.88%. For prototypes with
SS316 steel, the friction coefficient was adjusted to 0.2 to fit the experimental data.
The average error is 2.39%. The reason that the two groups need different friction
coefficients for the FE model to match the measured collapse pressure is that the
surface of the SS304 steel was polished and that of the SS316 steel was not. There-
fore, the SS316 can provide higher friction at the interface. The good agreement
between the numerical simulation results and the experimental data shows that the

FE model is capable of providing accurate results.
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Figure 3.6: Comparison of numerical results and experiments for prototypes using
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3.1.3 Parametric Study
Parameter range

With the calibrated numerical model, the collapse pressure and post-buckling be-
havior were studied through a comprehensive parametric study. No adhesion was
assumed for the inter-layer condition for a conservative estimation. Since it was ob-
served in both this work and previous studies [10], 45] that the stress-strain curve’s
profile of steel after the yield stress has a small influence on the collapse pressure of
the sandwich pipe, the elastic perfectly plastic condition was assumed for the steel
tube. The same steel grade was considered for both the inner and outer pipes. The

collapse pressure of the sandwich pipe with an SHCC core can then be expressed as:

P, = f(E,, t1,11,t3,73,Vp, 0p, Impy, Imps) (3.7)

The Poisson’s ratio (1,) of the steel was taken to be 0.3. The thickness-to-radius
ratio (¢;/r;) defines the steel tube configuration. To focus on the practical design of
the SP system, API 5L standard was used as a reference to define t;/r;. Figure
shows the applicable limits of the pipeline dimension and the commercially available
dimensions for steel pipes. Since the principle behind the SP concept is to reduce
the amount of steel compared with the single-wall pipe, steel tubes with high ¢;/r;
were avoided in the parametric study. The upper and lower limits of ¢;/r; for the
sandwich pipe were taken to be 0.08 and 0.02. This range lies inside the applicable

limits and is commercially available.
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Figure 3.8: Applicable limits and commercially available dimensions for steel pipes

Three steel grades of X60, X80, and X100 were chosen and the respective yield
stresses were defined by the API standard. The ratio between the radius of the

inner and outer pipes (r;/rs) was selected to define the thickness of the core layer.
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0.65 was taken as its lower bound, since an SP system with SHCC cores in this
configuration already reaches extremely high ultimate structural strength. 0.82 was
set as the upper bound since it is not adequate for a practical SP system to have
an extremely thin core layer. According to the API 5L standard, 1.5% was set to
the upper bound of the geometric imperfection of the pipeline. The major axes of
the inner and outer pipes were assumed to be consistent. Table summarizes the

parameter ranges.

Table 3.3: Parameter ranges for the parametric study
ti/r1 t3frs ri/rs Impy  Imps  Steel grade
0.02 0.02 065 0.20% 0.20% X60
0.03 0.03 0.70 0.60% 0.60% X80
0.05 0.05 073 1.10% 1.10% X100
0.06 0.06 0.76 1.50% 1.50%

0.08 0.08 0.82
Note: 1 for inner steel layer; 3 for outer steel layer

The parameters in Table make up 6000 combinations for the parametric
study. A Python code was written to manage the large number of simulations in
the ABAQUS software.

Results and Discussion

The behavior of the SHCC material in the plasticity regime and the frictionless
inter-layer condition increased the complexity of the collapse mechanism of the SP
system. Therefore, the effects on the collapse pressure of some parameters are not
independent. In other words, the variation tendency of some parameters for the
collapse pressure of the SP system depends on other parameters. For example, the
variation of the collapse pressure with respect to the thickness-to-radius ratio of the
outer steel pipe (t3/r3) can be influenced by other parameters like the core thickness
(r1/r3). In this section, the effects of each parameter on the collapse pressure of the
SP system are fully examined to capture the collapse behavior of the SP system for

different configurations. Post-buckling behavior is also discussed.

The effect of the thickness-to-radius ratio of the outer steel pipe (t3/73)
The thickness-to-radius ratio is a critical design parameter for the SP system that
affects the ultimate structural strength, cost, and immersed weight. The influence
of the thickness-to-radius ratio of the outer steel pipe on the ultimate structural
strength of the SP system is thoroughly discussed below.

Figure shows the variations of the collapse pressure of the SP configurations

with different core thicknesses and inner pipe dimensions (71 /r3,t1/r1 ) with respect
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to the outer pipe dimensions (t3/73). The variation tendency of P., with respect
to t3/r3 can be altered depending on the inner pipe dimensions (¢;/r1) ratio and
the core thickness (r1/r3). For an SP system with a thick core (Figure [3.9ta), P,
increases along with t3/r3 when the inner pipe is relatively thin (¢;/r; < 0.03). This
correlation between P, and t3/r3 reverses when t;/ry is higher than 0.03, leading
to P., decreasing with increases of t3/r3. For an SP system with a moderately thick
core (Figure b), an increase of t3/rs causes a decrease of P,, until t3/r3 reaches
0.05; thereafter, P., increases. This variation tendency seems more obvious when
ty/r1 > 0.05 . For an SP system with a thin core (Figure ¢), P., constantly

increases with the increase of t3/r3.
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Figure 3.9: Effect of outer pipe thickness-to-radius ratio on the collapse pressure of
the SP system: (a) SP with thick core r;/r3 = 0.65; (b) SP with moderately thick
core 11 /rg = 0.73; (¢) SP with thin core ry/r; = 0.82;

Usually, one expects higher collapse pressure for a SP with a thicker outer steel
pipe. The decrease of P., with the increase of t3/r; observed in some cases is
counterintuitive. A typical group of SPs (Table [3.4) that represents this tendency

was thoroughly analyzed to explain the reason behind this observed behavior.

Table 3.4: Parameters for different SP configurations
Case label Steel grade t3/rs t1/r1 r1/rs Imp;  Imps P., (MPa)

SP-a X60 0.02 0.05 0.73 0.20% 0.20% 52.88
SP-b X60 0.03 0.05 0.73 0.20% 0.20% 51.14
SP-c X60 0.05 0.056 0.73 0.20% 0.20% 46.36
SP-e X60 0.06 0.05 0.73 0.20% 0.20% 47.69
SP-d X60 0.08 0.05 0.73 0.20% 0.20% 53.21
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Figure 3.10: Illustration of different definitions for the pipe radius

(1) The definition of radius for the study There are three definitions
of the radius of a pipe: inside radius, nominal radius, and outside radius (Figure
. According to the ASME standards, the nominal radius stays between the
inside and the outside radius for pipes with diameter from 1/8 inches to 12 inches
and the nominal radius equals to the outside radius for pipes with diameter above 12
inches. Since this study focused on the external collapse pressure, the outside radius
was applied in the study so that SPs with the same radius but different thicknesses
of the outer steel pipe would have the same interaction area with the surrounding
water. Besides, for a pipeline with a diameter above 12 inches, the nominal radius
is equal to the outside radius.

Because the outside radius was considered for SP systems with the same 7 /73,
increasing t3/r3 increases the thickness of the outer steel layer while decreasing the
thickness of the core layer, as seen in Figure [3.11] Although it is not a simple
summation, the ultimate structural strength of the SP system comes from three
main sources: the inner steel pipe, the core layer, and the outer steel pipe. To
observe the strength variation of each layer with respect to t3/rs, simulations were
carried out treating each layer of the SP system as a single wall pipe to investigate
their individual ultimate structural strengths, as indicated in Table [3.4. As shown
in Figure , increasing t3/r3 improves the ultimate structural strength of the SP
system by increasing the structural strength of the outer pipe, but also reduces the
ultimate structural strength of the SP system by decreasing the structural strength
of the core layer. Regarding the entire SP structure, the ultimate structural strength
decreases for t3/r3 < 0.05 and then increases for t3/r3 > 0.05.

Figure illustrates the characteristic responses (pressure vs ovality) of the SP
systems shown in Table |3.4] The ovality of the sandwich pipe at the corresponding

pressure can be calculated as:
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Figure 3.11: SP configurations with the same 7, /r3 and different t3/rs3: (a) t3/rs =
0.02; (b) t3/r3 = 0.03; (c) t3/rs = 0.05; (d) t3/r3 = 0.06; (e) t3/rs = 0.08
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Figure 3.12: P,, of the SP system and P,, of each layer in the SP system with respect
to t3/7”3
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where A(P) is the ovality of a sandwich pipe under external pressure P, Ds 4. (P) is

A(P) (3.8)

the maximum outside diameter of the outer steel pipe at pressure P, and Ds i, (P)
is the minimum outside diameter of the outer steel pipe at pressure P.

The moment when collapse happens was marked by a star point on each curve of
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Figure 3.13: Characteristic responses of the SP systems with increasing thickness of
outer steel pipe (Frictionless inter-layer condition)
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Figure 3.14: Characteristic responses of component layers of the SP: the core layer
of the SP-a and outer steel layer of the SP-e

characteristic response. The ordinate of a star point represents the collapse pressure
as well as the ultimate structural strength of the corresponding SP. The abscissa of
a star point represents ovality of the corresponding SP at the collapse pressure. It
is the ability of a SP to ovalize before collapse. The term “capacity to ovalize before
collapse” is used to refer this ability of a SP for the following discussion. By varying
the t3/r3 ratio in a range of 0.02 to 0.05, the SP system loses both capacity to
ovalize before collapse and ultimate structural strength. With ¢3/r3 ratios ranging
from 0.05 to 0.08, the SP system gains ultimate structural strength but continues to

lose capacity to ovalize before collapse. Figure shows the characteristic response
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of the core layer of the SP-a and the outer steel layer of the SP-e, where both layers
were treated as a single wall pipe for the collapse simulation. Due to the SHCC
properties, the core layer displays more capacity to ovalize before collapse than the
steel pipe and maintains a relatively higher strength in the post-collapse regime.
As illustrated in Figures and [3.14], the SP system behaves similar to the
core layer, showing more capacity to ovalize before collapse when the core layer has
higher ultimate structural strength than that of the steel layer, as in SP-a. And the
SP system exhibits behavior closer to the steel pipe, showing less capacity to ovalize
before collapse when the outer steel layer is stronger than the core layer, as in SP-e.
Since there was no friction between layers, the ultimate structural strength of the SP
system was not proportional to the summation of the ultimate structural strength
of the components. The response of the SP system seems to be dominated by the
strongest layer among its components. Therefore, varying t3/r3 ratios in a range
of 0.02 to 0.05 increases the summation of the collapse pressures of the component
layers but decreases the ultimate structural strength of the entire SP because the
ultimate structural strength of the dominating layer decreases, which in these cases
is the core layer. With t3/r3 ratios ranging from 0.05 to 0.08, the dominating layer
shifts from the core layer to the outer steel layer. Thus, the ultimate structural

strength of the entire SP increases with an increasing t3/r3 ratio.

(2) Frictionless inter-layer bonding Previous researchers found that the
bonding condition between layers has a significant influence on the ultimate strength
of the SP system. As discussed before, the ultimate structural strength of the SP
system with frictionless condition is more relevant to the strength of the strongest
layer than to the strength summation for all layers. To observe the influence of
inter-layer bonding, the SP configurations in Table [3.4] were simulated with the
fully bonded inter-layer condition. Figure [3.15[shows the characteristic responses of
the SP system with fully bonded layers. The pressure capacity of the SP systems
with fully bonded layers increased with increasing t3/rs. This behavior has been
observed in most previous research, where the ultimate structural strength of SP
systems has been related to the ultimate structural strength summation of all layers
rather than the ultimate structural strength of the strongest layer. Therefore, the
inter-layer bonding condition affects not only the ultimate structural strength of the
SP system, but also the behavior of the SP system according to the variation of the

t3/r3 ratio.
(3) Different behaviors of the core layer To gain insight into the char-

acteristic responses of SP systems with different ¢3/r3 values, the contour plots of

von Mises stress and equivalent plastic strain at the collapse state are shown in
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Figure 3.15: Characteristic responses of the SP systems with increasing thickness of
outer steel pipe (Fully bonded inter-layer condition)

Figures [3.16] and [3.17] The configurations of the SP systems are indicated in Table
3.4l As shown in Figure [3.16 the maximum stress appears in the steel pipe for each
SP. As the t3/r3 ratio increases, the von Mises stress of the core layer considerably
decreases. When t3/r3 equals 0.02, the maximum von Mises stress in the core layer
reaches stress values ranging from 79.74 MPa to 113.3 MPa. When ¢3/r3 equals 0.05,
the maximum von Mises stress in the core layer decreases to a range from 46.5 MPa
to 81.2 MPa. For a SP system with t3/r3 ratio of 0.08, the maximum von Mises
stress in the core layer further decreases to a range from 11.62MPa to 46.19 MPa.
In other words, the contribution of the core layer to the ultimate structural strength
of the SP system decreases as the t3/r3 ratio increases. A similar phenomenon was
observed in the contour plot of the equivalent plastic strain (see Figure . For
SP systems with t3/rs ratios of 0.02 and 0.03, plastic deformation happened both
in the core and the steel pipe layers. In contrast, SP systems with t3/rs ratios of
0.05, 0.06, and 0.08 have plastic deformations only in small areas associated with
the maximum and the minimum diameters of the steel pipes. This means that the
SP-a and SP-b are more efficient at utilizing the strength of the core layer, as the
core experienced higher plastic strain and stress at the collapse state. However,
SP-c, SP-d, and SP-e have lower efficiencies at utilizing the core layer, since the core
experienced elastic deformation with smaller stress responses at the collapse state.

The parametric study shows a counterintuitive phenomenon in which the collapse
pressure of the SP system decreases with an increasing t3/rs ratio. For an SP
system with frictionless inter-layer relations, both the ultimate structural strength
and the post-buckling behavior of the SP system are more related to the strongest

layer rather than to the summation of all layers. Using the outside radius in the
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parametric study resulted in a reduction of the thickness of the core layer when the
t3/r3 ratio increases. In some cases, as shown in Table the strongest layer of the
SP system gradually switched from the core layer to the outer steel pipe with an
increasing t3/rs ratio. Because of this, the collapse pressure of the SP experienced
a reduction at the beginning, followed by an increase later. At the same time, the
curves of characteristic response show that the SP displayed more capacity to ovalize
before collapse when the dominating layer was the core and behaved similarly to
the steel pipe when the outer steel pipe was thick enough to dominate the entire
system. The contour plots of the von Mises stress and equivalent plastic strain show
that the SP system dominated by the core layer for a low ¢3/r3 had higher efficiency
at utilizing the core layer strength. In this case, the core layer experienced higher
plastic strain and stress at the collapse pressure. Figure [3.9}¢ helps to illustrate this
mechanism when an SP system has a thin core layer (r;/rs = 0.82). This figure
shows that SPs with relatively weak core layers displayed behavior dominated by
the outer steel pipe layer. In contrast, in Figure 3.9}a, the P, of SPs with thick
core layers (r1/rs = 0.65) kept decreasing with the increase of the ¢3/r3 ratio, since

the core layer was too thick and dominated the buckling behavior.
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Figure 3.16: Von Mises stress and the cross-section deformation of SPs with the
frictionless inter-layer condition at the collapse pressure: (a) t3/rs = 0.02; (b)
tg/’f’g = 003, (C) t3/7”3 = 005, (d) t3/T3 = 006, (e) t3/7’3 = 0.08
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Figure 3.17: Equivalent plastic strain and the cross-section deformation of SPs with
the frictionless inter-layer condition at the collapse pressure: (a) t3/r3 = 0.02; (b)
t3/7’3 = 003, (C) t3/T3 = 0057 (d) t3/7“3 = 006, (e) tg/’r'g = 0.08

The effect of the thickness-to-radius ratio of the inner steel pipe (t;/r7)
The thickness-to-radius ratio of the inner steel pipe also is a key design parameter
for an SP system. Similar to the analysis in the previous section, the influence of the
t1/r1 ratio was analyzed for SP systems with thick (r;/r3 = 0.65), moderately thick
(r1/rs = 0.73), and thin (ry/rs = 0.82) core layers. As shown in Figure [3.18] the
collapse pressure of the SP system is positively correlated with the t; /ry ratio. Since
increasing the ¢;/r ratio only changes the thickness of the inner steel pipe, which
has no influence on the core layer or the outer steel pipe, the ultimate structural
strength of an SP system increases as its inner steel layer becomes stronger, without
losing the other layers’ strength. Note that increasing the ¢;/r; ratio has different
effects on the ultimate structural strengths of SP systems with different r;/r3 and
t3/r3 ratios. For SPs with thick core layers (Figure a), an increase of the t;/r
ratio improves the SP ultimate structural strength more efficiently for SPs with lower
t3/r3. Figures b and c show that the increase of the collapse pressure of
the SPs by the augment of the t;/r; ratio is nearly independent of the ¢3/r3 ratio.
It is important to keep in mind that the transformation of the dominating layer also
affected the behavior of the SPs, as shown in Figure since the figure includes

the variation of t3/rs values.
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Figure 3.18: Effect of inner thickness-to-radius ratio on the collapse pressure of the
SP system: (a) SP with thick core r1/r3 = 0.65; (b) SP with moderately thick core
r1/r3 = 0.73; (¢) SP with thin core /73 = 0.82
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Figure 3.19: Characteristic responses of the SP systems with increasing thickness of
inner steel pipe(Frictionless inter-layer condition)

The effect of core thickness The core layer is the most critical part of an SP
system, as it provides both thermal insulation and ultimate structural strength.
Figure [3.20] shows the characteristic responses of SPs with different core layer thick-
nesses. The ultimate structural strength improves as the core layer becomes thicker.
However, the capacity to ovalize before collapse of the SP system barely changes,

since the thicknesses of the steel pipes was fixed.
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Figure 3.20: Characteristic responses of SP systems with different core thicknesses
(Frictionless inter-layer condition)

The effect of geometric imperfection Normally, geometric imperfection re-
sulting from the manufacturing process is assumed for design considerations. The
parametric study included the geometric imperfection to observe its impact on the
structural behavior of SP systems. As seen in Figure [3.21}a, the geometric imper-
fection of the inner pipe (I'mp;) was fixed at 0.2% and the influence of geometric
imperfection of the outer pipe (Imps) on the collapse pressure was observed. Figure
B:21}b shows the influence of I'mp; on the collapse pressure with a fixed I'mps. As
shown, the increase of the geometric imperfection on the steel pipes reduced the ul-
timate structural strength of the SP system. Note that Imp; had a nearly identical
influence on the SPs as did I'mps. Figure shows the characteristic responses of
the SPs with variations in geometric imperfection. It can be seen that the influence
of Imps on the pressure capacity of the SP was almost the same as that of Imp;.
The variation in the geometric imperfection barely changed the capacity to ovalize

before collapse of the SP system.

The effect of the steel grade The influence of the steel grade on the ultimate
structural strength of SP systems depends on the wall thicknesses. As shown in
Figure [3.23], steel grade barely affects the pressure capacity of an SP system when
the structure possesses a thin core (r1/rs = 0.82) and has a relatively low collapse
pressure. Still, using higher-grade steel results in greater ultimate structural strength
when the SP has a thick core (r;/r3 = 0.65). Elastic buckling usually happens to
SPs with lower collapse pressure that is associated with a thin sandwich pipe. In
this case, the steel pipe stays in the elastic deformation region during the collapse

deformation. Since the major difference of the steel grade is the yield stress, which
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Figure 3.22: Characteristic responses of SPs with different geometric imperfection

does not affect the elastic region, variations in steel grade do not impact the ultimate

structural strength of SPs with low collapse pressures.

3.2 A suitable prediction equation

The parametric study found that the effects of some parameters on the collapse
pressure are not independent. In other words, the variation in the collapse pressure
of the SP with respect to the parameters depends on other parameters. Due to the
SP’s weak inter-layer adhesion and relatively hard core, the collapse pressure and

the characteristic response of an SP with an SHCC core are more relevant to its
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Figure 3.23: Influence of steel grade on the collapse pressures of SPs

strongest layer than to the summation of all the layers. All the existing prediction
models for the SP collapse pressure missed this particular collapse behaviour of
an SP with an SHCC core. Thus, applying those prediction models may lead to
significant deviations. Based on this observation, efforts have been made in this
section to develop a prediction equation that can capture the features of an SP with
an SHCC core.

3.2.1 Analytical solution

Sato et al. [31] first developed the elastic buckling solution for sandwich pipes.
Based on the work by Sato et al. [31], Arjomandi et al. [32] proposed an analytical
solution for the collapse pressure of sandwich pipes with a frictionless interlayer
condition by letting the shear stress at the boundary equal to zero. Their solutions
were presented with details in appendix A and were solved under the MATLAB
environment. For verification purposes, the results by both solutions were compared
with the experimental data shown in Table (3.5

As shown, both analytical solutions over predicted the collapse pressure of the
SPs. Since both analytical solutions assume a fully elastic core layer, a higher
Young’s modulus of the core would result in a higher prediction of the collapse pres-
sure. The SHCC core layer has a relatively high Young’s modulus (E. =11410 MPa),
which partially explains the higher collapse pressure from the analytical solutions.
The analytical solutions could perform better for a sandwich pipe with a softer core
layer. To further test the performance of the analytical solutions, the experiments
data on the collapse of a sandwich pipe with a polypropylene (PP) core (E. =1000
MPa) published in Estefen et al.[6] were also used to compare with the analytical

solutions, see Table 3.6
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Table 3.5: Comparison between collapse pressures by Sato and Arjomandi with
experimental results

Imp Experiment  Sato P., (Mpa) Arjomandi P,, (Mpa)
Prototype (% )3 results (harmonic number)  (harmonic number)
(MPa) [fully bounded] [frictionless]
SP-1A 0.29 37.68
SP-2A 0.33 35.96
SP-3A 0.57 35.23 422.98 (n=21) 354.33 (n=21)
SP-4A 0.34 37.18
SP-5A 0.46 36.92
SP-1B 0.19 38.71
gi_;g 09'557 gig? 504.44 (n=21) 427.23 (n=21)
SP-4B 0.4 39.05

Table 3.6: Comparison between collapse pressures by Sato and Arjomandi with
experimental results by Estefen et al. [6]

I T
Diameter Thickness Imperfec (MPa)  (MPa) - (MPa)
Prototype Tubes : (mode (mode (mode
(mm) (mm)  -tion (%)
num-  num- - num-
ber) ber) ber)
PIP.M2. Inner 49.64 1.68 0.456 37 64 115 97.64
GLI02  Outer 754 1.62 0.301 ' (0=9) (n=9)
PIP.M2. Inner 49.76 1.62 0.186 3114 114.64 97.25
GLI03  Outer 7519 161 0.255 ' (n=9) (n=9)
PIP.M2. Inner 49.94 1.7 0.364 90.31 81.21  59.39
G2101  Outer  62.1 1.46 0.801 ‘ (n=2) (n=2)
PIP.M2. Inner  50.03 1.69 0.547 1713 82.115 60.02
G2102  Outer 624 1.49 0.552 ‘ (n=2) (n=2)

P} - Experimental results; P - Results by Sato’s solution;
P> -Results by Arjomandi’s solution.

As shown in Tables 3.5/ and the analytical solutions perform better when the

sandwich pipe has a softer core layer (relatively smaller Young’s modulus). However,

even for lower Young’s modulus, significant prediction errors still exist compared to

the experimental collapse pressure. The reasons for the analytical solutions over

predict the collapse pressure can be summarized below:

e A fully elastic mechanism has been assumed in the analytical predictions not

able to detect the failure mechanism for plastic buckling, which is the case for

the experimental models.

e No pipe imperfection was introduced in the analytical models characterizing

a typical bifurcation elastic failure mode, which is not the case in the experi-
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mental models.

e A linear kinematic relation was assumed for the core layer, which can lead to

prediction error, as discussed by Hashemian et al. [33] [34].

3.2.2 Empirical solution

As demonstrated in the previous section, the analytical solution is not suitable
to predict the SP collapse pressure on a broad range of configurations. Aiming
at developing a proper prediction equation for the collapse pressure of SHCC SP,
this section is dedicated to improving the prediction accuracy based on extensive

simulation results obtained in section 3.1.

Equation forms for training

Since this study focused on the unbonded SP system with an SHCC core, the collapse

pressure of the SP is a function of only pipeline geometry and steel material property:

Pco - F(tlu 7017t37 T3, [mph Imp?n Up) (39)

The function F(ty,7;...0,) is so complex that it must be described in several
equations and solved by the finite element method. However, numerical modeling
and simulation can be time-consuming when large number of SPs are considered.
The purpose of the prediction equation is to develop a direct relationship between
the SP parameters and the collapse pressure of the SP.

Proredict = G(t1,71,t3,73, Impy, Imps, 0,,) (3.10)

Pco - Ppredict = Eerror (311)

The prediction of the collapse pressure of a given SP system could be performed
if the function G(t1,71...0,) was well defined and the prediction error €., was small
enough. Normally, there are two steps involved in defining G(¢y,71...0,). Defining
the equation form is the first step, which includes the selection of the equation form
from types such as polynomial, trigonometry, exponential, natural logarithm and so
on. The arrangement of the variables is also critical in this step. For example, using
t3/r3 might better represent the outer steel pipe than using t3 and r3 separately.
With the same data bank and regression techniques, different equation forms can
lead to huge differences in terms of accuracy. The second step is to train the unknown
parameters in the equations by feeding a large number of examples to the learning

algorithm.

28



In this section, several equation forms (Table were selected for comparison
purposes. Then, each equation form was trained by machine learning techniques
with the data bank acquired from the parametric study. Finally, all the trained
equations were evaluated by their performance in terms of prediction accuracy.

A polynomial equation is commonly used in linear regression. The ordinary form

of a polynomial equation is:

Y =0y + 0121... + 0z, + Op 122 + . A O + Q(m_l)nﬂx% 4 bpnz® (3.12a)
XT = [1, T1, T, ..., T2, T3, .2, wm} (3.12Db)

n

07 = 00,01, ...0011, O] (3.12¢)

The learning features are X7. The unknown parameters 67 are determined by

minimizing the cost function.
1 S ) A mn
T j 2
= §§ (6"XY) - PO + = "6 (3.13)
J=1 ‘

where L > 07 is the regularisation term to prevent overfitting, S is the number
of training examples, m is the maximum power index of a polynomial equation, n
is the number of first-order features of a polynomial equation, and A is the tuning
factor.

The maximum power index m should be determined by the performance of the
trained equation on the cross-validation data.

In Table 3.7, Equations (a) and (b) are in polynomial form. The only difference

between them is the different arrangement of the learning features.

X7 = 1, B T bt e B om (3.14)
(a) ) rl? 7”3 T3 P1, P3; Op, r P ) P
X(J;) = [1 x17x27x3"'x71nvx72n7xgn] (3153)
t t t
vy = r3 (1—Imps); = apr—l(l —Impy); a3 = 7,—2(1 —Imp:)  (3.15b)
3 1 c

Note that I'mp, is the average imperfection of the core layer Imp, = (Imp; +
Imps)/2, and 7. is the average radius of the core layer Imp, = (r; + r3)/2.

Like Equation [3.14] Equation (a) treated every variable in the parametric study
as a feature, which is the basic application of polynomial regression. On the other
hand, Equation (b) rearranged those variables to form three principal features. As

shown in Equation [3.15] each feature is composed of the variables of a specific layer
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of the SP system. This arrangement is inspired by the analytical solution, in which
t; and r; always appear together as —i, and the fact that each layer of the SP
contributes to the structural strength gfz’ the entire system.

Applying the same idea of the variable arrangement but to a different equation
form, Equation (c) also grouped the variables of each layer into a single term that
represents the strength of the corresponding layer. To have more flexibility in the
equation, the exponential index of each variable was not fixed to an integer, as in the
polynomial equation, but was considered an unknown constant, which was trained
by the learning algorithm.

Equation (d) was proposed based on the structure of Equation (c¢) since it shows
good accuracy, as shown in a later discussion. As an attempt to improve the perfor-
mance of Equation (c), modifications were made to Equation (c) to form Equation
(d), which was inspired by an observation in the parametric study of section 3.1.

Equation (c):

3 8]

¢ 010
0y (—2) (1-— ]mpc)0“

Te

03 ‘97
t t
P., =0y + 91(0,))92 (—3) (1-— ]mpg)e4 + «95(ap)96 <—1> (1-— Imp1)98+

Equation (d):

" (95+96%) ¢ (99+010%
0, <—3> (1-— Imp3)97 + 0Og (—1> (1— ]mp1)9”

r1

B g. U 0,02 £\ Crat1ai?)
(o) ) g (2) (1~ Imp)"

As observed in the parametric study, the influences of ¢;/r; and t3/r3 on the P,,
of the SP are not independent. The core thickness (t3/r.) also has an impact on the
variation in P, with respect to t;/r; or t3/rs (see Figures and . In order
to capture this behaviour, the exponential indexes of ¢;/ry and t3/r3 were changed
from 6; in Equation (c) to 6; + ‘9”1% in Equation (d). This same modification was
made to ty/7. to have more flexibility in the equation. Except for the strengths
of all layers, the P., of the SP with the frictionless inter-layer condition is also
a result of the interactions between all layers. Equation (d) can achieve a better
approximation of this fact by adding the term 6’,~+1:—i to the exponential indexes of
t1/r1, t3/rs and to/r.. For some SP configurations, the difference in steel yield stress

o, barely impacts the P, of the SP while the steel layers experience elastic buckling
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(see Figure [3.23)). The three parameters ¢1/r1, t3/r3 and t/r, mainly determine
whether the SP will have elastic or plastic buckling. Therefore, the impact of o, in
the equation should be relevant to t;/ry, t3/r3 and ty/r.. With this observation, the
exponential index 6; of o, in Equation (c¢) was changed into Qif,—z + 9i+1% + 9”27% in

s R L N P . .
(Oaz5 637, 4%), representing the yield stress, was

Equation (d). The same term (o)
used for both terms representing the inner and outer pipes to reduce the complexity
of the equation.

In addition to the equation forms proposed by the thesis, three equation forms
proposed by previous researchers were included for comparison. Since some charac-
teristics of the SP, such as the imperfection and inter-layer condition, are different
among researches, the previous equation forms were slightly modified to suit the
SP in this study. Equation (e) is proposed by Gong et al. in their research on the
buckle propagation pressure [49]. It considers the structural strength of the SP as
the enhancement based on the strength of the outer steel pipe. The variables of the
inner pipe and the core layer were arranged in a power-law form. Note that the
original equation by Gong et al. was for the buckle propagation pressure of an SP
without imperfection. The initial ovality and the collapse pressure of the outer steel
pipe were included in Equation (e) of this study. Equation (f) was proposed by He
et al. [45] as they focused on the prediction of an SP with a PP core. Taheri et al.
[10), 43, 44] applied two equation forms trying to provide equations that can predict
the collapse pressure of SPs with different core materials. One of the equations is
very similar to the one proposed by He et al. [45]. Therefore, only one equation
from the work by Taheri et al. [43] was used to inspire Equation (g), in which the
initial ovality was added to the original equation.

The above equation forms proposed by researchers were all, to some extent, based
on the physical background. The equation forms were created trying to mimic the
mechanism underlying the physical process. However, one cannot ensure that the
equation form with the best performance among them can provide a prediction with
minimum error. The fact is that a large amount of equation forms have not been
tested yet. Therefore, the automatic machine learning software EUREQA [115], [116]
was employed to expand the search area. Given a data bank, the software is able to
automatically search for equations that better fit the data and thus acquire higher
prediction accuracy. In this work, the software operated for 262 hours (CPU: 4 Intel
cores with 3.60 GHz). The equation with the best fitness among all the equations
tested was selected for the comparison study.

Note that the unknown constants in all the equations shown in Table are
expressed as 07 = [0y, 01,0, 05...] . These unknown parameters were determined by

applying a regression algorithm to a large data set from the parametric study.
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Table 3.7: Summary of all the equation forms tested.

. Equation
Type Equation form number
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Methodologies used in the regression process

To find the best prediction performance, appropriate techniques should be carefully

chosen to search for the unknown constants 67 = [y, 6,05, 05...] in the proposed
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equation forms. Here, machine learning techniques [119] were applied in the regres-
sion process. The 6000 simulation results from the parametric study were randomly
divided into three parts: 4200 results (70%) for the training data set, 1200 results
(20%) for the cross-validation data set, and 600 (10%) for the test data set. The
training data set was fed into the regression algorithm. The cross-validation data
set was used to determine some critical parameters in the equation, for instance,
the highest order in the polynomial equation or the penalty factor for preventing
overfitting. The prediction accuracies of the trained equations were evaluated on

the test data set, with the maximum (€pax), average (€qperage) and minimum errors

(Emin) defined as:

Pjredic - PCjO .
gj = ’ P Ptj ” ] = 172,3‘-‘-Stest

3.16
1 ktest < )

Emax = MGZL’(&T), Eaverage = 7

€55 Emin = Mm(e)
ktest j

=1
Note Siest is the number of the testing examples.

The training features have different magnitudes, which slows down the search
speed. Thus, feature scaling was employed to pre-process the features to accelerate

the search speed:

X - Min(X)
"~ Max(X) — Min(X)

where X represents a vector composed of all the data samples of one variable in

+0.5 (3.17)

each equation. The features were arranged differently in the proposed equations.
Therefore, the form of X varies for different equations. But all the features were
pre-processed with feature scaling by Equation [3.17]

The determination of the unknown constants (67=[fy,0;,6y,0s....0,,]) can be
treated as an unconstrained optimization problem with the aim of finding the global

minimum of the cost function for each proposed equation, as expressed in Equation

B.18

[\)

1 5 A A
5 Z predzct Pco(]))2 + — Z 612 (318>
j=1 1

First, the minimization algorithm based on the Polack-Ribiere method of conju-
gate gradients [I19] was employed for the search task. However, the algorithm was
easily trapped in a pseudo-minimum when high search dimensions were encountered
in some of the proposed equations. This problem is inevitable when the cost function
is not convex. The particle swarm optimization (PSO) method [102], which works

without gradient information, was also employed for the search task. Nevertheless,
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the weak exploration capacity of the canonical PSO was also exposed in this high-
dimensional search problem. Making efforts to find the global minimum is critical
not only for fully extricating the prediction potential of each proposed equation but
also for a fair comparison of the proposed equations. Several PSO variants, such
as LPSO, CPSO [120], CPSOH [120], SLPSO [121], ELPSO [122], FIPSO [123] and
MLPSO [124], were tested for each proposed equation. Also, the penalty factor
was carefully adjusted to prevent overfitting for some equations when necessary. To
illustrate the selection process of the proper optimiser and the relevant parameters
involved would require a large number of figures. Since it is not the focus of this
study, the results of this step are not shown for the sake of conciseness. The best
result for each proposed equation among the results found by all the optimisers was

saved for the evaluation process.

Evaluation of the trained equations and discussion

Accuracy is the principal criterion for the prediction evaluation. The prediction
performances of all trained equations were evaluated on the test data set, with the

errors defined by Equation [3.16

Performance of Equation (a)
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Figure 3.24: The prediction accuracies of the trained equations proposed in the
thesis.
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Figure 3.25: The prediction accuracies of the trained equations proposed by previous
researchers and by EUREQA.

Figures and show the prediction performances of all the proposed equa-
tions. Equations organized in a polynomial form, such as Equations (a) and (b), are
not suitable for the problem since their maximum prediction errors reach 156.25%
and 149.55%, with average prediction errors of 14.95% and 17.6%. Equation (c)
proposed in the thesis shows a good accuracy, with a maximum prediction error of
45.14% and an average error of 8.74%. Moreover, its enhanced version, Equation
(d), shows the best performance among all the equations, with a maximum error of
37.71% and an average error of 8.47%. Since it was originally proposed for the esti-
mation of the buckling propagation of SPs, Equation (e) provided by Gong et al. [49]
performs inadequately, with 144.78% of the maximum prediction error and 20.99%
of the average prediction error. Even though it was proposed for collapse pressure
estimation, Equation (f) suggested by He et al. [45] barely shows an improvement in
accuracy since its maximum and average errors are 126.31% and 15.39%. Equation
(g) suggested by Taheri et al. [43] has the best performance among the equations
provided by previous researchers, with a maximum prediction error of 61.55% and
an average prediction error of 11.43%. Within the operational hours, Equation (h)
was the best equation found by the EUREQA software. It gives a prediction with a

maximum error of 101.54% and an average error of 11.34%.
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As discussed in the parametric study, the variation in P,, of an SP with SHCC
material and a frictionless inter-layer condition is more complex than that of an
SP with a fully bonded inter-layer condition. It has been observed that the P,
of an SP with SHCC is related to the interaction between the layers as well as
the sum of the strengths of all the layers. Also, the steel grade barely makes a
difference to the P, when the SP experiences elastic buckling. The polynomial form
equation failed to make accurate predictions due to its simplicity. The previous
equations also perform inadequately since they were not designed to capture the
complex behaviour of an SP with an SHCC core. The EUREQA software is capable
of fitting the data by automatically testing many different equation forms. The
application of EUREQA can help researchers to test new equations outside the
physical background box. However, within the operational time of EUREQA, the
best equation found by EUREQA failed to give the best prediction performance due
to both problem complexity and the enormous search space. Based on an insightful
understanding of the physical background and the P,, variation observed in the
parametric study, Equation (d) proposed in this work outperforms all the equations
tested and accurately predicts the P, of an SP with an SHCC core.

Pros and cons of Equation (d)

Figure illustrates the advantage of Equation (d), which manages to capture the
complex behaviour shown in Figure [3.9] With different core thicknesses, Equation

(d) gives different P, variation with respect to t3/r3.
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Figure 3.26: P, with respect to t3/rs by ABAQUS vs Equation (d): (a) thick core
(r1/rs = 0.65), (b) moderate core (r1/r3 = 0.73), and (c) thin core (r1/rs = 0.82).

For a safe application of Equation (d), it is critical to discuss the SP configura-
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tions in which Equation (d) shows a relatively large prediction error. It was observed
that there are two areas in which Equation (d) fails to predict P, accurately. First,
when the P, of the SP is relatively small (below 15 MPa), the equation is likely to
over-predict P, for an SP with high steel grade. Table |3.8| shows some typical SP
configurations in which Equation (d) over-predicts P.,. As shown, SPs with large
imperfection and thin layers tend to experience elastic buckling, which makes P,
independent to the steel grade. Even though Equation (d) was specially modified
to decrease the error caused by different buckling mechanisms, it still over-predicts
the P, for SPs with X80 and X100 for the elastic buckling case.

Table 3.8: Prediction error and SP configurations

Steel Peo Feo ) Prediction

type ts/rs  ti/r1 rifrs Imps(%) Imp (%) ABAQUS  equation error (%)
(MPa) (d)

X60 0.03 0.03 0.82 1.1 1.1 7.53 8.09 7.42

X80 0.03 0.03 0.82 1.1 1.1 7.53 9.49 25.93

X100 0.03 0.03 0.82 1.1 1.1 7.53 10.38 37.71

X60 0.03 0.05 0.82 1.1 1.1 11.72 13.04 11.27

X80 0.03 0.05 0.82 1.1 1.1 12.18 14.94 22.66

X100 0.03 0.05 0.82 1.1 1.1 12.39 16.13 30.12

X60 0.03 0.05 0.82 1.5 1.1 11.2 12.25 9.34

X80 0.03 0.05 0.82 1.5 1.1 12.09 14.08 16.41

X100 0.03 0.05 0.82 1.5 1.1 12.36 15.23 23.16

Equation (d) also performs inadequately when the SP has a thick core (ry/rs =
0.65) and a thin steel layer (t3/rs < 0.03,t;/r; < 0.03). Table 3.9 shows the typical
SP configurations in which Equation (d) over-predicts P.,. The failure of Equation
(d) for these SP configurations is caused by the sudden change in the variation
tendency of P., with respect to t3/r3 when t;/ry is below 0.03 (see Figure a).
This failure shows that Equation (d) is not capable of capturing all the complex
behaviours of the P, variation of an SP with SHCC. Therefore, the relatively large
prediction error should be noted when the trained Equation (d) is applied to an SP
with a thick core (r1/r3 = 0.65) and a thin steel layer (t3/r3 < 0.03,t;/r; < 0.03).

Data of SP collapse experiments from An et al. [19] and the experimental data
in this thesis were compared to the equation (d). Note that only the data of ex-
periments on SPs with SHCC core were collected for the comparison (See Figure
3.27)).

As shown, the collapse pressures given by equation (d) are lower than the exper-
imental results. It is mainly because that equation (d) was proposed conservatively
assuming a frictionless inter-layer adhesion. And friction exists in the actual SHCC

SP. For a fair comparison, the prediction by equation (d) should be multiplied by a
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Table 3.9: Prediction error and SP configurations

Pco-

Pco-

fteil ts/rs  ti/r1 rifrs Imps(%) Imp (%) ABAQUS  equation zl;i(ilc(;(;n
yP (MPa) (d) °
X60 0.03 0.02 0.65 1.1 0.2 57.11 78.44 37.36
X60 0.03 0.02 0.65 0.2 1.1 57.35 78.64 37.12
X60 0.03 0.02 0.65 1.5 0.6 54.53 70.71 29.68
X60 0.02 0.03 0.65 1.1 1.1 59.77 76.18 27.45
X80 0.03 0.02 0.65 0.2 0.2 70 88.28 26.11
X60 0.03 0.03 0.65 0.6 0.6 64.88 81.5 25.62
X100 0.02 0.02 0.65 1.5 0.2 66.2 82.86 25.17
60 - - -
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Figure 3.27: Experimental test versus Equation (d)

coefficient considering the inter-layer friction effect.

For SP with SS304, which has a smooth surface, Figure [3.6] shows that the
ratio between experimental collapse pressure and the collapse pressure of SPs with
frictionless condition is around 1.15. For SP with SS316, which has a rough surface,
Figure shows that the collapse pressure ratio is around 1.4. Based on this
observation, the prediction results by equation (d) were multiplied by 1.15 for the
SPs with SS304 and 1.4 for the SPs with SS316. As shown in Figure [3.28 a good
correlation between the experiments and the modified results of the equation (d)
was achieved.

It should be emphasized that equation (d) was developed conservatively assuming
a frictionless condition. The correlation between the experimental data and the
results by equation (d) shows that a coefficient can be multiplied to the equation
(d) when actual inter-layer condition has to be included. This coefficient is 1.15 for

steel pipes with smooth surface (SS304) and is 1.4 for steel pipes with rough surface
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(SS316).
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Figure 3.28: Experimental test versus modified results by Equation (d)

Trained parameters for Equation (d)

Fortunately, the two areas in which Equation (d) predicts with relatively larger errors

are not the areas of design interest. Usually, the water depth for SP applications

varies from 1500 to 3000 meters, which is an area (15 to 30 Mpa) in which Equation
(d) performs well. The trained constants for Equation (d) are listed in Table

Table 3.10: The trained constants for Equation (d).

6o 0, 0, 05 04 05 06 07
-5.8433 7.65762 -0.0226 -0.0877 0.42328 3.24046 -0.6458 0.56457
Os 0y 010 011 012 013 014 015
14.115 0.72154 0.8829 0.36618 23.4687  4.2532 -0.7719 0.29961

Note that feature scaling was employed for the training process. Therefore, the

same data processing should be conducted before applying Equation (d). Feature

scaling is expressed in Equation |[3.17, The corresponding parameters and features
for Equation (d) are listed in Table [3.11] Tt is noteworthy to point that the safe
parametric ranges of application of Equation (d) are the ranges listed in Table|3.11]

The prediction accuracy of the collapse pressure of a SP with parameters outside

of safe parametric ranges by Equation (d) was not evaluated. It is because the
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parametric ranges we selected almost cover the whole design area of a sandwich

pipe for deep water application.

Table 3.11: Parameters used for the feature scaling for Equation (d).

Features Minimum value Maximum value

o, 415 690
ts/rs 0.02 0.08
1 — Imps 0.985 0.998
tl/T’l 0.02 0.08
1 —Imp, 0.985 0.998
to /T 0.11 0.4
1 — Imp, 0.985 0.998

3.3 Summary

This chapter involved a comprehensive study on SPs with SHCC cores that incor-
porated experiments and parametric study. Efforts have been made to search for a
suitable prediction equation of the SHCC SP collapse pressure. The conclusions are
as follows:

(1) A large-scale parametric study on the P, of SPs with SHCC cores was con-
ducted by varying, in the practical range, the three layers’ thicknesses, geometric
imperfections, and steel grades. The frictionless inter-layer condition was adopted to
better represent the actual situation. As observed in Figures[3.9 and [3.18] the influ-
ence of the thickness of each layer on P,, is not independent. The variation tendency
of P,, with respect to thickness of one layer changes with different combinations of
the other layers’ thicknesses shows that the P,., of SPs with SHCC cores is a result
of interactions between layers that are more complex than a simple summation.

(2) The study on the effect of t3/r3 on the P., of the SHCC SP revealed that
the P., decreases, in some cases, with increases of t3/rs. This counterintuitive
phenomenon was carefully investigated with the SP configurations listed in Table
ﬂ. Because of the outside radius setting (Figure , an increase of t3/r3 means
a thicker outer steel layer and a thinner core layer (Figure . Thus, as the t3/r3
increases, the strength of the outer steel layer increases and that of the core layer
decreases. As a result, the strength of the strongest layer of an SP first decreases and
increases later, while the strongest layer of the SP shifts from the core layer to the
outer steel layer (Figure . Interestingly, the P, of the whole SP system showed
the same variation as that of the strongest layer of the SP. Further, the characteristic
response of the SP is similar to that of the strongest layer, showing more capacity to

ovalize before collapse when the core layer is strongest and less capacity to ovalize
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before collapse when the strongest layer shifts to the outer steel layer (Figures
and . The ultimate structural strength and characteristic response of an SP
seem to be dominated by its strongest layer. The transition of the dominating
layer from the core to the outer steel layer explains the observed counterintuitive
phenomenon. This behavior disappeared when the inter-layer condition was changed
from frictionless to fully bonded (Figure . The same behavior has never been
reported in previous studies, since SPs with PP cores have the fully bonded inter-
layer condition and low core layer stiffness. Therefore, the behavior first reported in
this work is unique to SPs with weak inter-layer adhesion and high stiffness of the
core layer, such as SPs with SHCC cores.

(3) Figures[3.16)and [3.17)show that SPs with thinner steel layers are more efficient
at utilizing the strength of the core layer by having it experience higher plastic strain
and stress at the collapse state. The observation is important for efficient SP design;
however, corrosion allowance must be considered.

(4) In an effort to propose a quick and accurate prediction of the P, of an SP,
eight equation forms were trained and evaluated. For a scientific evaluation, 6000
data points were separated into training data (70%), cross-validation data (20%) and
testing data (10%). Due to the complex behaviour observed in the parametric study,
the equations proposed by previous researchers as well as the polynomial equations
proposed in this study failed to predict P., accurately. Large prediction errors were
found in the evaluation process. By grouping the variables of each layer into an
exponential constant, Equation (c), which is composed of three parts representing
respectively the strengths of each layer, showed a great improvement in prediction
accuracy. Further improvement was achieved by Equation (d) by applying terms to
Equation (c¢) mimicking the interaction between the layers and the different collapse
models. The superior performance of Equation (d) indicates how to form equations
for the P, prediction of SP systems, which is representing the strength of each layer
and then adding interaction terms to the equation.

(5) The automatic machine learning software EUREQA was employed to expand
the search area in case that better equation forms exist outside of the examined
range. Equation (h) is the best result found by EUREQA in 262 hours of operation
(CPU: 4 Intel cores with 3.60 GHz). However, inadequate prediction performance
was found with a maximum error of 101.54% and an average error of 11.34%. It
reflects the difficulties to capture the complex behaviour of the P, of an SP in a huge
search area without the guidance of the physical background. On the other hand,
the application of EUREQA demonstrates that finding an equation that performs
better than Equation (d) may need additional efforts.

(6) Figure shows that Equation (d) is able to capture the behavior of tran-

sition of the dominating layer of an SP with an SHCC core found in this work.
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However, there are two areas in which Equation (d) fails to predict P, accurately.
When P, of the SP is relatively small (below 15 MPa), the equation is likely to
over-predict the P., of an SP with high steel grade. In addition, the relatively large
prediction error should be noted when the trained Equation (d) is applied to an SP
with a thick core (r1/r3 = 0.65) and a thin steel layer (¢3/r3 < 0.03,¢t1/r1 < 0.03).
Additional efforts were made to solve the identified weakness of Equation (d). How-
ever, the change in the equation triggers other unexpected prediction errors and
increases the complexity of the equation. Probably it is not feasible to capture all
the types of behaviour with only one equation.

(7) Fortunately, the two areas in which Equation (d) predicts with relatively
larger errors are not areas of design interest. Usually, the water depth of SP appli-
cations varies from 1500 to 3000 meters, which is an area (15 to 30 MPa) in which
Equation (d) performs well. The trained constants were listed for a conceptual
design of an SP with an SHCC core.
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Chapter 4
Thermal analyses of SP

In addition to the structural strength, the insulation performance in both steady-
state and shut-in conditions are critical design requirements of the SP. Comparing
to the PP, the SHCC has higher thermal conductivity. Thus, the PP SP should
outperform the SHCC SP in terms of thermal insulation. This chapter first evaluated
the insulation performance of the SHCC SP using the software OLGA. Based on
the results, the relationship between the volumetric heat capacity (VHC) of the SP
core layer material and the insulation performance of the SP was discussed, which
demonstrated that an integrated optimal design of the SP is critical to exploiting
the efficiency of the SP fully. Then, a mathematical model for the heat transfer
analysis in an SP was developed, which was employed for the SP optimization in
Chapter 5.

4.1 Insulation performance of the SHCC SP

In order to comprehensively evaluate the insulation capacity of the SHCC SP, a
case study was conducted on a subsea production system with water depth at two
thousand and two hundred meters. First, structural configurations were designed
for scenarios using the SHCC SP, the SW, the PIP, and the flexible pipe (FP). Then,
thermal analyses for each scenario were carried out for both steady-state and shut-in

working conditions.

4.1.1 Subsea production system and pipeline geometry

The subsea production system is composed of twelve production wells, two cluster
manifolds (Al and A2), and one FPSO (Figure [4.1)). Each cluster manifold is con-
nected to six production wells. For each cluster manifold, the distances from the
manifold to the wellheads are equal. For a comparison study, a long pipeline was set

for Cluster A1 while a short pipeline was set for Cluster A2. The pipeline lengths
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and diameters are shown in Table [£.1]

Using out-of-roundness 1%, 0.85 for fabrication factor and medium safety class,
the wall thickness for the SW was defined by DNV code [125]. Collapse and buckling
propagation were used as design criteria. Internal design pressure was set as 280
bars for all pipeline designs. For the PIP design, the method proposed by [13] was
employed where the design U-value was set as 1 W/m?2. K. For the SP design, 3 mm
was assumed for the thickness for both inner and outer steel layers, and the SHCC
core layer thickness was increased until the SP meets the structural requirement,
which is the required collapse pressure. Finite element analysis was carried out by
the Abaqus software to obtain the SP configuration. The pipeline configurations are
shown in Table [4.21

Polyurethane foam (PUF) was used as the insulation material in the core layer
of the PIP. The flexible pipe is actually composed of several layers which provide
different functions. For an insulation study, those layers were simplified as one
composite layer with uniform thermal properties. In the following study, when the
SP, SW and FP were not capable of meeting the insulation requirement, an extra
insulation layer would be applied on their outside surface. Table shows the
properties of the insulation layer.

The heat transfer in the pipeline is a two-dimensional problem. In the axial
direction of the pipe, the maximum step length for the pipeline was set to 100 m.
A small step length (30 m) was set for the riser as the temperature and pressure
change more frequently in the riser. In the radial direction, as for the wall layer
thickness setting, the change in thickness (Ath), between two neighbouring layers
was restrict to 0.2 < Ath (i) /Ath (i — 1) <5.

Manifold or TDP

: ]
fj' Producer ii E E "E

Riser 1 Riser 2
Cluster A1

_________________________________

{{_-_' | o : :—.\] £5
\\ / TDP1 : T0P2 N /<"
& 5 = ! - =

Cluster A2

Figure 4.1: Subsea production system
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Table 4.1: Subsea pipeline lengths

Pipeline location Pipeline from wellhead to manifold

Pipeline geometry Length (m) Innermost Diameter (inch)
Cluster Al 1200 4
Cluster A2 600 4

Pipeline from manifold to TDP

Pipeline location

Pipeline geometry Length (m) Innermost Diameter (inch)

Cluster Al 9500 8
Cluster A2 1100 8
Pipeline location Riser

Pipeline geometry Length (m) Innermost Diameter (inch)
Cluster Al 3000 8
Cluster A2 3000 8

Table 4.2: Subsea pipeline configurations

Innermost Wall p c 1
Type  diameter Layer thick- Material 3
e - (kg/m®) (1 (. K))(W/ (m.K))
Inner steel layer 3 Steel 7850 500 50
SP 4 Core ;? SHCC 1473 880 0.28
Outer steel layer 3 Steel 7850 500 50
Inner 5 Steel 7850 500 50
Core 20 PUF 30 1500 0.025
Outer 7 Steel 7850 500 50
PIP
Inner 9.9 Steel 7850 500 50
Core 21 PUF 30 1500 0.025
Outer 13 Steel 7850 500 50
SW i 5 Steel 7850 500 50
- 10.5
4 Composite o\ = Composites 39335 1000 10.39
FP layer
8 Composite a7 4 Composites 37948 1000 9.95
layer
Table 4.3: Properties of the insulation material
Material p (kg/m?) ¢ (J/(kg.K)) k (W/(m.K))
Synthetic polypropylene 1040 1220 0.16
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4.1.2 Flow assurance analyses

Two insulation requirements were applied: 1. In the steady-state condition, the
temperature of the whole production system is kept beyond wax appearance tem-
perature (WAT); 2. in shut-in condition, the required cool-down time is 8 hours
before the precipitation of any depositions.

59.5 °C was the temperature for all wellheads and the flow rate at the wellhead
was 8000 bbl/day (18 kg/s). The pressure at FPSO was set as 30 bars. Using the
OLGA software, steady-state simulations were carried out to simulate the normal
working condition. The pressure and temperature curves of the whole production
system were compared with the critical curves of wax and hydrate formation (Figures
and . Only the insulation configurations that keep the system stay at the
safe region and require minimum insulation thickness are shown.

- Steady state simulation (A1)

WAK
—e=—HYDRATE

SP with L5mm insulation
—FF
e SV Wt 33 MM insulation
———FP with 4mem insulation

a0 0 50 &0 70
Temperature{™c)

Figure 4.2: Pressure versus Temperature (Steady-state, Cluster A1)

Steady simulation (A2)
Wax
i HYDIRATE
SP with Drem insukation
34 4
=== SW with 13mm insulation
— P with L5mim insuiation

Prassura{bar)

30 an 50 &0 70
Temparaturs{C)

Figure 4.3: Pressure versus Temperature (Steady-state, Cluster A2)

In Figures [4.2] and [4.3] the PT curves for the SP, the SW and the FP overlapped
since they are designed to maintain the same minimum temperature. In order to

avoid this overlapping, the PT curve of the SP was moved upward by 10 bars
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and that of the SW was moved downward by 10 bars. As shown in Figure [1.2]
the SP, the FP and the SW need different extra insulation thickness to achieve
a qualified insulation performance for Cluster Al. The SP needed the smallest
insulation thickness (15mm). The PIP was designed to achieve U-value as 1 W/m? K
which gave it the best insulation performance. The FP needed the largest insulation
thickness (40mm).

The total pipeline length of cluster A2 is smaller than that of cluster A1. There-
fore, pipelines of cluster A2 needed less extra insulation to meet the requirement
than that of cluster Al. In Figure [£.3] the SP was capable of meeting the insulation
requirement without insulation while the FP needed 15mm insulation and the SW
needed 13mm. With U-value at 1 ¥W/m?, the PIP kept the temperature far from
the critical region.

Transient simulations were carried out to get the temperature distribution after

8 hours of shut-in operation. The PT curves of the whole system are shown in
Figures 4.4 and

- X WAX
8 hours after shut-in (A1) e
5P with 15mm insulaton
i 1]

=== SW with 33mm insulation

#p with 40mm nsulaton

Pressurefbar]

o £ 1o 15 20 s 3a as 4 45
Temperature("c)

Figure 4.4: Pressure versus Temperature (Shut-in, Cluster Al)

8 hoursafter shut-in{A2) wax
=== HYDRATE
SPwith 0mm insulation
—rr
= = SW with 13mm insulation

e FP wiith 15mm msulation

Pressure(bar]

o 5 10 15 0 5 30 35 40 45
Temperature{*C)

Figure 4.5: Pressure versus Temperature (Shut-in, Cluster A2))

As shown, the insulation configurations for the SP, the SW and the FP which
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ensure flow in the steady-state condition were not able to meet the thermal insulation
requirement in the shut-in condition. The major part of the PT curves for the SP
and the SW entered the critical region where hydrate and wax would precipitate
in the pipeline. For Cluster Al, a small part of the PT curve for the FP contacts
the wax critical curve, which implies that wax will appear in some part of the
system. However, scenario using FP in Cluster A2 would have serious flow assurance
problems. For both clusters, scenario using PIP had no flow assurance problem
during 8 hours of the shut-in operation.

In order to develop qualified insulation scenarios, the insulation thicknesses for
the SP, the SW and the FP were increased until they could provide 8 hours of

cool-down time (see Figures and [4.7).

X WAK
il HYDRATE

sid 8 hours after shut-in (A1)

SP with 70mm insulaton
— P
= = SW with 77mm insulation

FPwith 46mm mnsulaton

o 5 1 15 0 25 0 35 2 45
Temparature("c)

Figure 4.6: Pressure versus Temperature (Shut-in, Cluster Al)

356 8 hours after shut-in[A2) wax

=@ HYORATE

5P with §0mm insulation
S—
=== S Wit T2mm inalation

——— FP wiith 44mm msulston

Prassure(bar]

5 10 15 20 ] 3.0 s 40 25 50
Temperature('C)

Figure 4.7: Pressure versus Temperature (Shut-in, Cluster A2))

The insulation thickness for the SP increased from 15mm to 70mm in cluster A1l
and Omm to 60mm in cluster A2. The insulation thickness for the SW increased
from 33mm to 77mm in cluster A1 and 13mm to 72mm in cluster A2. As for FP,
insulation thickness was slightly raised from 40mm to 46mm in cluster A1 and 15mm

to 44mm in cluster A2.
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4.1.3 Volumetric heat capacity and energy storage

The required insulation thicknesses for each scenario in the steady-state and tran-

sient simulations are shown in Figure

a0 Cluster A1 & Steady state

Cluster

§
§
.
;55

%7///////////////%;

lue{Wim2.K)

SSSSS

Figure 4.9: U-values and heat capacities of SP, SW, FP and PIP

As shown, the SP requires small extra insulation in the steady-state condition.
However, it performs inadequately in the shut-in condition. This is mainly because
the SP has a good U-value but a low heat capacity (Figure . The U-value has
influence on the heat flow rate. The lower U-value results in a lower heat flow rate.
The heat capacity, on the other hand, has the influence on how much heat energy is

stored in the pipeline. In the shut-in condition, the heat loss process of the pipeline
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is similar to a leaking barrel (Figure [4.10). The amount of water in the barrel is
the thermal energy stored in the pipeline. The water outflow (Q,.:) has an analogy

with the heat transferred from the pipeline to the sea water.

Cool-down
Thermal energy process
stored in the pipeline
0=UAT,-T)

Figure 4.10: Leaking barrel as an analogy with pipeline heat loss in the shut-in
condition

As shown in Figures[d.9and [4.10] the SP has a smaller leaking flow rate (U-value)
than that of both the SW and the FP, which makes it perform better than the SW
and the FP in the steady-state condition. However, both the SP and the SW have
rather smaller barrels (heat capacity) than that of the FP, which explains why the
FP has a better insulation performance in the shut-in condition. Attention should
be paid to the performance of the PIP. Its heat capacity is also smaller than that of
the FP. However, its U-value is small enough to enable the PIP to outperform the
FP in the shut-in condition. By combining the fluid flow conservation equations and
heat conduction equations, Barrera |71, [126] built a numerical model to simulate
the cool-down process of a subsea pipeline. Their simulation results also show that
the thermal capacity of the pipeline wall has a significant influence on the cool-down
time and higher thermal capacity of the pipeline wall results in a longer cool-down
time.

Even though the SP has a relatively low U-value and needs a small amount
of extra insulation in the steady-state condition, it needs a huge amount of extra
insulation in the shut-in condition due to its small heat capacity, which finally
results in a thick insulation layer for the SP. Further, the overall thermal properties
of the SP system are greatly influenced by the core layer material. As an attempt
to test the SP performance with the different core layer material, a parametric
study on thermal properties of the SP core layer material was carried out using 63
combinations of different thermal conductivity and volumetric heat capacity (VHC).
The SP configuration remains the same, as shown in Table 4.2 For each group
of thermal conductivity and VHC, the required insulation thicknesses for the SP
to attend the thermal insulation requirements in the steady-state and the shut-
in conditions are shown in [£.11] and [4.12] respectively. Note that Cluster A1l was
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employed for the parametric study.

The required insulation thickness for steady state {mm)

5
45
4
35
3
25
2
15
1
0.5
% 2 s 6 5 10

Thermal conductivity (w/m_K)

Volumetric heat capacity (MJ/m3.K)

Figure 4.11: Required insulation thickness for the SP in the steady-state condi-
tion(Cluster Al)

The required insulation thickness for shut-in condition (mm)

.
w

.

-
wn

w

25

Volumetric heat capacity (MJ/m3.K)

Thermal conductivity (w/m.K)

Figure 4.12: Required insulation thickness for the SP in the shut-in condi-
tion(Cluster Al)

As shown in Figure 4.11] the VHC barely influences the required insulation
thickness in the steady-state condition while the thermal conductivity governs the
performance. Special attention should be paid to Figure 4.12l With the same
VHC, the variation of thermal conductivity barely changes the required insulation
thickness in the shut-in condition. This is because the required insulation thickness
for the shut-in condition is large enough to provide a low U-value, which makes the
variation of thermal conductivity in the core layer material less vital to the heat
transfer flow rate. The most preferred combination for the core layer material is
a low thermal conductivity and a high VHC, which would result in the minimum

extra insulation thickness. However, for a certain material, its density normally has
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a positive correlation with thermal conductivity. A material with a lower thermal
conductivity usually possesses a lower density, which may decrease its structural
strength and the VHC. A wise improvement is to choose a material with higher
VHC. Though the thermal conductivity has to be increased to get a higher VHC,
the overall insulation performance of the sandwich pipe can be improved by reducing
the required insulation thickness for both steady-state and shut-in conditions.

The VHC of the SHCC is 1.29 (M J/m?.K). As shown in Table the volumet-

ric heat capacities of commonly used insulation material are below 1.5 (M J/m3.K).

Table 4.4: Thermal properties of commonly used insulation materials

Insulation material E(W/mK) p(kg/m3) ¢ (J/kg.K) VHC(MJ/m3.K)
Polyurethane 0.195 800 1800 1.44
Syntactic Foam 0.135 765 1950 1.49
Polypropylene Foam 0.17 700 1920 1.34
Polypropylene Reinforced 0.08 650 1750 1.14
Polyureathane Foam 0.03 700 1800 1.26
Polyureathane Syntactic 0.14 719.5 1500 1.08
Polyureathane Glass Syntactic 0.145 720 1700 1.22
Calcium Silicate Pipe Insulation 0.96 230 710 0.16
Cellular Glass 1.01 136 1400 0.19
Mineral Wool 0.925 149 840 0.13
Grooved Mineral 1.07 146 840 0.12

Figure [4.12] shows that the SP needs around 70 mm of extra insulation with a
VHC of the core layer material around 1.5 M J/m?.K. Thus, Thus, selecting a core
layer material with a higher VHC than that of the common insulation materials is
critical to improving the insulation performance of SPs. However, the VHC of solid
materials does not vary widely. There exists a noticeable inverse correlation between
a solid’s density and its specific heat capacity on a per-mass basis.

The Dulong-Petit law [127] states that the heat capacity of one mole of a solid
substance is a constant, which is 3R per Kelvin (where R is the gas constant ).
Based on the Dulong -Petit law, the magnitude VHC of a solid substance mainly
depends on the number of atoms per unit volume. For certain material, the specific

heat per mass, density, and VHC can be expressed as:

VHC:cXp:numx%

_ numXxXM . __ 38
P="N C=w

(4.1)

Where c is the specific heat per mass, M is the molar mass, 35 is the constant for
molar specific heat, p is the density, N is Avogadro’s number, num is the number
of atoms per unit volume.

Under the applicable rang of Dulong-Petit law, Equation shows that the
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atomic size of a substance has a great influence on the VHC. According to [12§],
there is an approximate tendency of atoms of most elements to be about the same
size, despite much wider variations in density and atomic weight. Therefore, the
VHC of solid substance has a small variation range from 1.2 to 3.5 M.J/m?.K.

Based on the above knowledge, there are two possible options to increase the
VHC of the SP core layer material:

1. A higher VHC can be achieved by incorporating the phase change material
(PCM) in the core layer. As discussed in section 2.1, the PCM possesses a

heat storage capacity that is far greater than normal insulation materials.

2. Increase the inner steel layer.

The investigation of the core layer material incorporated PCM is beyond the
scope of the thesis. The discussion focuses on the second option. It turns out that
the steel has a high VHC among solid substances (around 3.5 MJ/m3.K), and it
can be used to improve the insulation performance of the sandwich pipe. Steel is
commonly used to provide structural strength for the subsea pipeline and is never
considered as a material to provide thermal insulation. However, in the case of the
sandwich pipe, there are several advantages of utilizing the steel to store thermal
energy. First, the inner steel wall directly contacts with the produced fluid which
keeps the temperature of this steel part at the highest temperature compares to the
other layer. With the same VHC, steel can store more thermal energy than other
materials due to its ideal location in the pipeline. Second, a thicker inner steel layer
can offer not only a better insulation performance in the shut-in condition but also a
higher structural strength. Thus, within a proper range, a slightly thicker inner steel
layer would reduce the thicknesses of both the core layer and the extra insulation
layer. A comparison study is carried out between the original SP configuration and
a new scenario with a thicker inner steel layer to evaluate this strategy. See Table
4.0l

Table 4.5: Layer thicknesses for Scenario 1 and 2

Configuration 1 Configuration 2
Material Layer thickness (mm) Layer thickness (mm)
Inner steel layer 3 13
SHCC 31 21
Outer steel layer 3 3
extra insulation 72 50

Configuration 1 is the SP used in the previous study (see Table , and config-
uration 2 is the SP with 10 mm thicker steel wall and 10 mm thinner SHCC layer.
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Simulation in OLGA shows that configuration 2 can decrease the extra insulation
from 72 mm to 50 mm. Nevertheless, increasing the inner steel layer would increase
the cost and submerged weight of the SP, which should be considered carefully for
a balanced SP design.

With the knowledge that the inner steel layer also influences on the insulation
performance of the sandwich pipe, the design process of the SP becomes quite in-
teresting. On the aspect of structural design, the variation on the inner steel layer
influences the thicknesses of the core layer and outer steel layer. In terms of in-
sulation design, the thicknesses of the extra insulation and the core layers are not
the only two that affect the SP insulation performance. The inner steel layer can
be more efficient than the extra insulation to prolong the cool-down time. Besides,
since the core layer provides both structural resistance and insulation capacity, the
variation in the thickness of the core layer affects the insulation performance of the
sandwich pipe too. Thus, the SP should be considered as an integrated system for
an efficient design. An optimum design method combing both strength and thermal

insulation is requested.

4.2 A thermal analysis model for SPs

To simplify the model while capturing the main features of the physical problem,

the following assumptions were made:

e Single phase flow with constant properties was assumed. This assumption is
valid when fluid pressure is higher than the saturation pressure of the produced
fluid;

e The variations of kinetic energy and potential energy were neglected for the

fluid energy conservation equation;

e The heat conductions along the axial direction of the pipeline for both fluid

and SP wall were small enough to be neglected;

e The perfect thermal contact was assumed for the inter-layer surfaces of the
SP;

e No heat generation and phase change exist in any of the layers;
e The solid layers are isotropic with respect to heat conduction;
e Material properties of all solid layers are constant.

As illustrated in Figure [4.13] the fluid energy conservation equation can be writ-
ten by Equation
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M,

dx

Figure 4.13: Sketch illustrating the energy conservation of the fluid in an SP element
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Figure 4.14: Cross section area of the SP pipeline

oT oT
My, Ty — My, (Ty + a—fox) —Q =TmrgAzpsc, 8tf (4.2)
where M is the mass flow rate (kg/s), ¢, is the fluid specific heat (J/kg. °C), T} is
the fluid temperature (°C), p; is the fluid density (kg/m?), @ is the heat transfer rate
from fluid to the ambient environment (w), ¢ is time variable (s), and 1o = 1 — t;
is the inside radius of the inner steel pipe (m).

The heat conduction equation for the SP layers in the radial direction is:

Tar (k’ ’I“BT) = pchzag; , rioa<r<m (4.3)

where k; is the thermal conductivity of the i-th layer (w/m. °C), p; is the density of
the i-th layer (kg/m?), c,; is the specific heat of the i-th layer (J/kg. °C).

Steady-state model

Under the steady-state condition, the heat loss of the fluid can be expressed by

overall heat transfer coeflicient:

Q=2nrodxU(Ty —T,) (4.4)
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1
U= ——: (4.5)
1 r i rog 1
mt LR

where U is the overall heat transfer coefficient for multilayer pipe (w/m?.), T, is
the ambient temperature (°C), hy is the inner heat transfer coefficient between the
produced fluid and the SP inner surface (w/m?.), r;_; is the inside radius of the i-th
layer (m), r; is the outside radius of the i-th layer (m), nl is the total number of
layers of the SP and h, is the outer heat transfer coefficient between the ambient
fluid and the SP outer surface (w/m?.).

Since the fluid temperature is time independent in the steady-state condition,
the Equation [4.2] becomes:

dT
Mfc,,d—f — —2mrgU(Ty — T,) (4.6)
x
with the boundary condition: Tt (@=0y = Tin (4.7)

where T;, is the inlet fluid temperature (°C).
The temperature distribution along the SP under steady-state condition be-

comes:

_ 2mrgUx

Ty(z) = (T — Tu)e ™% + 1T, (4.8)

Similarly, the time dependent term in Equation [.3] vanishes in the steady-state

condition:

d dT;

With the boundary and the perfect thermal contact inter-layer condition:

0T,
hl(Tf—Tl):—kl_l at r=nryg (4.10)
or
oT; oT; .
kla— = k:i+1—+1; and T; =T;.; at inter-layer contact surface (4.11)
r r
oT,,
ha(Ty —T,) = —knla—l at T =1y (4.12)
r

The temperature distribution through the SP layers at the steady-state condition
can be obtained analytically with Equations [4.9] [£.10] [£.11], and [£.12]
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Transient model

Since the SP wall temperature changes in the transient condition, the heat transfer

from fluid to SP wall (Q) in the Equation should be defined as:
Q = 2mrodahy (Ty(t) — Ti(ro, 1)) (4.13)

Substituting Equation [4.13] into [£.2] and simplifying:

o
v
ot

8Tf - _th(Tf - T1 (To, t))

= 4.14
Ox TopfCp (4.14)

where
vf
is the fluid flow velocity (m/s).

In the shut-in condition vy = 0, the spatial derivative in equation was elim-
inated and the equation was solved explicitly by finite difference method. The pipe
wall temperature at the contact surface of liquid and pipe (71(ry)) was obtained by
solving the Equation [4.3 The Equation [4.3|was solved implicitly by finite difference

method with a second-order-accurate scheme. Applying the boundary conditions,

Equations [M.17] and [£.12] for pipe layers in the transient simulation reduces
the accuracy of simulation results since the model neglects the thermal capacity of

the pipe wall elements that locate at the boundary. Therefore, energy conserva-
tion equations were established for these elements to improve the accuracy of the
transient model.

Empirical equations for heat transfer coefficient

For the inner heat transfer coefficient (h;), both forced and natural convection were

considered. The Nusselt number (Nu) for laminar flow and transition state [126]:

Nu = 3.66 while Re < 2000 (4.15)

Nu = 0.01056Re — 17.46 while 2000 < Re < 2500 (4.16)

The Nusselt number for turbulent flow [129]:

Nu = 0.023Re*®Pr®? while 2500 < Re (4.17)
2pvsTo
Re = 72 (4.18)
iy
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pr = 1% (4.19)
ky

where Re is the Reynolds number, Pr is the Prandtl number, v, is the fluid flow
velocity (m/s), ps is the fluid viscosity (Pa.s), and ky is the thermal conductivity of
the fluid (w/m.°C).

Regarding the natural convection, the Nusselt number is approximated by the

Olivier’s correlation [126]:

Nu = 1.75[Re Pr +0.0083(Gr Pr)* "] (4.20)

2r0)’ p2g8; |AT
oy — (2ro) pf%ﬁf’ | (4.21)
Hy

where g is the gravitational acceleration (m/s?), B is the thermal expansion coeffi-
cient of the fluid, and |AT| is the temperature difference between the fluid and the
inner surface of the pipe.

Equation is effective when Gr/Re® > 1 that means the natural convection
is more dominant than the forced convection. The inner heat transfer coefficient is
calculated using the Nusselt number:

kN
hy = 2

(4.22)

2T0
Assuming the temperature of the outermost surface of the SP equals sea water

temperature, a large value was assumed for the outer heat transfer coefficient (h,)
[130].

Validation of the thermal model

The thermal model was constructed with certain assumptions and correlations for
convection coefficient. The validation of the thermal model is critical for a solid
base of this study. Therefore, the professional multiphase computational software

OLGA was employed to compare the simulation results with the developed model.

Table 4.6: SP configuration for model validation

Pipeline length (m) 3000
Innermost diameter of the SP (inch) 8
Thickness of inner steel layer (mm) 4

Thickness of the core layer (mm) 20
Thickness of outer steel layer (mm) 4

Thickness of extra insulation thickness (mm) 10
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Table 4.7: Related thermal properties

Material k (w/m°C) ¢ (J/kg°C) p (kg/m?)
Steel tube 50 500 7850
SHCC core 0.28 880 1473

Insulation material 0.16 1220 1040
Fluid (water) 0.606 4186 1000

Table 4.8: Temperature and flow rate information

Sea water temperature (°C) 2
Inlet temperature (°C) 60

The fluid temperature distributions along the pipeline calculated by software
OLGA and the thermal model are displayed in Figure [4.15. As shown, a good
agreement is acquired for temperature distributions in the steady-state condition
given by the model and OLGA.
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Figure 4.15: Temperature distributions calculated by the model and OLGA

The validation of the thermal model was evaluated by comparing the temperature
variation at x = 3000 m in the shut-in condition. Two mass flow rates, 5 kg/s and
15 kg/s, were simulated.

Figure shows that the temperature calculated by the thermal model is
slightly higher than the results by OLGA. However, the comparison shows that
the thermal model can perform with adequate accuracy in the transient simulation.
The simulated results comparison between the model and software OLGA shows
that the model is reliable for a horizontal laid SP where the fluid has no significant

phase change.
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Figure 4.16: Temperature variation with time in the shut-in condition at x = 3000m

4.3 Summary

This chapter numerically investigated the insulation performance of the SHCC SP. A
comparative study between the SP, the SW, the PIP and the FP was conducted. A
mathematical model for the heat transfer analysis of the SP was developed. Several

conclusions are summarized:

1. The SP outperformed the SW and the FP in the steady-state condition, but it
did not perform well in the shut-in condition. A relatively low volumetric heat
capacity (VHC) of the SHCC is part of the reason that explains the inadequate

insulation performance of the SP in the shut-in condition.

2. The parametric study presented in section 4.1.3 shows that increasing the
VHC of the core layer material results in the reduction of the required extra
insulation thickness for the SP. However, due to the natural limitation, it is
difficult for the VHC of a solid material to reach the required value to improve

the insulation performance of the SP.

3. Since the steel has a greater VHC than common insulation materials, the
numerical simulation shows that increasing the thickness of the inner steel
layer can effectively decrease the required insulation thickness of the SP in the
case study. However, increasing the thickness of the inner steel layer changes
the structural strength of the whole system. Further, the effectiveness of an
SP with thicker inner steel layer and thinner extra insulation layer needs to be
evaluated based on the cost function. Thus, an integrated optimal SP design
model combined with both structural and thermal insulation requirements is

of utmost importance for an efficient application.

4. A mathematical model for the heat transfer analysis in the SP was developed.
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A good agreement between the model and the OLGA software was achieved.

The model will be incorporated into the SP optimization model in chapter 5.
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Chapter 5
An optimization model for the SP

With the collapse pressure prediction model presented in chapter 3 and the thermal
analysis model developed in chapter 4, this chapter focuses on the development of an
optimal SP design model. Initially, an MINLP model is presented to minimize the SP
cost. Then, a case study was conducted to compare the SP configurations obtained
by the MINLP model and the design procedure by Castello et al. [9]. Considering
four typical pipeline locations, a parametric study is carried out to discuss the
optimal SP configurations for different scenarios. Based on the results, insightful
understandings on how to design an SP and how to improve the SP performance are
discussed. Besides, an optimization model of SWs is also developed to discuss the
cost ratios of the optimal SPs and the optimal SWs for different working conditions.

The preferred working conditions of SPs were emphasized.

5.1 An MINLP model for SP optimal design

5.1.1 Problem description

As the innermost diameter of a subsea pipeline is usually determined by the fluid
velocity, which is a predetermined parameter for the thermal insulation and struc-
tural requirements, the SP design model includes the decision of the thickness and
material for each layer. Typically, the configuration of a sandwich pipe can be de-
fined by a vector (t1,t,t3, aq, ). Further, an extra insulation layer can be applied
to sandwich pipes when high thermal insulation is required. Thus, thickness ¢, and
the material parameter a3 of the extra insulation layer should be included to fully
define the configuration of a sandwich pipe (t1, ta, t3, t4, a1, 2, a3), see Figure [1.2]
The design constraints of sandwich pipes can be classified into three categories:
structural requirements, thermal insulation requirements, and constraints of opti-
mization variables due to manufacturing or practical applications. The structural

requirements state that the sandwich pipe should keep its structural integrity un-
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der various loads in the application. In this study, the collapse pressure of an SP
should exceed the hydrostatic pressure of the working condition was selected as the

structural requirement, which is expressed by Equation

Pco(DlytlatQatBa a17a2) Z pseaghwd X Fsafe (51)

where pg., density of the seawater, hyq is the water depth (m), Fyqy. is the structural
safety factor, and (t,te,t3, a1, ) are the decision variables.

Since the extra insulation layer barely contributes to the structural resistance of
the SP system, (¢4, a3) are not included in the decision variables of the structural
constraint.

To prevent solid precipitations like wax or hydrate to form in the pipeline, the
thermal insulation requirements normally require the pipeline to maintain the fluid
temperature beyond a certain level in the steady-state condition and to provide
enough cool-down time in the shut-in condition. The cool-down time means the time
period for the fluid temperature to drop below the hydrate formation temperature
after the shut-in operation. The fluid temperature distributions in a pipeline in
both steady-state and shut-in conditions are related to many factors which mainly
include flow rate, fluid properties, inlet temperature, pipeline diameter, pipeline
length, pipeline configuration, and the surrounding seawater temperature. Since
the pipeline configuration is to be designed, all other factors are treated as input

parameters. The thermal insulation requirements can be expressed by Equations

(.2l and B.3t

Tmin<t17 t27 t37 t47 ag, Oy, Oég) 2 Treqm‘re (52)

tcool (th t2> t37 t47 aq, g, Oég) Z trequire (53)

where Thnin and Trequire are the minimum fluid temperature and the required mini-
mum temperature in the steady-state condition (°C), and t.p and t,equire are cool-
down time and the required cool-down time in the shut-in condition (h).

The constraints of the decision variables mainly involve limitations from the
commercial steel pipe sizes, the available core layer materials, the available insulation
materials. The relations between all the input parameters, constraints, and decision

variables are illustrated in Figure 5.1
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Figure 5.1: Logical relations among variables and constraints

5.1.2 Mathematical Model
Cost model of sandwich pipes

The cost model of SPs serves as the objective function in the optimization process.
Building a valid cost model of SPs is the premise of a correct optimization result.
The cost composition of traditional single-wall pipes can be a reference to construct
the cost model of SPs. According to Kaiser [I31I], the material and installation
services are the major cost of single-wall pipes. The cost model of SPs also can be

considered similarly as shown in Equation [5.4]

Ctotal = Csp X Nsp + Cins (54)
L

N, = — 5.5

-1 (5.5)

where Clotq is the total cost of the SP ($), N, is the number of SP sections, Cj,s is
the pipeline installation cost ($) L is the total length of the SP (m), and L, is the
length of a SP section (m).

Sandwich pipe section cost (Cj))

Steel pipe cost. Two steel pipes, inner steel pipe, and outer steel pipe are included
in an SP. Steel pipe cost is decided by the steel grade, diameter, wall thickness,
and fabrication method. Three steel grades X60, X70, and X80 were considered in
this study. A regression was developed from a database (three hundred data points
generated by the software Questor [132]) that relates costs and configurations of

steel pipes, see equation The database includes prices of standard size pipes
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with a diameter from 4 inches to 24 inches and different wall thicknesses. Within
the collected database, equation 5.6 gives the unit length cost of steel pipes with an

average error of 4.33%.

Cy = (1.92 + 1.2 x 10°; D; + 1.97 x 10°t; D;* — 5210¢; (56)
— 245 x 10°,D;%) x (1+8G); i=1,3 '

where C; is the cost per unit length of the i-th layer ($/m), ¢; is the wall thickness
of the i-th layer (m), D; is the outside diameter of the i-th layer (m), and SG is the
price coefficient of steel grade, see Table [5.1]

Table 5.1: Price coefficient of steel grade

Steel type  SG* SG**
X60 0.00% 0.00%
X70 2.75% 3.56%
X80 7.16% 9.30%

* for pipe with Diameter <= 14 inches
** for pipe with Diameter > 14 inches

Core layer cost. In this study, two materials, the SHCC and the PP, were considered
in the core layer. Both material cost and fabrication cost were considered for the
core layer. The price of the SHCC was assumed as the sum of the cost of concrete
and PVA fiber. NRMCA 2018 shows that the average concrete cost is $113 per
cubic yard [I33]. The fabrication of SPs with SHCC cores mainly involves injecting
the concrete into the annulus between inner and outer steel pipes. Therefore, with
concrete delivery and pouring, the price of concrete per cubic yard varies from $119
to $147 [134]. Considering the price and mass percentage of PVA fiber in SHCC
[135], the cost of the SHCC layer is $211.4 to $247.5 per cubic meter. The average
value of $229.45 per cubic meter was used in this study. As for the PP core layer,
the material cost of PP is $1530 per cubic meter [12], and 5% of material cost was
assumed for the fabrication cost factor of a PP core layer.
Extra insulation layer cost. An extra insulation layer can be applied on the external
surface of the outer steel pipe to achieve better insulation performance. Four subsea
insulation materials were evaluated in the optimization of SPs. Their price collected
by Yang et al. [12] are listed in Table 5.2 Also, 5% of material cost was assumed
for fabrication cost.

The cost per unit length of the core and the extra insulation layers can be
calculated by Equations and

Vi=m[(rie1 + t;)? — (ri,l)z} ; i=24 (5.7)
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Ci=Vix MC; x (1+ EF); i=2,4 (5.8)

where V; volume per unit length of the i-th layer (m?), r; is the outside radius of
the i-th layer (m), MC; is the material cost of the i-th layer ($/m?), and F; is the
fabrication cost factor for the i-th layer.

Based on Equations to , the cost of a sandwich pipe section (Cy,) can be

expressed as:

4
Cop=> CiLy, (5.9)
=1

In this study, the sandwich pipe section length L, was assumed as the standard

steel pipe section length 12m.

Table 5.2: Price of different insulation materials.
Material Unit price (US $/kg)

Syntactic PP 2.8

Rubber 1
Syntactic epoxy 4.15
PP 1.7

Installation cost (Cjs)

In order to model the installation cost of SPs, it is necessary to determine the
installation method for SPs. As discussed in section 2.3, reeling-lay could reduce
the SP installation cost by avoiding offshore welding process, reeling-lay method
with onshore welding process was assumed for the installation of SPs. The main
concern of applying the reeling-lay method is the limitation of pipe size. In this
thesis, SPs of all sizes were assumed to be installed by the reeling-lay method.

The installation cost (Ciys) can be considered as two parts, connection cost of

the pipe section and the lay barge cost, see equation |5.10]

Cins = CCOTL X (Nsp - 1) + Cvesse] (510)

where C,,, is the pipe section connection cost per joint ($/joint), and Cyesser is the
lay barge cost ($).

The lay barge cost Clessel Was considered independent to the SP configuration
and only the connection cost C.,, was included in the objective function. The

assumption is based on two reasons:
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e Since the welding process depends on the SP configuration, the connection

cost is directly related to the SP configuration.

e The lay barge cost is largely decided by the total working time of the lay barge
and its day rates [I31I]. The total working time is decided by the pipeline
length, water depth, weather condition, lay rate, and vessel mobilization time.
Among them, the lay rate is influenced by pipeline configurations when offshore
welding of pipes is necessary [50} [136]. Since the offshore welding is avoided
by the assumed installation method of SPs, the total working time could be
considered independent to the SP configuration. The day rate of a lay barge
is related to the vessel specification. Indeed, different SP configuration may
result in different vessel specifications with different day rate. However, for a
fixed innermost diameter, the variation among different SP configurations that
meet the same design requirements may not be significant. To simplify the cost

model, the lay barge cost was assumed independent of the SP configuration.

Connection cost using onshore welding. The onshore welding cost is decided by the
welding length, pipe thickness, and the welding filler material. A comprehensive
welding cost model proposed by Fekete et al. [I37] was employed to calculate the
onshore welding cost for SPs. E8010 electrode with a cost at 3.89 $/1b [137] was
assumed as the filler metal for pipes of all steel grades. The welding cost per joint,

which includes the welding for inner and outer steel pipes, can be expressed by

Equations and [5.12]

Cir; =2m(r; — t;/2); i=1,3 (5.11)
B . 10004 . 10005
Ccon = W@l(328 X 027”1, 25—4) + Wel(328 X 027’3, o5 4 ) (512)

where C'ir; is the perimeter of the i-th layer at ¢;/2 (m), and Wel is the welding cost
function by Fekete et al. [I37]. The input parameters were modified for dimensional
compatibility of the employed units.

Based on the aforementioned equations, the cost of a sandwich pipe can be
expressed by Equations [5.13}

4
Ctotal == Z CiLsp X Nsp + Ccon X (Nsp - 1) (513)

i=1

Note that the above cost function can serve as a proper objective function in
the optimization of the configuration of SPs since it covers costs related to the SP
configuration. However, for the cost estimation in real applications, the lay barge

cost should be included in the cost function.
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Thermal analyses of SPs

The established model in section 4.2 was employed to calculate the minimum fluid
temperature in the steady-state condition and the cool-down time in shut-in condi-
tion for different SP configurations and input parameters.

Two materials of the core layer, the PP and the SHCC, and four subsea insu-
lation materials were considered in the proposed optimization model. The thermal
properties of the materials of the steel layers, core layer, and the extra insulation
layer are shown in Table [5.3] And the fluid properties employed for all the case
studies are listed in Table (.41

Table 5.3: Thermal properties of different materials for each layer

Layer Material k(W/mK) p(kg/m?) ¢ (J/kg °C)
Steel layer Steel 50 7850 500
Core layer SHCC 0.28 1473 880
Insulation or core layer PP 0.22 900 1920
Syntactic PP 0.16 765 1950
Extra insulation layer Rubber 0.28 1300 2005
Syntactic epoxy 0.13 850 1240

Table 5.4: Oil properties

API grade 25.5
GOR (Sm3/m?) 145
Average ¢ (J/kg.”C) 2070

Average k (w/m.’C) 0.1308
Average viscosity (Pa.s) 0.0034

Structural analysis for SP

The estimation of the collapse pressure of SPs is complicated due to the interactions
between the layers. By providing accurate enough results without massive simula-
tions, the empirical equations developed based on large-scale numerical simulations
are a wise choice for the optimization model of SPs. The prediction equation pro-
posed in chapter 3 was employed to estimate the collapse pressure of the SHCC SP,
see equation [5.14]

Focusing on the PP SP, He et al. [45] developed two empirical equations for the
collapse pressure estimation, one for the PP SP with weak inter-layer adhesion and
another for the PP SP with strong inter-layer adhesion. In real applications, it is

possible to reach good adhesion between the PP core and the steel layers by applying
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proper adhesive. Thus, the empirical equation with strong inter-layer adhesion was

employed in this study, see equation [5.15]

" (3.2470.65:%)
Ppredict = — 5.84 + [7.66 (—1) (1 _ imp1)0'56
1
t (0.72+0.8872)
+ 14.12( = 1 — imma)0-356

— b I3 b2
y (Up)( 0.0226 .- —0.087 3 +0.4272)

1 — imp,)*?
: (1 = imp.)

Ppredm 4170 t_3 3.04 r 0.7 75_1 —0.126 o 0.915
Ep ’ T3 T3 1 Ep
t 0.163 r —0.22 t 1.138 o 0.53
0.059( — — — £ ) —0.136 5.15
(i) () () (R) e 6
" 0.04 , —4 " —0.32
+ 7.29E-6 <—3> (—1> (—1> imps 0077
3 rs 1

A value of 200 GPa was assumed for the elastic modulus of steel (E,). According
to the API 5L standard, the yield stresses (o,) of X60, X70, and X80 are 415 MPa,
485 MPa, and 555 MPa, respectively. In addition, I'mp;,7 = 1,3 is the initial

imperfection of the i-th layer. And a value of 0.5% was assumed for all the initial

" (4.25-0.7742)
+23.47 (—2)

imperfections.

Optimization model and Constraints

The optimization model of the SP configuration (¢1, ¢, t3, t4, o, g, cv3) can be con-
cluded as following;:

Given the input parameters (1}, My, D1, L, hyd, Twaz, Thydrates trequire) and the
produced fluid properties, minimize the SP cost function expressed by Equation
0. 10l

4
Ctotad(tl; t27 t37 t47 ag, Oy, Oég) - Z CiLsp X Nsp + Ccon X (Nsp — 1) (516>
i=1
With the structural requirement as one of the constraints, see Equation [5.17]

pghwd X Fsafe - Ppredict<Dl>tl>t27t3a aq, 042) S 0 (517)

And the thermal insulation requirements, see Equations and [5.19,
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Treuire_Tmintatat7t>aaaaa SO
Steady-state: ! (81,2, b3, 84, 01, 02, 03) (5.18)

Trequire = Twar

treuire_tcoo t,t,t,t,a,a,a SO

Shut-in: ‘ t(t1, 2, b2, bas 01, 0, ) (5.19)
Tmin|t:tmol = Thydrate

And constraints of decision variables, see Equation [5.20

/

by <t1 < uby, lby <ty < uby
lbs < t3 < ubs, by <ty < uby
i =1,23 ap=1,23..
as=1,2,3....

(5.20)

(
where Tj, is the inlet fluid temperature, My is the mass flow rate, D; is the outside
diameter of the inner steel layer, L is the whole length of the SP, h,4 is the water
depth, T\, is the wax appearance temperature, Thygree is the hydrate formation
temperature, and t,¢quire is the required cool-down time.

In Equation a value of 1.33 was set to the structural safety coefficient Fy, e
for PP sandwich pipes and single-wall pipes. Since the equation [5.14] was proposed
conservatively assuming a frictionless inter-layer condition, no safety coefficient was
applied to SHCC sandwich pipes.

According to the validation area of the empirical equations and [5.15] the
bounds of ¢; and ¢y were set as 0.02 < % < 0.09 and 0.65 < —“— < 0.85, respec-

r1+t2
tively. Market research shows that the ERW pipe can be fabricated with diameter

from 1/2 inches to 24 inches with thickness ranging from 2 mm to 22 mm [I3§].
Thus, 2 mm and 22 mm were selected as the bounds of the thickness of the outer
steel layer (t3). The extra insulation layer is not mandatory in the SP system. Thus,
0 mm and 100 mm were given to the bounds of the thickness of the extra insulation
layer (t4). The material parameter a; was set as integer and each integer represents

one material, see Table [5.5

Table 5.5: Settings of materials parameters

(cv) | Steel grade | (a3) | Insulation material
1 X60 1 Syntactic PP
2 X70 2 Rubber
3 X80 3 Syntactic epoxy
(cg) | Core material | 4 PP
1 SHCC
2 PP
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5.1.3 Model solving

Since the established model involves both continuous and integer variables, the op-
timization of SPs is a mixed-integer nonlinear problem. The penalty method was
applied to deal with both structural and thermal insulation constraints with the
penalty function proposed by Coath and Halgamugue [139]. Particle swarm opti-
mization (PSO) method [102] was first employed to solve the proposed model, where
the integer variables were rounded off after each iteration. Besides, several PSO vari-
ants, such as LPSO, CPSO [120], CPSOH [120], SLPSO [121], ELPSO [122], FIPSO
[123], and MLPSO [124], were evaluated in solving the problem. However, Due
to the complexity of the problem, the canonical PSO and the PSO variants per-
formed unstably, giving different optimal configurations at each run. The variation
of the material parameters showed significant impacts on the objective and con-
straint functions, which creates difficulties for the optimization algorithms. Thus,
another widely used stochastic search technique, genetic algorithm (GA) [101], was
tested. In genetic algorithms, each candidate solution is treated as chromosome, and
the decision variables are represented as genes that are part of the chromosome. To
deal with the integer variables in the proposed optimization model, the algorithm
was binary coded and the length of the gene of each integer variable was controlled
so that the corresponding binary string only represents integers. The application
of GA displayed a promising direction by giving more stable results. Finally, the
approach that combines PSO and GA proposed by Sahoo et al. [140] outperformed
all the tested algorithms showing good robustness and convergence in solving the
proposed model. In this GA-PSO algorithm, GA is operated first at each iteration
and then the personal best solution of each particle from PSO is improved by com-
paring to the survived candidate solutions from GA. With the updated personal
best particles, PSO is operated to finish the iteration. Figure [5.2] shows the flow
chart of the employed algorithm.

The different steps of the GA-PSO algorithm are as follows:

Step-1 Set population size, maximum number of generations, probability of

crossover, probability of mutation and the bounds of decision variables
Step-2 Set t = 0 (¢ represents the number of generation/iteration)
Step-3 Initialize the chromosomes/particles of the population
Step-4 Compute the fitness function for each chromosome/particle

Step-5 Find the global best chromosome/particle having the best fitness value
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Step-6 Divide the chromosomes/particles into two groups, viz. Pga(t) and Ppgo(t)

with equal population size
Step-7 Repeat the following until the termination criterion is satisfied:

(i) Increase the value of ¢ by unity

(ii) Conduct the evaluation on each individual of Pga(t)and transform all

individuals into binary form

(iii) Apply crossover & mutation operators on Pg4(t) to produce new pop-
ulation Pga'(t)

(iv) Transform individuals in Pga'(t) into real-number form and conduct

the evaluation

(v) Compare the fitness value of Pga(t) and Pga'(t), and store better

individuals to form Pg4(t + 1) using tournament selection

(vi) Conduct the evaluation for particles in Ppgo(t) and store the personal

best particle and global best particle

(vii) Improve the personal best particles in Ppgo(t) by comparing them
with the individuals in Pga(t + 1)

(viii) Compute the velocity of each particle
(ix) Obtain the new position of each particle Ppgo(t + 1)

(x) Conduct the evaluation of Ppgo(t+ 1) and improve the personal best

particles and the global best particle

(xi) Store the overall global best solution by comparing the best individual
in Pga(t+ 1) and the global best particle in Ppgo(t + 1)

Step-8 Print the position and fitness of overall global best solution
Step-9 end

The related settings of the PSO-GA algorithm used in this study are as follows.
The maximum iteration was 500. In GA, the population size was 50. The roulette
wheel method was applied to select the individuals for the mating process. A hybrid
crossover method that randomly employs single-point, double-point, or the uniform
crossover was employed. The offspring size was set equal to the original population
size. A value of 0.05 was set for the mutation probability. The new population
was generated based on tournament selection. In PSO, 50 particles were set for
the swarm. The canonical PSO was employed with the inertia coefficient gradually
decreasing from 0.855 at the beginning to 0.345 at the end of the algorithm. Both

social personal and social acceleration coefficients were set to 1.49445.

102



*
O = ‘ Update Population by GA ‘
0 l: 4—‘ 50% OO | 1o
o " &
s |O o & }—n
g O O O Update Population by O
f e o ©
§ |0 o L 2 O
i o)
@) O o)
o o Ao T
O O 50% 0

'y

Print the result

Figure 5.2: Flowchart the of the GA-PSO algorithm (adopted from [140])

5.2 Case study

A case study was conducted to evaluate the performance of the proposed optimiza-
tion model. An SP of 8 inches was assumed to transport hydrocarbon fluid from
a subsea manifold to a riser base. The input parameters are listed in Table |5.6|
The insulation requirements were put as the SP should keep the fluid temperature
beyond the wax appearance temperature in the steady-state condition and provide
enough cool-down time, which is 8 hours in this case, before the fluid temperature
drops below the hydrate appearance temperature in shut-in condition. As men-
tioned before, the fluid information shown in Table was employed. Note that, in
the real application, the appearance temperatures of wax and hydrate are related
to the fluid properties. However, in this study, they were treated as input variables
that are independent of the fluid properties. The proposed model was employed to
obtain the optimal configuration of SPs. The GA-PSO algorithm was run five times.
And good robustness and convergence were achieved, see Figures and [5.4]

Table 5.6: Input parameters for case study

D1 (lnCh) 8 Thyd?“ate <°C) 25
L (m) 6000  trequire (h) 8

hoa () 2500 Theq ((C) 2
T, (C) 55 My (kg/s) 60
Tpaw ((C) 39
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Figure 5.4: Violation of thermal insulation constraints of each iteration

As shown in Figures [5.3] and at the late iterations of the GA-PSO, the
violation of the structural constraint and that of the thermal insulation constraint
in the steady-state condition are -71.8 and -9.85, which, according to the constraints
defined by Equations[5.17/and [5.18] indicates that the optimal SP found by the model
has the structural strength and the insulation capacity that exceed the structural
requirement and the thermal insulation requirement in the steady-state condition.
In this case, the collapse pressure of the optimal SP is 71.8 MPa higher than the
required external pressure capacity. And the minimum temperature of the optimal
SP in the steady-state condition is 9.85 °C higher than the required temperature.
Meanwhile, the violation of the thermal insulation constraint in the shut-in condition
converges to zero which means, with the present input parameters, the thermal
insulation requirement in the shut-in condition is the principal requirement that
controls the optimal SP configuration. To design an SP with structural strength
and insulation capacity that exceeds the related requirements seem to be inefficient,

which shows the complexity of the design of SPs and the necessity of a suitable
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design method.
Castello et al. [9] briefly introduced their design procedure of SPs. Their design

procedure is summarized as follows:

1. With the specified core material, the thickness of the core layer is determined

by attending the insulation requirement in steady-state condition.

2. With the determined core layer, the thicknesses of inner and outer steel pipes
are increased simultaneously until the sandwich pipe possess enough structural

resistance.

3. If necessary, the thickness of the extra insulation layer is increased until the

SP meets the cool-down time requirement.

Since the decision of the materials was not included in their procedure, two SP
configurations were developed using SHCC and PP as core materials, respectively.
X60 steel grade was assumed for the steel layers and the syntactic PP for the extra
insulation layer. The results were compared with the optimized SP configuration.
Furthermore, the configuration of an SW was also developed for comparison. X60
steel grade and PP were assumed for the SW materials. Using a safety factor equals
to 1.33, the thickness of the steel pipe was determined by the DNV code [125]. The
proposed thermal model was employed to determine the thickness of the insulation
layer of the SW. The proposed cost function was modified for the cost estimation of
the SW. The configurations of SPs and SW are displayed in Table [5.7]

Table 5.7: Pipeline configurations and costs
Configurations of SPs and SW

Label t ty t3 ty a1 ay az Cost (3)

Optimal SP 2 bh47 2 256 1 1 1 783456.9

Castello et al. (SHCC SP) 4.2 27 42 37 1 1 1 1169713.2

Castello et al. (PP SP) 53 202 53 35 1 2 1 1392424

Single-wall 11.3 - - 645 1 - 4 1309056.1

Table 5.8: Cost composition for each pipe configuration
Cost composition
Label Steel layers Core layer Insulation layer Welding cost

Optimal SP 41.60% 7.80% 47.40% 3.20%
Castello et al. (SHCC SP)  53.30% 2.30% 40.60% 3.80%
Castello et al. (PP SP) 55.20% 9.80% 30.80% 4.10%
Single-wall 56.50% - 39.90% 3.60%

105



10> Cost comparison of different SPs and SW

16 - | I Cost of steel layers
[ Cost of the core layer
|1 Cost of the insulation layer
141 Welding cost

Cost($)

0 | S
OptimalSP Castello-SHCC SP Castello-PP SP sw

Figure 5.5: Cost comparison of SPs and SW

As shown in Figure [5.5] the optimal SP has the minimum cost. Comparing
with the existing SP design procedure, the proposed optimization model is able to
decrease the SP cost by 32.7% for the SHCC SP and 43.5% for the PP SP. Further,
the cost of the optimal SP is only 60% compared with the SW. Table gives the
cost composition of each pipe configuration. For all the pipe configurations, the
costs of the steel layers and the insulation layer account for large proportions of the
total cost, which range from 41.6% to 56.5% and from 30.8% to 47.4%, respectively.
In the meantime, the welding cost and the cost of the core layer account for less
than 5% and 10%. Due to the low cost, the good structural, and adequate thermal
insulation functionalities of the SHCC material, the optimization model selected the
SHCC as the core material and increased the thickness of the core layer to the upper
limit. In this way, the optimal SP configuration has the lowest cost among all the
pipe configuration by reducing the costs of the steel layers, the insulation layer, and
the welding process.

The optimization model showed promising performance in finding the optimal
SP configuration among the wide range of thicknesses and materials. Note that,
without proper design procedure, the SP solution could be more expensive than
the SW solution. In this case study, the SP with PP core designed by the existing
procedure is 1.06 times that of the SW.
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5.3 Parametric study

5.3.1 Parameter range

The established optimization model was employed for a parametric study where the
optimal SP configurations under different working conditions were discussed. Similar
to the case study, T'ye, and Thydrate Were assumed independent of the fluid properties
and the fluid properties were shown in Table 5.4l Different combinations of the
input parameters (75, My, D1, L, hyd, Twaz, Thydrates trequire) Tepresenting different
working condition were established as follows.

For the parametric study to focus on the practical working conditions, the differ-
ent positions of the pipelines in a subsea production system should be discussed first.
Normally, the inlet flow rate M and the inlet fluid temperature Tj,, of a pipeline are
related to the location of the pipeline in a subsea production system, see Figure |5.6|
For instance, the pipelines that connect wellhead and manifold usually have higher
Tin, and lower M than that of the pipelines that locate between manifold and the
touch down point (TDP). Further, the diameter D; of a pipeline is related to the

flow rate My, which can be defined, by Palmer et al. [136], as D, = é\%{] where
the unit for My is barrel per day and for D, is inch. Besides, the pipeline length is
related to the diameter of the pipeline, since pipelines with large diameters carry-
ing large amounts of fluid usually need to reach places further than those pipelines
with small diameters. Therefore, it is rational to define these four input parameters

(T3, My, Dy, L) based on the pipeline locations in a subsea production system.

Subsea equipments Shore

Wellhead (8000 bbl/day)

@)  Wellhead (18000 bbl/day)

. Manifold (4 slots)

A Pipeline Ending Manifold (PLEM)
W reso
Touch Down Point (TDP)

Subsea pipelines

Type 1: Wellhead to Manifold
= Type 2: Wellhead to TDP

= Type 3: Manifold to TDP or PLEM
wes  wmm Type 4: PLEM to Shore

Figure 5.6: A typical subsea production system
The subsea pipelines were classified into four categories based on their locations,
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which covers most subsea pipelines (Figure . 8000 bbl/day is a reasonable pro-
duction rate for a subsea well, while the production rate per well can easily reach
18000 bbl/day in the pre-salt reservoir. A 4 slots manifold was assumed in the sub-
sea production system and the three 4 slots manifolds were connected to the pipeline
ending manifold (PLEM) where the fluid is transported directly to an onshore fa-
cility. The wells with 8000 bbl/day production rate were connected to the manifold
and the wells with 18000 bbl/day production rate were connected to the touch down
point. The wellhead temperature of all wells was assumed to 70 °C. Considering the
heat loss from wellhead to manifold, the temperature at manifold was given as 54
°C. Likewise, the temperature at PLEM was assumed to 50 °C. The diameters were
calculated using the flow rates and the pipeline lengths were assumed based on the
pipeline locations. Table [5.9 summarizes the pipeline locations and related input
parameters. The rest input parameters (hwd, Twazs Dhydrate, trequire) are independent
of the locations of pipelines. Typical values representing different structural and
thermal insulation requirements were assumed, see Table [5.10] The sea water tem-
perature T, was determined by the water depth based on the thermocline of sea

water in tropical area [141].

Table 5.9: Assumed input parameters and pipeline location

Locations My(kg/s) Di(inches) L (m) T, (C)
Type 1: Wellhead to manifold 10.4 4 1200 70
Type 2: Wellhead to Riser 23.4 6 8004 70
Type 3: 4 slots Manifold to TDP/PLEM 41.6 8 5004 o4
Type 4: PLEM to Shore 124.8 14 32400 50

Note: 1 bbl/day = 0.0013 kg/s

Table 5.10: Parameter ranges for the parametric study
hwd (I’Il) Tsea (OC) Twaaz (OC) Thydrate (OC) trequire (h)

1000 7 39 26 8
1500 5 30 20 12
2000 4.5 21 14 16
2500 4.2
3000 4.1

Note: T, varies with h,g

The parameters in Table form 135 different combinations. Thus, the opti-
mal SP configurations were calculated under 135 working conditions with different
water depths and thermal insulation requirements for each pipeline location shown
in Table 5.9, Totally, 540 working conditions were investigated using the established
SP optimization model. For comparison purposes, the SW configurations were also

developed for each working condition. For a fair comparison, a similar optimization
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model of SWs was established. The structural constraint equation comes from the
DNV code [125]. Other equations like cost function and thermal insulation con-
straint equations were obtained by simplifying the corresponding equations in the
SP optimization model. The optimization model of SWs gives the SW configuration,
which includes thicknesses and materials of the steel layer and the insulation layer,
with minimum cost.

Note that the PIP was not included in the comparison. Due to its non-structural
core layer, the PIP requires significant thickness for both its inner and outer layers
to sustain loads in deep or ultra-deepwater applications. Thus, the cost for the PIP
would be considerably higher than the cost of the SP or SW. In fact, the design
purposes of the PIP and the SP are different. The SP was proposed to decrease
the subsea pipeline cost while the PIP was proposed to provide enough thermal
insulation when severe insulation requirements are encountered. Since the objective
function in the established model is the pipeline cost model, it is not fair to compare
the SP and the PIP in this parametric study.

5.3.2 Results and discussion

It is important to explain the method used to create the following figures, see Fig-
ures - The red points on each surface in these figures represent the results
calculated by the SP optimization model. One of the main purposes of the para-
metric study is to discuss the variation tendencies of important parameters like the
SP configurations and costs under different working conditions. Thus, to represent
clearly the variation tendencies, linear interpolation was used to generate surfaces
between the red points in 3D space under the Matlab environment [142]. Sur-
faces between the red points created by linear interpolation may not give the exact
results but are enough to display the variation tendencies. Besides, the SP opti-
mization model can be used to generate exact results when requested. In Figures
-[5.18] the x-axis and y-axis represent the required minimum fluid temperature
(Trequire) in the steady-state condition and the required minimum cool-down time
(trequire) in the shut-in condition, respectively. With the z-axis represents the wa-
ter depth (hyq), a 3D space of the structural and thermal insulation requirements
was formed representing different working conditions, where a color bar shows the
value of the interested parameter like costs of the optimal SPs under corresponding
working conditions. The following discussion focuses on the cases with the same
hydrate appearance temperature (Thygrate = 20°C'). Thereby, the thermal insulation
requirements in the shut-in condition only relate to the required cool-down time.
Note that the employed thermal requirements may not be practical for a real

subsea production system. Since the temperature of the produced fluid decreases
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from the upstream to the downstream in a subsea production system, the required
minimum temperature for the upstream flowline (type 1, 2 and 3 pipelines) should be
higher than the critical temperature (Tyaz, Thydrate) to avoid wax or hydrate forma-
tion in the downstream pipeline. Thus, a systematic optimization design considering

the whole subsea production system is necessary for a real application.

Type 1 pipeline: Wellhead to Manifold In a subsea production system, a type
1 pipeline, connecting a wellhead and a manifold, normally has a smaller diameter,
a lower flow rate, higher inlet temperature, and moderate length. Figure shows
the costs and the constraints violations of the optimal SPs at type 1 location under
different working conditions. As shown in Figure [5.7}a, the cost slightly increases
along with the water depth (h,q). The cost remains unchanged with the increases of
the required minimum temperature (7.cquire) While an increase of the required cool-
down time (t,equire) significantly increases the cost of the optimal SP. Figures b,
b.7c and [5.71d explain the variation tendencies of the cost with respect to Ay,
Trequire, and trequire by displaying the constraint violation values. The Equations
(.17, [6.18] and [5.19] define that the constraint violation values cannot be positive.

By definition, a zero violation value indicates that the designed SP can just meet the

corresponding design requirement, while a negative violation value means that the
designed SP is able to meet a higher design requirement. For an SP configuration
with a negative constraint violation value, the adjustment of the SP configuration
is not necessary until the design requirement exceeds the corresponding capacity of
the SP. As shown, the violation values of the structural constraint (Figure [5.7}b)
and the steady-state insulation constraint (Figure ¢) remain negative. Thus, the
cost and configuration of the optimal SP are not sensitive to the variations of h,q
and T}equire- In contrast, the violation values of the thermal insulation constraint
in the shut-in condition equal zero for all the cases (Figure d). The optimal SP
can just meet the required cool-down time and needs adjustment with the increase
of trequire- Therefore, the cost of the optimal SP varies along with #,cquire. In this
case, trequire 15 Teferred as the principal design requirement.

Figure displays the layer thicknesses of the optimal SPs under different work-
ing conditions. In Figure a, the thickness of the inner steel layer (¢;) increases
along with hyg and tequire. And t; barely varies with respect to Tiequire. In Fig-
ure [5.8}b, the thickness of the core layer (t5) stays close to its lower bound (Ibs)
for most optimal SPs. It is interesting to see that the thickness of the outer steel
layer (t3) equals 2 mm, which is the lower bound, for all the cases (Figure [5.8-c).
It shows that the thicknesses of the outer steel layer and the inner steel layer are
not necessarily the same. In Figure d, the thickness of the insulation layer (t4)

varies from 62.5 mm to its upper bound (ubs). The variation of ¢, is mostly in-
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fluenced by t,equire. Table [5.11] shows the employment frequency of each material
by the optimal SP configuration in all cases. As shown in the column of type 1
pipeline, X60 steel was employed by the optimal SP for the steel layers in 95.56% of
all the working conditions while X70 and X80 steels were barely employed. For the
core layer, the employment frequency of SHCC (66.67%) is two times of that of PP
(33.33%). Due to its cheap price, rubber was employed by the optimal SP under
53.33% of all the investigated conditions while syntactic epoxy was not employed
under any investigated conditions.

Figure shows the cost ratio of the optimal SPs and the optimal SWs under
different working condition. As shown, at 1000m of water depth, the cost ratio is
higher than 1.1 indicating that the optimal SP is more expensive than the optimal
SW. With the increase of water depth, the cost ratio slightly decreases. However,
the cost ratios of all the investigated cases range from 0.98 to 1.12, which indicates

that the replacing SWs by SPs for the type 1 pipeline cannot reduce the pipeline
cost.
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Figure 5.7: Costs and constraints violations of the optimal SPs at type 1 location
under different working conditions (Thyarate = 20°C): (a) Costs; (b) Structural
violation; (c) Steady-state violation; (d) Shut-in violation

Type 2 pipeline: Wellhead to Riser For subsea wells with a high production
rate, the produced fluid can be transported directly to an FPSO through a subsea
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Figure 5.8: Thicknesses of each layer of the optimal SPs at type 1 location under
different working conditions (Thygrate = 20°C'): (a) t1; (b) ta; (c) t3; (d) t4
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Figure 5.9: Cost ratios of the optimal SPs and the optimal SWs at type 1 location
under different working conditions (Thydrate = 20°C')

pipeline and a riser. This scenario is normal in the pre-salt reservoir of Brazil.
Type 2 pipeline represents the subsea pipeline in this situation. Figure [5.10] shows
the cost and the constraints violations of the optimal SP at type 2 location under
different working conditions. Similar to type 1 location, t,equire is the principal
design requirement and dominates the cost of the optimal SP while the influences

of hyq and Tequire On the cost are negligible.
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Table 5.11: Employment frequency of each material in the optimal SP configurations
at 4 types of location

Material Steel grade EF EF EF EF
parameter (Type 1) (Type 2) (Type 3) (Type 4)
1 X60 95.56%  100.00%  100.00%  100.00%
2 X70 4.44% 0.00% 0.00% 0.00%
3 X80 0.00% 0.00% 0.00% 0.00%
Material Core material EF EF EF EF
parameter (Type 1) (Type 2) (Type 3) (Type 4)
1 SHCC 66.67%  100.00%  100.00%  100.00%
2 PP 33.33% 0.00% 0.00% 0.00%
Material Core material EF EF EF EF
parameter (Type 1) (Type 2) (Type 3) (Type 4)
1 SPP 28.89% 71.11% 64.44% 37.78%
2 Rubber 53.33% 0.00% 0.00% 26.67%
3 Syntactic epoxy  0.00% 0.00% 0.00% 0.00%
4 PP 17.78% 28.89% 35.56% 35.56%

Note: (1) EF = Employment frequency of each material;
(2) Statistics includes all the data points at Thygrete = 20°C

Figure and Table display the thickness and material of each layer of the
optimal SP at type 2 location, respectively. As shown in Figurep.11}a and [5.11}c, ¢
and t3 of the optimal SPs stay at their lower bounds, which indicates that applying
thin steel layers to SP is critical to cost-saving. In contrast, t5 of the optimal SP
varies near its upper bounds which means a thick core layer of an SP is preferable for
cost reduction (Figure b). The value of t, varies along with the ¢,cquire (Figure
d) showing the main reason of the variation of cost in Figure a. Table
shows that, for type 2 pipeline, all the optimal SPs employed X60 steel for the steel
layers and SHCC for the core layer. And syntatic polypropylene and polypropylene,
with 71.11% and 28.89% of employment frequency, are preferred insulation material
for the optimal SPs at type 2 location.

Figure [5.12| shows the cost ratios of the optimal SPs and the optimal SWs for
type 2 pipeline. It can be seen that the cost ratio decreases with the increase of h,q4
or the decrease of ¢,¢quire. The minimum cost ratio reaches 0.7 with h,q = 3000 and
trequire = 8. In general, the application of SPs for type 2 pipeline results in lower
cost that the application of SWs. The cost-saving effect is small for the application
of water depth at 1000m and it increases considerably with the increase of water
depth.

Type 3 pipeline: Manifold to PLEM/TDP As a flow section after the subsea

manifold, the type 3 pipeline is quite common in a subsea production system. Similar
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Figure 5.10: Costs and constraints violations of the optimal SPs at type 2 location
under different working conditions (Thygrate = 20°C): (a) Costs; (b) Structural
violation; (c) Steady-state violation; (d) Shut-in violation

to type 1 and type 2 pipelines, the cost variation of the optimal SP is dominated
by trequire and is slightly influenced by hq, see Figure [5.13}a. Figures[5.13}b, [5.13}c
and d illustrate that ¢,equire is the primary design requirement which mainly
decides the cost of the optimal SP.

Figure gives the thicknesses of each layer of the optimal SPs at type 3
location. A similar pattern was observed, the thicknesses of the steel layers equal
their lower bounds (Figures [5.14ta and [5.14}c) while the thickness of the core layer
stays at its upper bound (Figure b). Figure d shows that the insulation
layer thickness primarily varies along with ¢,c4uire. In the type 3 column of Table
b.11] X60 steel and SHCC were employed for the steel layers and the core layer
in all the optimal SPs. Syntatic polypropylene and polypropylene, with 64.44%

and 35.56% of employment frequency, are the preferred insulation materials for the
optimal SP at type 3 location.

By displaying the cost ratios, Figure [5.15] marks the preferred application con-
ditions of SPs. The cost ratio of the optimal SPs and the optimal SWs varies from
0.45 to 0.83, which illustrates promising benefits of applying SPs for type 3 pipelines.
With h,q = 3000 and t,cquire = 8, replacing SWs by SPs for type 3 pipeline could
save the pipeline cost up to 55%.
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Figure 5.11: Thicknesses of each layer of the optimal SPs at type 2 location under
different working conditions (Thyarate = 20°C): () t1; (b) t2; (c) t3; (d) t4
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Figure 5.12: Cost ratios of the optimal SPs and the optimal SWs at type 2 location
under different working conditions (Thydrate = 20°C)

Type 4 pipeline: PLEM to Shore Type 4 pipeline is a long pipeline with a
large diameter that transports a large amount of produced fluid. Type 4 pipeline
can be employed in a subsea-to-shore scenario or in a common subsea production
scenario where a long tieback is needed. In Figure [5.16}a, the cost of the optimal
SPs slightly increases with the increase of hy,q Or tyequire. The cost of the optimal SPs
increases considerably along with Tr.cquire When Trequire > 30. Figures [5.16}b, [5.16}c,

115



Typed: (a) Costs x10° Typed: (b) Structural constraint violations

&
o
Violation value (MPa)

15 ™

f% T T T
“ = 25 )
i oA Twﬂ.“"“k

Type3: (d} Shut-in constraint violations

112 5 2500 s = 0.5 T
44 = o o 2
s g = e T
468 & 00 o E]
= 3 ——" 3 9
w5 c B = :
B 1500 | e 2
20 S_c-r 2
i - S >
= 1000 | : 0.5
5 e :
. 26 ’ 0

Figure 5.13: Costs and constraints violations of the optimal SPs at type 3 location
under different working conditions (Thygrate = 20°C): (a) Costs; (b) Structural
violation; (c) Steady-state violation; (d) Shut-in violation

and [5.16}d explain the variation tendency of the optimal SP cost. The structural
constraint violation remains negative for all the cases (Figures b) indicates that
the structural design requirement would not dominate the optimal SP configuration
until the structural requirement exceed the structural strength of the current optimal
SP. It is interesting to see that, unlike the previous pipeline types, t,cquire is not the
principle design requirement under all the working conditions. T}.cqyire becomes the
principle design requirement when T}.c4uire > 30 and dictates the optimal SP cost.
The fact that type 4 pipeline has a huge length (32400 m) causes considerable heat
loss of the fluid during transportation in the steady-state condition. Thus, ensuring
that Tinin >= Trequire becomes challenging for the SP when T'.¢qyire increases.
Figure [5.17] and Table [5.11] show the optimal SP configurations under different
working conditions. Again, a similar design pattern was observed, the thicknesses of
the steel layers are kept to their lower bounds (Figure a and c) while the
thickness of the core layer is kept to its upper bound (Figure [5.17}b). Figure[5.17-d
shows that, when T}cquire < 30, the optimal SP needs small or no extra insulation
layer. The type 4 pipeline column in Table displays similar material choices
made by the optimization model for the type 4 pipeline to that of other types of
pipelines. The X60 steel for the steel layers and the SHCC for the core layer. The
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Figure 5.14: Thicknesses of each layer of the optimal SPs at type 3 location under
different working conditions (Thyarate = 20°C): () t1; (b) t2; (c) t3; (d) t4

Type3: Cost ratios of the optimal 5Ps and SWs

3000

2500 -

1500 -

Cost /Cost,,,

Figure 5.15: Cost ratios of the optimal SPs and the optimal SWs at type 3 location
under different working conditions (Thydrete = 20°C')

extra insulation layer employed syntatic polypropylene (37.78%), rubber (26.67%)
and polypropylene (35.56%).

Figure marks the preferred application conditions of the SPs. As shown, SPs
exhibit substantial advantages over SWs for the type 4 pipeline with the cost ratio of
SPs and SWs ranges from 0.25 to 0.74. The cost ratio decreases substantially with
the increase of h,q. Even with the small water depth (h,q = 1000), replacing SWs
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by SPs would result in cost reduction ranges from 45% to 60%. For ultra-deepwater
(hwa = 3000), the cost of SPs is only 25% to 45% of the SW cost.
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Figure 5.16: Costs and constraints violations of the optimal SPs at type 4 location
under different working conditions (Thygrate = 20°C): (a) Costs; (b) Structural
violation; (c) Steady-state violation; (d) Shut-in violation

5.4 Summary
The contributions and conclusions of this chapter can be summarized as follows.

1. A cost model of SPs, including the costs of material and fabrication for each

layer and the welding cost, was proposed.

2. An MINLP model for the SP optimal design was developed. Several stochastic
optimization algorithms were tested for a robust solution to the proposed

model. The GA-PSO algorithm was proven to perform stable and robust.

3. Using typical input parameters, a case study was conducted to verify the
optimization model by comparing its results with the SPs and SW obtained
from previous design procedures. The proposed optimization model was able
to decrease the SP cost by 32.7% for the SHCC SP and 43.5% for the PP SP.
Further, the cost of the optimal SP is only 60% of that of the SW.
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Figure 5.17: Thicknesses of each layer of the optimal SPs at type 4 location under
different working conditions (Thyarate = 20°C): () t1; (b) t2; (c) t3; (d) t4
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under different working conditions (Thydrate = 20°C')

4. The optimal SP configurations under different working conditions were inves-
tigated. Due to the abundance of the input parameters, the subsea pipelines
were categorized into four types so that the length, diameter, inlet fluid tem-
perature, and the mass flow rate of the pipeline are defined in practical appli-
cation ranges. For each pipeline type, the calculation results were visualized

by 3D surfaces. Through the parametric study, some insights were obtained,
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as described below.

e Performance improvement
Figures [5.7], 5.10} and [5.13] show that the costs of the optimal SPs are
mainly affected by the required cool-down time (¢,cquire). All the shut-

in constraint violations equal zero, indicating that the optimal SPs can
just meet the shut-in design requirement. Thus, for SPs at types 1, 2,
and 3 locations, the required cool-down time (t,equire) is the principal
design requirement. For the SP at type 4 location, the principal design
requirement changes from t,equire t0 Trequire When Theguire > 30 (Figure
. Meanwhile, the increase of the water depth hardly influences the
SP costs. The structural constraint violations, in most cases, are negative
values. Figures [65.10, [6.13] and [5.16] illustrate that, for the investi-

gated cases, thermal insulation requirements like #,cqyire and Tiequire are

more challenging than the structural requirement for the SP. To satisfy
the thermal insulation requirements, the optimal SP inevitably employed
a thick core layer which results in an SP with the structural strength
that exceeds the structural design requirement. In this sense, the high
structural strength is low efficient. Besides, a thick core layer can cre-
ate installation problems. Thus, the proposal of new materials, with
adequate structural properties, to improve the thermal insulation per-
formance, especially in the shut-in condition, is promising for a further
improvement of the SP optimal design. Cementitious composites that
incorporate phase change material could be a wise direction, but the SP

final cost must be controlled.

e SP design with current materials
Based on the observation of the SP optimal configurations some points
are emphasized. The thickness of the inner steel layer not necessarily
equals the thickness of the outer steel layer (Figure a). The steel lay-
ers should be as thin as possible in most cases. X-60 steel grade is more
efficient in cost than both X-70 and X-80. A thick core layer is helpful
for an economical design since the core material provides both structural
and thermal insulation functionalities. And SHCC is more efficient than
the PP as the core material for most of the cases. Syntactic epoxy is
not suitable for the SP insulation layer due to the high cost. The other
three insulation materials were employed in the SP optimal configura-
tions. No obvious pattern exists to define the material and thickness of

the insulation layer.

o Insights on the preferred working conditions of SPs
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SP is not suitable for pipelines with a small diameter. For the type 1
pipeline with 4 inches of the innermost diameter, SPs can be even more
expensive than SWs. However, for pipelines with diameters beyond 6
inches, the advantage of applying SPs becomes noticeable. For the type
4 pipeline with 14 inches of the innermost diameter, the cost ratio of SPs
and SWs ranges from 0.25 to 0.74. Further, the cost ratio decreases with
the increase of the water depth, indicating that replacing SWs by SPs
in deeper water yields higher cost reduction. The cost ratio is smaller
for the cases with lower ¢,cquire and Tjequire, Wwhich means that working
conditions with lower thermal insulation requirements are preferable for
SPs. In general, the preferred application condition of SPs includes large
pipeline diameter (larger than 6 inches), large water depth, and low ther-
mal insulation requirements. In this study, the minimum cost ratio of SPs
and SWs reached 0.25 which shows a high potential for SPs in deep-water

applications.

5. The proposed optimization model considers three design constraints based on
structural strength and thermal behavior. However, in an actual application,
more constraints associated with the installation process and the corrosion

problem under operational conditions should be included.
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Chapter 6

Conclusion and future work

6.1 Overall summary

Sandwich pipes have been studied for decades. It is proven to be a promising solution
in deepwater applications. However, a proper design method, which is critical for
the SP application, has not been reported yet. This thesis made efforts to develop an
optimal SP design model considering structural and thermal insulation requirements.
To be specific, an optimization model was proposed with constraints including the
required SP collapse pressure under the corresponding water depth, the minimum
working temperature in the steady-state condition, and the required cool-down time
in the shut-in condition.

On the structural strength aspect, a finite element model correlated by experi-
mental results was established for the SHCC SP collapse simulation. A parametric
study consist of 6000 cases was conducted to analyze the collapse pressure and post-
buckling behavior of SHCC SPs with different configurations, where the effects of the
thickness and ovality of each layer and the steel grade on the collapse behavior were
investigated. The accuracies of the previous analytical solutions for the SP collapse
pressure were evaluated by the experimental results. Based on machine learning, a
wide range of equation forms were tested for a suitable prediction equation of the
SP collapse pressure.

On the thermal insulation aspect, a comparative study was carried out in the
OLGA software to analyze the insulation performance of the SHCC SP. The rela-
tionship between the thermal properties of the SP core layer and the SP insulation
performance was investigated. Further, a mathematical model for heat transfer
analysis in a multilayer pipeline was developed and verified against the simulation
results by the OLGA software.

Finally, an MINLP model was established for the SP optimization. A case study

was conducted to test the optimization model. A parametric study, which covers
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most of the working conditions for subsea pipelines, was finished to investigate the

optimal SP configurations under different application scenarios.

6.2 Conclusion

Since most of the findings are presented in the summary section of each chapter, the

major findings and contributions of the thesis are summarized below.

A special collapse behavior of SHCC SPs and a new collapse mechanism
The parametric study in section 3.1.3 revealed a special collapse behavior of SHCC
SPs. When applying a thicker outer steel layer to an SHCC SP, the collapse pressure
may, depending on the SP configurations, decrease or increase, or decrease first, then
increase. This particular phenomenon was comprehensively discussed. Since the
outside radius was fixed with the variation of the pipe thickness, an SP with a thicker
outer steel layer would have a thinner core layer. Thus, an increase of the outer steel
layer thickness would increase the strength of the outer steel layer and reduce the
strength of the core layer. With the frictionless inter-layer condition, the structural
strength and characteristic response of the SP system were found more related to its
strongest layer rather than the summation of all layers. Further, due to relatively
high Young’s modulus of the SHCC, a thick core layer could be the strongest layer of
an SP. Variation in the outer steel layer thickness could induce the transformation
of the strongest layer from the core layer to the outer steel layer. Consequently,
the collapse pressure of the whole SP system is not monotonic correlated to the
thickness of the outer steel layer. The same behavior has never been reported in
previous studies since SPs with PP cores have a fully bonded inter-layer condition
and a low core layer stiffness. It can be inferred that this collapse mechanism holds
not only for the SHCC SP but also for the SPs with weak inter-layer adhesion and
relatively hard core layer material.

With the newly discovered collapse mechanism of the SHCC SP, it is rational
to design an SHCC SP with thinner steel layers to utilize the strength of the core
layer. Also, avoiding a thick outer steel layer would be wise since it could decrease

the structural strength of the whole system.

A suitable prediction equation for SHCC SPs First, the existing analytical
equations were compared with the experimental results. It was observed that the
analytical equations fail to give accurate predictions due to the assumptions made
to simplify the problem. However, even for the simplified problem, solving the
SP collapse pressure analytically is rather complex. Improving the accuracy of

the analytical solutions would inevitably increase the complexity of the problem.
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Therefore, the empirical equation by the regression method was adopted to propose
the predict the collapse pressure of the SHCC SP.

All the existing prediction models for the SP collapse pressure did not consider
the special collapse behavior revealed in this work. Thus, large deviations may occur
when applying previous prediction models to the SHCC SP. Using machine learning
techniques, a suitable prediction equation was proposed by testing a wide range of
equation forms. The developed equation is able to capture the complex collapse
behavior of the SHCC SP. Among the test data, the proposed equation is able to
predict the collapse pressure with an average error of 8.47%. Moreover, the proposed
equation tends to overpredict the collapse pressure for SPs with X70 or X80 steel
grade when elastic buckling happens. Also, relatively large errors should be noted
when applying the proposed equation to SPs with thick core and thin steel layers.
Fortunately, the two areas are not the areas of design interest. Usually, the water
depth for SP applications varies from 1500 to 3000 meters, which is an area (15 to
30 Mpa) in which the proposed equation performs well.

Thermal insulation performance of the SP The comparative study presented
in chapter 4 reveals that the SP performs well in the steady-state condition but in-
adequate in the shut-in condition. The insulation performance of the SP can be
improved by either reducing the thermal conductivity or raising the VHC of the
core layer material. However, a lower thermal conductivity always results in the
lower structural strength of a material. Special attention should be paid to the
structural performance of the SP when applying core layer material with lower ther-
mal conductivity. Moreover, it is very difficult for the common insulation material
to reach a required VHC high enough to provide a good insulation performance.
Incorporating PCM in the core layer could be a promising direction for better insu-
lation performance. Interestingly, the thickness of the inner steel layer was found to
have a positive influence on the thermal insulation of the SP in the shut-in condition.
Due to its ideal location and a large VHC, a thicker inner steel layer could reduce
the extra insulation thickness needed to provide required cool-down time. For any
changes in the core layer or the inner steel layer, the structural and thermal insula-
tion performance changes accordingly. Thus, the design for the SP should combine

both structural and thermal performance with a proper evaluation function.

An SP optimization design model The optimal design model proposed in this
work fills the research blank of this area. This work can be a reference for the
possible design criteria of SPs in the future. The case study shows that, comparing
with the existing SP design procedure, the model was able to decrease the SP cost

by 32.7% for the SHCC SP and 43.5% for the PP SP. The SP cost model shows
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that the steel and extra insulation layers account for a large part of the total cost,
which range from 41.6% to 56.5% and from 30.8% to 47.4%, respectively. In the
meantime, the welding cost and the cost of the core layer account for less than 5%
and 10%.

The established model was employed to investigate the optimal SP configurations
under 540 different working conditions. It was observed that the thermal insulation
requirements are more challenging than the structural requirement for the SP in
most cases. The optimal SP usually employs a thick core layer to meet the thermal
insulation requirements at a low cost. This configuration results in a pressure capac-
ity that exceeds considerably the structural requirement. Besides, a thick core layer
could bring troubles to the installation process. For a more balanced SP design, a
core material with good insulation performance and adequate structural strength is
a promising direction. For the optimal SP design with current materials, the steel
grade of X60 is more efficient than that of X70 and X80. Further, the SHCC is more
preferred than the PP as the core layer material. Large thicknesses for both inner
and outer steel layers should be avoided since increasing the steel layers’ thickness
would increase the steel pipe cost as well as the welding cost. By comparing the cost
of the optimal SPs and the optimal SWs, the preferred working conditions for SPs
were marked. The SP is not suitable for small diameter pipelines (below 4 inches),
where employing SPs would lead to an even higher cost, in some cases, than the
scenario with the SW. In general, the preferred application condition of SPs includes
large pipeline diameter (larger than 6 inches), large water depth (beyond 1000 m),
and low thermal insulation requirements (cool-down time below 8 hours), where the

employment of SP can reduce the pipeline cost significantly.

6.3 Future work

For a more practical design, the following work will continue to complete the optimal

design model.

e The mechanical and thermal analyses were decoupled in this study. However,
the influence of the temperature on the mechanical behavior, especially for the

polymeric materials, should be included for more practical analysis.

e In addition to the external hydrostatic pressure, the SP is subjected to lo-
calized loads, during the installation, such as tension, bending moments, and
the loads induced by the tensioner shoes. The optimal model should include
structural failure constraints considering SPs under loads during the installa-

tion process.

125



e In cases where the SP serves as the riser part, analyses on the structural re-
sponse under dynamic loads should be included. Moreover, the fatigue analysis

on the SP core layer is an important issue.
e Structural constraints should include the thermal buckling problem.

e The thermal analysis model established in this work simplifies the problem
into single-phase flow. Normally, multiphase flow exists in the subsea pipeline
and the inner convective heat transfer coefficient is greatly impacted by the
flow regime. Thus, a more comprehensive thermal analysis model could be

developed to improve the reliability of the optimal design model.

e Further, the behavior of the SP under fluid-structure interactions should be

investigated when multiphase flow exists.

e Except for the structural and thermal insulation constraints, the corrosion

problem should be included in the optimal design model.

e In this work, the cost model of the SP was established assuming all the SPs will
be installed by reeling-lay method. However, Pipelines with large diameters
could cause problems for the reeling-lay method. A cost model including
the SP installed by S-lay or J-lay using SP connectors is necessary for large

diameter SPs.
e A more refined cost model for the SP is critical for the optimal design.
e Risk analysis should be included in the optimization model.

e The proposed design model gives optimal configuration for a single SP. How-
ever, the optimal SP configurations of several SPs in a subsea production

system remained unanswered.

In order to improve the overall performance of SPs, new materials incorporating
PCM into polymeric or cementitious composite seem to be promising core materials
for the SP. However, the mechanical and thermal performance of the material should

be studied carefully.
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Appendix A

Analytical solution for elastic

collapse pressure of the SP

A long SP subjected to a gradually increasing external hydrostatic pressure is con-
sidered. It is required to determine the external pressure at which the SP will

collapse.

Quter steel layer

1
]

|
rilr=r
|

Core layer

Figure A.1: (a) Geometry of the sandwich pipe cross-section; (b) Stresses at the
interfaces between the core layer and the steel layers

Figure shows the cross-section of a sandwich pipe and the stresses at the
contact surfaces. R; is the radius of the inner steel layer at the middle surface and
R3 is that of the outer steel layer. The interfaces between the core layer and the
steel layers are defined by the outside radius of the inner steel layer, r| = Ry + %
and that of the core layer,ro = R3 — %” The external hydrostatic pressure is to be
determined at which the sandwich pipe would collapse.

The following assumptions are made:

e The SP is considered a perfect cylinder.
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Since the pipe length is several orders of magnitude larger than the pipe radius,

the problem can be idealized as a plane strain problem.

SP materials are assumed linearly elastic and isotropic.

The SP is subject only to external hydrostatic pressure.

A linear kinematic relation is applied to the core layer.

Kirchhoft’s assumption holds for the steel layers.

For the steel layers, the circumferential strain of any point throughout the layer

can be expressed as:

€o; =€)+ zkgs, =13 Al
) 0,3 )

where € ; is the circumferential strain at the middle surface of the i-th layer, z is the
distance from the middle surface, and ky; is the curvature of the i-th layer. i =1
stands for inner steel layer and ¢ = 3 stands for outer steel layer.

Sander’s equation [143] is employed for the displacement and strain relations:

vi +w; 1 v —w; ,
681‘ = Rz + §(T)2, 1= 1, 3 (AQ)
U,L'/ o wi”

where w; and v; are respectively the radial and circumferential displacements of the
mid-surface of the i-th layer.

The constitutive equation for the steel layers is:

E, ,
@le_%fw,z:L3 (A.4)

where 0y ; is the stress of the i-th layer, E, is the elastic modulus of steel, and v, is
the poisson’s ratio of steel.
The total energy of the SP (U;pq) per unit length due to non-circular configu-

ration is given by:

Usotar = Uy + Uz + Us + W, (A.5)

Where U is the strain energy of the inner steel layer, U, is the strain energy of the
core layer, Us is the strain energy of the outer steel layer, and W, is the work done
by the external pressure.

The strain energy of the steel layers can be expressed as:
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1 t 21 1
U; = /(—ea)dV :/ / —(€900,)R;dOdz, i=1,3 (A.6)
2 2do 20T
Adding Equations - into Equation , Uy and Us can be written as:

Et. 2m ! A 1 v — ws 2
U; —RZ—’”)/ {UZ o oA )2} do+
0

2 . .
2(1 /IZ E t 3 27-|'RZU / w2// RZ (A7)
i pli .~ Wy 2d¢9 1
24(1 — vy?) /0 ( R )y db, ' 9

The strain energy of the core layer (Us) can be expressed as the work done by the

entire layer’s stresses applied to inner and outer steel layers at the interfaces:

2m
Uz :/ (O-T’r:rl w1|r:r1 + TT9|7":7‘1 X U1|r:r1)rld6+
0
2w
/ (07"‘7“:1”2 w3’r:r2 + 7_7”9|r:r2 X U3‘r:r2)r2d9
0

where o, is the radial stress and 7,9 is the shear stress of the core layer.
The work done by the external pressure (P) on the outside surface of the outer
steel layer is [144]:

213
Substituting Equations [A.7] — [A.9] into Equation yields the expression of

Uiotar Which is a functional of the displacements and their derivatives of the inner

2m 1
Wp = P’I"3/ [’wg + —(?Jg + w3 - v3w3 + vs wg)]dH (Ag)
0

and outer steel layer mid-surfaces:

2
! i ! ! 1 1
Utotal = / F<U17w177]37w37v1 , W1 ,V3 ,W3 , W1 , W3 )d9 (AlO)
0

The displacement functions (v;(6), w;(6), v, (6),w; (#)...) should ensure that the
total potential function remain at minimum value. Thus, the first order variation

of the functional should be zero.

oF oF OF oF oF oF '
OUtotal :/ <—501 + —0w; + —0v3 + ——O0ws + 57}1 + —dow; +
0 V1

81)1 8w1 8 U3 8 ws a a w1
orF . ., OF oF oF "
@503 + Jw 511}3 + — Jw ,, 511}1 + — Jw 3 5w3 ) dd =0

(A.11)
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By applying integration by parts, the Euler-Lagrange equations that define the

displacement functions can be obtained:

oF 0 ,0F ,
avi - %(Wz,) = O, 1= 1, 3 (A12a)

OF 9 OF 0 0OF |
o~ 50lowr ~ 9ger ) =0 i=13 (A.12b)

The equilibrium equations of the SP system can be established by adding Equa-

tion [A.10] into Equation [A.12]:

My," — RiNgy — Ri(Np151) — Ryo, lper, =0 (A.13a)
RiNgy' + Mpy' — RiNg1Bi + Ritg |,_,, =0 (A.13b)
Mys' — R3Nys — R3(NpsfBs) — PRs(vs +ws) + Rso, — Pry? (A.13c)
RsNgs + Mys — RsNysBs — PR*B3 — Ratyg |,_,, =0 (A.13d)
Where
Eti v +w, 1,v—w
Ny = — S [F——+ s (—5—)? i =1,3 A4
Et3 v —w;
My; = = —T =1,3 A.15
0, 12(1 o Up2)< Ri2 )7 ¢ ) ( )
@:ﬁi§£, i=1,3 (A.16)

Equations - can be solved numerically for the elastic collapse pres-
sure of the SP under external pressure. For an analytical solution, the equations
governing the elastic buckling of the SP need to be developed using the equilibrium
equations. Several approaches are suitable for this purpose, like setting the second
variation of Uy to zero or applying adjacent equilibrium criterion [145]. In the
thesis, bifurcation buckling equations are established by perturbing the pre-buckling
state with the buckling mode (07, w1, 03, w3) and linearizing Equations (A.13]), which

results in the following:
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E t 3 1 "
B <_3) (03— w3)" + P(os +ws') + Raoy |,_,, =0 (A.170)

12(1 — 0,2) \ Ry r=r
Ep t3 AN
—1 — ’Up2 <R_3> (w3 + vs )
Ep t3 3 1\
— | = — —Rs1g | .. =0 A.17d
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As shown in Equation [A.17] the elastic collapse pressure of the SP system can

be determined once o, | Tro |T:T,1 , Oy |T:T2 and T, |r:T2 are obtained. Thus,

r=ry ’

the stress function is employed for the core layer. The compatibility equation of the

core layer stress function is expressed as:

92 10 107 8%(r0) 10¢(r,0) i@qu(r,e)

<w+;8r ﬁﬁ)( or? r Or rZ2 062

) =0 (A.18)

The radial and circumferential normal stresses (o,, 0g) and the shear stress (7,¢)

are obtained from:

_100(n8) 1 0P0(0,0)

=Y o r2 002 (A.19)
0*¢(r,0)
0 ,10¢(r,0)
Tre = E(; 0 ) (A19C)

The stress function is assumed to have circumferentially periodic forms written

as:
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o(r,0) = fu(r)cosnd (A.20)

where n is the buckling mode number. Substituting Equation into Equation
yields:

> 1d n* &f.(r) 1df,(r) n?
St . — ) =0 A21
(dr2 + rdr 7“2)( dr? r dr 7“2f (r) ( )
The general solutions of Equation/A.21] is:
fu(r) = Agr™ 4+ By ™" + Cor®™ + Dyr™(n >= 2) (A.22)

where A, , B, , C,, and D,, are arbitrary constants. Replacing corresponding items
in Equation by Equations [A.20] and [A.22] the expressions of the core layer

stresses are obtained:

o, = —{Ann+1)r"?+ B,(n—1)(n+2)r "
+ Cp(n+1)(n — 2)r™ + Dyn(n — 1)r" 2} cos nf (A.23a)

o9 = {An(n+1)r "2+ B,(n —1)(n—2)r ™"
+ Cp(n+ 1)(n — 2)r" 4+ Dyn(n — 1)r" "2} cos nd (A.23Db)

Tro = {—Apn(n+ 1)r "2+ B,n(n — 1)r™"
+ Cpn(n + 1)r™ 4+ Dyn(n — 1)r" 2} sin nf (A.23c)

As shown in Equation [A.23] the core layer stresses can be determined once A,
, B, , C, and D,, are defined. The strain components of the core layer for plane

strain problem are derived as:

€ ) 1—02 —ve(1 +v,) 0 o,
€o =5 —v.(1 + v.) 1 — 02 0 oL (A.24)
Vro ’ 0 0 2(1 + v.) Tro

where F,. and v, are respectively the elastic modulus and the Poisson’s ratio of the
core layer.
A linear displacement-strain relationship is assumed for the core layer. And the

core layer displacements in the radial and circumferential directions are obtained

from Equations and [A.24}
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wy(r,0) = /erdr

1+,
- ;U {Anr™™ ' + B,(n — 4v, + 2)r'™"
— Cp(n + 4v, — 2)r" ™ — Dynr™ 1} cosnf + Gy (A.25a)

vo(r, 0) = /(reg —w)do
L+

=&
— Cp(n — v, +4)r" ™ + Dynr™ Y sinnb + Gy (A.25b)

{Anr™" + B,(n + 4v, — 4)r'™™"

where GGy and G5 are the integration constants. The middle surface displacements

of the steel layers are taken to have circumferentially periodic forms as:

wy; = Wi cosnd, v; = V1sinéd
(A.26)
wz = W3 cosnb, v3 = Vasinf

where Wy , Vi , W3, and V3 are the maximum displacements at the middle surfaces
of the steel layers.
Assuming a perfect bonded inter-layer relation, the displacements at the inter-

faces between the core layer and the steel layers should equal, see Equation [A.27]

ws(r1,0) = Wi cosnb (A.27a)
(r1,0) = Visinnd + (22w, + L Vi) sinno (A.27b)
Va2 (T, = VvisSimn 2R1 1 2R1 1) SN .
wa(re, ) = W5 cosnb (A.27¢)
v9(19,0) = Vasinnf + (n_th + zf—?’V ) sinnd (A.27d)
2(72,0) = V3 oR, 3T oR, "3 :

From Equations [A.25] and [A.27] the arbitrary constants A, , B,, , C,, and D, in
Equation can be expressed by Wy , Vi, W5 , and V3 , see Equation .

B, |% B, _ Vi

M, ={ ! — =M (A.28)
Cn W3 Cn WS
D, Va D, Vs
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where

7’LR1 —n-l

nR;f"fl

TLRg_n_l

( )

nR ™"t (n44dv. — 2)RT
( )
( )

—(n+4v. — 2)RM —nRy" !
(n —4v, + 4R nR"?

—(n+ dv — 2Ry —n Ry (A.29)
(n —4v. +4)Rs"™™  nRy"™!

Further, from Equations [A.17] and the core layer stresses at the in-

terfaces, o, [,_,. , Tro |

r=ri

, O |yeyy ad T |

, can be expressed by the maximum

displacements of the steel layers at the middle surface, Equation

where:

M, =

0_7’ |r:7'1

Tro Ir:rl

Oy |r:7~2

Tro |T’=T‘2

—n(n+1)R, ™"
—n(n+1)R, "2
—n(n+1)Ry™"?
—n(n+1)Ry™"?

(1—n)(n+2)R, ™"
(1—n)nR ™"
(1—n)(n+2)Rs™"
(1—n)nRy™

An Wl
B, \Z
= M, x =M, x M,7' x !
C, W3
D, Vs

(n+1)(2—n)R,"
(n+ 1)nRy"
(n+1)(2—n)Rs"
(n+ 1)nRs"

(A.30)

n(l—n)R,"?

n(n —1)R," 2

n(l—n)Rz"

n(n — 1)Rg"?
(

Substituting Equations [A.30] and [A.26] into the Equation gives:

where:

C11 C12 Wi

Co1 C2 _ Vi
+ M, x M.t =0

C33 C34 Ws

C43 Cq4 Vs
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Bty 1/t ,
=—F |1+ —= | =— A.33
C11 Ra(l —v,2) [ + 9 (Rl) n ( a)

Eptln 1 tl 2 2
— g = — P |14 2 A.33b
€12 C21 Rl —0,2) [ + B (Rl) n (A.33b)

Ept1n2 tl 2
=11 — A.33
Ca2 ) [ + <R1) ( c)
E,ts 1 (ts\° , )
=—— |14+ — | = P(1— A.33d
C33 R3(1 _Up2) [ + 9 (Rg) n| + ( n ) ( )
E tgn 1 t3 2
=y = —2" |14+ — [ = 2 A.33
W R0 |12 (Rs) ! ] (A-55)
Ept3n2 1 t3 2
_ 14+ — (= A.33f
Ca4 Ra(l — 0,7) [ + B <R3) (A.33f)

The Equation is a linear homogeneous equation and the determinant of
the coefficients must equal zero for a non-trivial solution. Thus, the elastic collapse
pressure of the SP can be calculated by setting the coefficient determinant to zero.

Note that the Equation defines the inter-layer relation between the core
layer and the steel layers, by substituting the Equations and with the

following;:

79 |pey, = 0 (A.34a)

Tro |r:r2 =0 (A34b)

With the shear stress on the interface equal zero, the analytical solution for the
elastic collapse pressure of the SP with frictionless inter-layer condition at tangential

direction can be established. The solution is proposed by Taheri et al. [32].
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