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ARTICLE INFO ABSTRACT

Handling Editor: L Luo This case study aims to cover a wide range of relevant aspects related to combined cycle design, mechanical
integrity and operational reliability for cogeneration of heat and power in FPSO systems. The methods consist of
combined optimization of combined cycle thermodynamic design and geometry of steam generator; vibration
analysis for flow induced vibrations; and thermal stress estimation of casings during cold start-stop scenarios.
Challenges and opportunities for reliable water treatment systems are explored. The results show that small
tubes, a compact tube bundle and a low condensation temperature reduces the once-trough steam generator
(OTSG) weight. The vibrations numerical simulations in this work support the standard recommendations of
using 35 times tube OD as upper limit for the unsupported tube length, which could be used as a reasonable
design criterion. Thermal stresses analysis indicates that the design of beam arrangement, location, and stiffness
of beams has a major impact on thermal stresses, and can be optimized to different plate thicknesses in order to
avoid fatigue damage. Focus should be on reducing leaks of deaerator, steam turbine and condenser. It is rec-
ommended to add Na sensors after condenser and investigating the use of Electrodeionization (EDI) technology

Keywords:

Process optimization
Energy efficiency
Mechanical integrity
Vibrations

Thermal stresses
Water treatment

for make-up water production from seawater.

1. Introduction

Offshore oil and gas production is a very energy intensive process
and the gas turbines used for power generation on offshore energy
systems generate 85% of the emissions on the Norwegian Continental
Shelf (NCS) [1]. These turbines are therefore the main target for offshore
emission reductions [2]. The exhaust from these turbines has a relatively
high temperature (ca. 400-600 °C) and contains more thermal energy
than the heat demand on offshore facilities. Thus, converting the excess
exhaust heat to power will increase fuel efficiency and therefore reduce
CO;, emissions. This can be achieved by adding bottoming cycles. Indeed
the installation of bottoming cycles can result in a reduction of COy
emission of approximately 25% per retrofitted platform [1]. There are
three bottoming cycles installed on the Norwegian Continental Shelf.
Based on operational experience from these systems there are several
areas where there is potential for improving the combined cycle tech-
nology so that it is better suited for offshore installation and can become
standard technology for offshore power generation rather than the

exception it is today [1-3].

In the offshore oil and gas industry, an alternative system to offshore
platforms, the FPSO (Floating Production, Storage and Offloading)
platforms, can lead to advantages. This includes the possibility to
operate petroleum maritime fields located in remote areas [4,5]. A FPSO
is a floating facility needed to perform operations of production of pe-
troleum. FPSOs could incorporate a combined cycle to increase effi-
ciency and reduce emissions [4].

The reduction of CO, emissions from oil and gas production on
FPSOs has been addressed in previous work by Barbosa et al. [4]. That
work aims to evaluate different cogeneration plants usually used in
FPSOs, using cold deep sea water to improve efficiency of the cogene-
ration plants. This cooling subsystem uses sea cold water to cool inlet air
of gas turbines (GT) and reciprocating engines as well as the steam plant
condenser. The off-design operation for the main equipment is taken
into account since electrical and thermal demands present significant
variations along life of the oil field. The results showed that the addi-
tional cooling subsystem using deep sea water increased the exergy
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efficiency 2.5% for gas turbines giving a reduction of 128,585 t of CO5
emissions. For a steam plant the increase in exergy efficiency was 2.9%
[4]. In a paper by Silva and Oliveira [6] the exergy cost for oil and gas
produced on a Floating Production Storage and Offload (FPSO) ship is
evaluated along the lifespan of the well taking off-design operation
conditions of process plant and cogeneration plant into account. The
impact of three different cogeneration plants and two different process
plant operating modes was assessed. The reciprocating engine proved to
be the most efficient technology (lowest unit exergy costs and COy
emissions), although reliability, weight, size and monetary costs have to
be evaluated. The work show that significant reductions of fuel con-
sumption and CO2 emission can be achieved by integrated process
optimization approaches [7].

Combined cycles onshore have reached high lower heat value (LHV)
efficiency - normally by using three-pressure-reheat systems - and
standardization [8], and high levels of operational flexibility [9,10],
combined with potential for large decarbonization [11]. On the con-
trary, combined cycles offshore are more challenging to standardize.
Several challenges have prevented the widespread implementation of
combined cycles in offshore energy systems, that are mostly driven by
gas turbine systems for power production in brownfield applications
[12,13]. In previous units installed offshore there has been evidence of
cracking of the outer tubes in the heat recovery steam generator (HRSG)
due to vibrational damage and fretting. Also the casing of the waste heat
recovery unit has been subject to failures. In this case study, the focus is
therefore on understanding better factors that cause decrease in opera-
tional reliability and investigate potential design improvements, at
conceptual design stage.

A combined process and heat exchanger geometry optimization
approach allow to explore designs with low weight-to-power ratio, as
shown for power-only combined cycles [14,15]. The equipment
contributing the most to total weight is the heat recovery steam gener-
ator (HRSG). And therefore, options for bringing weight down have been
reported in the literature. Once through steam generators (OTSG) are
the common choice when striving for low weight and volume footprint
[16]. A potential for weight reduction of the steam cycle of over 50%
was reported by Mazzetti et al. [2], the reduction in footprint was also
over 50%. A key parameter in achieving weight reduction is in reducing
the diameter of the tubes of the OTSG [2]. A reduction in tube diameter
gives increased weight reduction of the unit [14]. Techno-economic
optimization has been proposed, however it is highly uncertain in
offshore [17], specially at conceptual design phase.

In the size optimization process, focus has been on the heat recovery
steam generator, which is the main contributor to the mass of the
offshore bottoming cycle [2]. To reduce the weight of the system,
different configurations of pipe dimensions, materials, and bending radii
have to be investigated. Structural limits of the pipes that undergo the
necessary bending operations have to be established, in order to deter-
mine the feasibility of the operations. The pipes used in waste heat re-
covery units are cold bended by using rotary-draw bending machines. In
the process, a tube to be bent is clamped with a die, rotated around
another die, and at the same time push at its end, in order to obtain a
bend with the best cross section, and lowest wall thinning on the outer
part of the tube. Structural problems arise during bending of tubes,
either geometrical or material based. The main quality aspects in tube
bending are validation of cross-section, excessive thinning of tube wall,
wrinkling of the side on the inner side of the bend, or fracture due to
excessive strains. Bending limits have been established against different
issues in the literature, as in Zhao et al. [18] or Khodayari [19]. Some
authors have taken it further, looking at differential heating of the bend
to break the forming limits as in Ref. [20] or [21]. The need in the heat
exchanger optimization algorithm was to establish a minimum bending
radius that was manufacturable for the partners, using cold rotary-draw
bending for some chosen materials.

Given the required capital investment of the equipment in a bot-
toming cycle, the fact that the bottoming cycle might be production
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critical, and the engineering challenges of maintenance and expensive
manning offshore, robust bottoming cycle design is crucial. However,
the bottoming system must also be reliable, and should cover flexible
demands across multiple scales, normally called cyclic operation.
Robust control structures for transient load changes [22-24] and
start-up [16] are required. Cyclic operation might result in early
equipment failure due to several mechanisms, including creep-fatigue
phenomena in thick-walled components [25]. Therefore, further
research on mechanical integrity and modelling of thermal stresses in
bottoming cycles offshore is required. The principal mechanisms of
failure of high temperature components in power plants include
flow-induced vibrations of tube bundles [26]; and creep, fatigue,
creep-fatigue and thermal fatigue [25,27] of thick-walled components.
Knowledge on mechanical integrity issues in the literature is mostly
reported for onshore combined cycle applications, due to the wide-
spread implementation, operational hours of the technology, and recent
research conducted on thermal stresses. However, knowledge on the
principal mechanisms of failure is scarce for offshore applications.

As for the heat exchanger to fulfil its purpose, the gas flow needs to
be conducted across the tube bundle in a defined volume. The tube
bundle needs to be hold in place, by a frame, while a casing directs the
exhaust gas flow optimally through the tube bundle. There are mainly
two types of casing, hot and cold. In hot casing, the casing is in direct
contact with the exhaust, and must withstand its extreme temperature,
as well as the temperature gradient at start and stop of the gas turbine. In
cold casing, an additional function of the casing is to hold in place an
insulation layer by the means of an internal liner. The temperature of the
casing stays low, below 60 °C degrees, which is sometimes the
requirement (ISO 21905:2020). Start and stop cycles of the gas turbine
result in alternative expansion and contraction of the different parts of
the casing. Thin parts closest to the exhaust flow warm up faster than
thicker flanges and stiffeners, further away from the flow. Those dif-
ferences cause low cycle fatigue of the casing, that may cause problems
before the design lifetime of the structure. Numerical methods are used
to simulate the operation of the turbines, and predict the lifetime of the
design [28,29].

Flow-induced vibrations can be a critical issue to be considered for
the HRSG, particularly for the lightweight designs. Many real-life cases
in the power-generating industry where flow-induced vibrations occur
result in serious damages; refer to the work described by Paidoussis
[26]. Most of the studies from literature focus on the vibrations of the
heat exchangers with conventional tubes normally having large diam-
eter and no fins, while there only exists a few studies for vibrations of
lightweight finned tube bundles, like Deng et al. [3] for design optimi-
zation, and Zhang et al. for experimental [30] and numerical assess-
ments [31,32] of flow induced variations in tube bundles.

Condensate purification is key to the steam cycle operation. Also, for
the water purification system the main goal has been to reduce weight to
allow broader implementation of the steam cycles on existing brown-
field plants as well as greenfield. Previously published systems have had
high leak rates and therefore needed large amounts of make-up water
which meant large water treatment systems and holding tanks. The first
step was therefore to reduce leaks. The water treatment is also quite
labour intensive as the ion exchange bed filters require close follow up of
water quality and regeneration quite frequently. This work investigated
means to make the water treatment process more automated and oper-
ationally reliable. One potential improvement is the use of Electro-
deionization (EDI) technology. EDI is a relatively light weight
technology which is important for brownfield implementation. In earlier
work electrodeionization has been shown to have good operational
reliability [33]. Another focus has been to further increase operational
reliability of the system by adding new sensors to improve monitoring
and therefore ensuring consistent water quality.

The requirements and specifications for combined cycle and steam
bottoming cycle designs in offshore installations are highly dependent
on the site, and therefore must be addressed via case studies. The
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majority of case studies of compact bottoming cycles offshore are based
on offshore platform specifications. In this work, a case study of an FPSO
system is defined. It must provide heat and power. The aim is to cover a
wide range of relevant key aspects related to combined cycle design, in
brownfield applications. A key factor for widespread implementation is
reduced weight and footprint. Another key combination of factors is
mechanical integrity and operational reliability. For the FPSO system,
bottoming steam cycle design optimizations are carried out, with focus
on thermodynamic optimizations of the steam cycle to meet the de-
mands while optimizing the heat exchanger design to minimize OTSGs
weight, based on the methodology by Mazzetti et al. [2] and Hagen [34].
The design for different tube selection and condensation temperature is
evaluated with respect to weight considerations of the OTSG and ther-
modynamic cycle design optimization. A novelty of the present work is
the constraint used to limit the diagonal tube pitch. Flow-induced vi-
brations for the OTSG designs are examined by the methods presented in
Deng et al. [3], and required number of plates is discussed. A casing
design is selected for further evaluation of thermal stresses for start-stop
scenarios in gas turbine operation, under which the equivalent plastic
deformations that lead to damage, compared for different beam ar-
rangements and plate thicknesses of the casing. Finally key aspects of
water treatment and innovative systems are discussed.

2. Methodology

2.1. Case study definition: combined cycle combined heat and power
plant in a FPSO

The reference FPSO case is a power generation system consisting of
three gas turbines. Three gas turbines are implemented in simple cycle
for power production, providing 86 MW,. On offshore installations, the
gas turbines commonly operate in load sharing mode, meaning that two
or more engines divide the load equally. In the reference case, the gas
turbines all sharing the same load, at ca. 71.67% load. To remove one
gas turbine from continuous operation and hence increase efficiency and
reduce CO, emissions, the case study explores installing a steam bot-
toming cycle. Fig. 1(a)) shows the combined cycle combined heat and
power (CHP) configuration system.

For the combined cycle, the standard configuration is utilized, in
which the exhaust gas from two SGT-750 turbines is utilized to provide
heat in two heat recovery steam generators, with steam produced to
meet the heat and power demand of the surrounding energy system. In
order to achieve a low weight and a compact system, the HRSG selected
is of the once-through steam generation (OTSG) type. The CHP power

0TSG i'—Fee 3

water
’ =
SGT-750 @ N \
90% load e N
= 36 MW, Bottoming
- cycle
oTSG Steam
-~ ‘
SGT-750 @ \\
90 % load e 36 MW,,
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plant provides a power demand of overall 86 MW, and 10 MWy, heat.
Table 1 summarizes the case study definition. In addition, Fig. 1(b))
shows the bottoming cycle flowsheet model.

The CHP combined cycle power plant configuration consists of.

Two gas turbines Siemens SGT-750 [35]. At bottoming cycle design

point, the gas turbines are operated in load sharing mode and pro-

vide 72 MWg,. This is, 36 MW, each GT, being equivalent to 90%

load.

e Two OTSG systems recover heat from the exhaust of the gas turbines
to provide steam.

e Steam turbine with a high-pressure (HP) section and a low-pressure

(LP) section.

Steam turbine with steam extraction for heat production. A heat

demand of 10 MWy, should be provided by the system. The heat

carrier fluid is heated up from 40 °C to 120 °C in the heater

condenser.

2.2. Bottoming cycle design optimization

The bottoming cycle design optimizations were carried out using a
mathematical models of the bottoming cycle integrated with a gradient-
based optimization algorithm NLPQL [36]. The mathematical model
governs a thermodynamic model of the bottoming cycle process and a
more detailed model of the OTSG. The thermodynamic model considers
the thermodynamic state points at the inlet and outlet of each compo-
nent. The water/steam state points are defined by pressure and specific
enthalpy. Once these two properties are defined the remaining ther-
mophysical properties were computed using the implementation of the
IAPWS formulation including its equations of state (EOS) from Ref. [37].
The exhaust gas state points (OTSG inlet and outlet) are defined by

Table 1
Comparison of the proposed combined cycle system for generating 86 MW, and
10 MWy, with a Gas turbines only solution.

Gas turbines only ~ Proposed combined cycle

Gas turbine model SGT-750 SGT-750
Number gas turbines 3 2

Gas turbine load 72% 90%

Gas turbine CO, emissions 19.3 kg/s 15.3 kg/s
Gas turbine power production 86 MW 72 MWgq
Bottoming cycle power production 0 MW 14 MW¢;
Total power production 86 MW 86 MW,
Total heat production 10MWy,

@ 10 MW,

N HRSG
. 14 MW, FEE::LIQTER N

HEATER
CONDENSER

| &
CCONDENSER

Q
CONDENSATE
PUMP

HP Turbine  LP Turbine

COOLING
'WATER PUMP
HRSG
STEAM MIX

EXHAUST GAS
L 2SGT-750 GAS
|
|
|
|

TURBINES

OTSG GAS
OUTLET

b)

Fig. 1. a) Combined cycle configuration with two SGT750 gas turbines, two OTSGs and the bottoming cycle and process boundary conditions for FPSO case. b)

Bottoming cycle flowsheet model.
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pressure and temperature. The remaining properties in these state points
were computed using the implementation of the EOS. The heat fluid that
delivers 10 MWy, thermal energy between 80 °C and 120 °C and is
assumed to have a heat capacity estimated with the IAPWS formulation.
Furthermore, the location of the minimum temperature difference,
commonly referred to as the pinch point, of the heat condenser is located
at the point where steam condensation starts, see Fig. 11. This means
that the heat condenser pinch point temperature difference (PPTD) can
be computed exactly. The thermodynamic model uses prescribed values
for isentropic efficiencies to compute the outlet enthalpy of the pump
and the turbines. The net power output is computed as the difference
between the electric power generated by the steam turbines and the
power consumed by the feedwater pump, accounting for electrome-
chanical conversion.

The OTSG model uses the thermodynamic state points at the hot end
and OTSG core geometry information, see Table 2, to compute the fluid
pressure drop and OTSG size and weight. The OTSG model use semi-
empirical correlations for estimating local heat transfer and pressure
drop. Furthermore, the OTSG model takes the advantage of an efficient
solution procedure that enables solving the OTSG by means of a once-
through calculation. This procedure starts at the lowermost tube row
(hot end) and continues tube row by tube row until the predefined OTSG
duty, defined by the exhaust gas outlet temperature, is reached. The
reader is referred to Mazzetti et al. [2] and Hagen [34] for further in-
formation on the semi-empirical correlations within the OTSG model
and the novel solution procedure, respectively. Skaugen et al. [38]
developed a methodology for optimizing total minimum weight of an
off-shore waste heat recovery unit by including both the finned tube
bundle and the casing and structures. The result showed a close to
quadratic exhaust gas flow area to keep the total weight low. The casing
and structures are also accounted for in this work, following the model
formulation in Ref. [38]. Duct plate thickness of 8 mm is chosen in this
work.

The mathematical formulation (fixed parameters, independent var-
iables, constraints, and objective function) of the bottoming cycle design
optimization method is summarized in Table 2

Table 2
Mathematical formulation of the bottoming cycle design optimization.

Exhaust gas temperature 443.3°C

Fixed parameters Exhaust gas mass flow rate 112.5 kg/s"
Turbine isentropic efficiency 0.85
Pump isentropic efficiency 0.70
Electromechanical conversion 0.95
efficiency
Condensation temperature 30°C and 40°C
OTSG tubes ¥ and 1 %7, see

Table 3

OTSG tube material Inconel 825
OTSG fin thickness 1.05 mm
OTSG tube layout angle 30°

Independent Intermediate pressure level

variables Pump outlet pressure

Turbine inlet pressure
Turbine inlet enthalpy
Exhaust gas outlet temperature
OTSG tube length
OTSG number of tubes per row
OTSG fin tip clearance
OTSG fin pitch
OTSG fin height

Constraints Consistent pressure at pump outlet
Net power output 14 MW
LP turbine outlet quality > 95%
Exhaust gas pressure drop < 30 mbar
PPTD in the heat condenser > 10K
Minimum diagonal tube pitch See Figure 3

Objective function Minimize OTSG total weight

# From each gas turbine and within each OTSG.
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Table 3

OTSG tubes considered in this work.
Tube identifier EZ8 1
Outer diameter (OD) 19.05 mm 31.75 mm
Wall thickness (t) 1.65 mm 2.11 mm

The fixed parameters are selected and do not change during the
optimization. Notably the fixed parameters govern the OTSG tube ge-
ometry. This work considers two different OTSG tubes whose geometry
are shown in Table 3. In the remaining part of this paper, these tubes are
referred to by the identifier that express the tube outer diameter in
inches.

All independent variables indicated in Table 2 were manipulated by
the optimization algorithm with the aim of minimizing the objective
function and satisfy the constraints. The independent variables of this
work include both thermodynamic parameters of the bottoming cycle
process and OTSG core geometry parameters. Each independent vari-
able was constrained between a lower and an upper bound. The nu-
merical values for these bounds were selected such that the optimal
solution was not excluded by any bounds.

The optimization algorithm facilitates the use of both equality and
inequality constraints. They can be imposed to ensure a consistent and a
feasible design. An equality constraint was imposed to ensure that the
water inlet pressure computed by the HRSG model were equal to the
pump outlet pressure defined as an independent variable. An equality
constraint was also imposed to ensure that the bottoming cycle delivers
the desired net power output. A novelty of the present work is the
constraint used to limit the diagonal tube pitch. In our previous work we
constrained the diagonal tube pitch be larger than 3 times the outer tube
diameter [2]. This boundary was set based on personal communication
with an HRSG manufacturer claiming that the bend diameter should be
larger than 3 times the outer tube diameter. In this work we made an
attempt of challenging this guideline.

Compactness of the heat exchanger is directly linked to size of the
tube bundle. Reduction in the size of the tube bundle will result in
reduction of overall heat exchanger size. Key to achieve this is to manage
to produce tubes with bends tighter than the actual industry bending
limit of 3 times the outer tube diameter. As to study the structural limits
of rotary-draw bending operations, numerical investigations have been
performed on the bending process of tubes of different dimensions and
materials to determine limits of the manufacturability.

Main problems that arise during rotary-draw bending operations are
ovalisation, thinning, wrinkling and collapse of the cross-section (see
Fig. 2).

Finite element models were established for cold rotary-draw bending
of 3 different steels, AISI 304 [39], SUS 304 L. [40] and Inconel 825 [41].
The constitutive material models (Hollomon for the first 2, Voce for the
latter) used for the analyses were taken from the literature.

A test matrix combining materials, wall thickness, bending factor
was established to determine combination of factors (see Table 4).
Acceptance criteria have been set for the study for the three quality
parameters, ovalisation, wrinkling and thinning. For further work with
the investigations, criteria can be found in EN 12952. In this case study,
the criteria were set as follow: for ovalisation, the criterion is set to 20%
of change; for wrinkling, the criterion is set to a twist of 0,05 rad/mm
and the criterion is set to 10% thinning.

The outcome from the bending analysis is summarized in Fig. 3.
Simulation results were post-processed to be assessed against each
aforementioned criterion. The check against each criterion were then
put together to a single OK/NOT OK assessment, where each single
negative value resulted in not acceptable bend quality, NOT OK. Thicker
tubes (with the smallest wall thickness factor) passed the bending
analysis for bend diameters as low as 2.3. The figure also suggests that
the minimum bend diameter for the OTSG tubes of this work is signifi-
cantly lower than the previous lower limit of 3.0 and is not constant but
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Fig. 2. Rotary-draw bending operation, half model in FEA (left) and example of problem (ovalisation of the cross section (right).

Table 4
Parameters for the determination of the test matrix (WF, wall thickness factor,
BF, Bending factor, OR, outer tube diameter).

Parameter evaluated Values

WF 10, 12, 15, 20, 25, 30
BF 1,1.15,1.3,1.5

OR 25

Material SUS304L, AISI304, Inconel825

depends on the wall thickness factor.

The objective of the optimization is to minimize the OTSG weight.
This weight includes the core whose weight is computed using geometric
description of the tube and fins and the material density. We also made
an attempt of estimating weight of the tube bundle support plates,
beams and duct plates. Thus, the objective function refers to the to the
total weight of the OTSG. The reader is referred our previous publica-
tions [2,34] for further information on framework and structure model.

2.3. Flow-induced vibrations

The flow-induced vibrations for the OTSG designs were examined by
the methods presented in Deng et al. [3]. The four main vibration
mechanisms, turbulent buffeting, vortex shedding, fluid elastic insta-
bility, and acoustic resonance, were considered for the finned tube
bundles in the crossflow configuration.

Each tube row of the finned tube bundle is divided into end and
middle tube spans by the support plates. For the OTSG designs, two
support plates are used as default, which gives two end tube spans and
one middle tube span. The length of each span is equal. For the turbulent
buffeting, the root mean square of tube deflection y,; is calculated for
the end and middle span of each tube from an empirical correlation, and
it should be smaller than 2% of the tube outer diameter to ensure the

design robustness. The vortex shedding and acoustic resonance are
excited by the coincidence of the frequencies. The vortex shedding fre-
quency f,s and the acoustic resonance frequency of mode 1 and mode 2
faj(i=1,2) are calculated. The corresponding lock-in conditions are
needed to be avoided, namely 0.8 < f,/f, < 1.2 for vortex shedding,
and 0.8 < f,/fvs < 1.35 for acoustic resonance. For the fluid elastic
instability, the critical flow velocity U,y is calculated and the maximum
flow velocity Uy should be smaller than 0.8U,;.

The OTSG designs were evaluated for the four vibration mechanisms.
Then it is checked if the designs satisfy the design criteria. If the criteria
cannot be met, one possible solution is to reduce the length of the tube
span by adding more support plates until the vibrations are within the
safe range. In general, a shorter tube span will give a larger stiffness [3].
Fig. 4 shows the original design uses 2 middle support plates with 3/4"
tube. The main purpose of checking the vibration ‘off-line’ is for
obtaining a robust design, rather than letting the vibration constraints
affect the design too much, given that other design constraints have
higher priority.

2.4. Thermal stresses

Under heating of the casing, thermal expansion gives rise to stresses
where plates and stiffeners are restrained from displacement. The casing
design, location of stiffening beams play an important role in the dis-
tribution of the stresses on the casing.

Start and stop of the gas turbine leads to a heat flux on the inside of
the casing, gradually heating up the inner surface. Heat transfers to
structural part by conduction from inner to the outer surface; stiffeners
on the outside of the casing will reach high temperature later than the
casing plates. Differential heat expansion resulting from uneven tem-
perature will cause deformations of the casing structure. Where the
deformations overcome the elastic limit of the material, plastic de-
formations occur, and damage is developing. If it happens at each

32
3.0 Py Py 9. /

2.8

26

24

Bend diameter/OD

22

20 ‘
9 14

Wall thickness factor (OD/t)

8.
5 AP,

el
[ ]

OK
® NOTOK

------- Previous lower limit

Q

New lower limit correlation

B OTSG tubes of this work

19

Fig. 3. Graphical illustration of the outcome from the bending analyses of Inconel825 tubes and the new lower limit for the bend diameter and thus the diagonal

tube pitch.
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Exhaust

Tube length: 3.99 m
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26

flow

End span

Middle span

End span

Fig. 4. Original OTSG bundle configuration design with tube plates in green. The evaluation of flow-induced vibrations based on the HRSG geometry consider
vibrations from the 4 main mechanisms. If vibrations exceed the limit, we add more support plates to reduce the length of tube span.

heating-cooling cycle, damage increases and will lead to low-cycle fa-
tigue, that could case failure after only limited number of cycles.

A numerical model has been set up to investigate the behaviour of
the casing during heat up and cool down transients. Cold start-ups are
key transient elements leading to large thermal stresses [16]. The pur-
pose of the model was to evaluate the effect of plate thickness on the
casing’s ability to withstand thermal stresses. The aim for the case study
is to minimize the mass of the OTSG, of which the casing represents an
important part.

The case for small tube diameter (3/4" in tubes, 1.50D), found as an
optimum by the algorithm was chosen as a case, and is used for the
geometry of the OTSG.

The casing is modelled with Finite Elements (FE). The model is made
of a fourth of the casing (see Fig. 6), with plates structures, meshed with
shell elements (see Fig. 5). Stiffeners defined by the algorithm are also
modelled by shell elements, to be able to account for contribution to
rigidity and heat capacity.

The casing taken as an example is an idealization of the OTSG and
casing, which finds an optimal mass and compactness for the heat
exchanger. It does not represent an industrial design casing, and thus
limits the conclusions that can be drawn from the numerical in-
vestigations. The purpose of them is solely to see trends and pinpoint
design recommendations for casing design. Design of such a structure is
a complex task, and determination of plate thickness, stiffeners ar-
rangements, flange design, expansion joint design are iterative tasks.
However, some general findings can facilitate the design of such a
structure.

The chosen casing geometry was studied against a heat flux of 5 kW/
m?, that was applied homogeneously on the whole inside surface of the
casing. This is an ideal model to represent a hot casing, or a cold casing

Fig. 5. Example of casing plate and stiffener meshed with shell elements.

Fig. 6. CAD model of a fourth of the casing.

where insulation has failed. Such a choice was made in order to see the
effect of high thermal deformations on the behaviour and stress and
strain development on the casing. The heat flux chosen was determined
as to achieve a plausible heat-up time for the casing, based on a measure
made by an operator on one of their exhaust systems. Cooling with a
negative heat flux of the same value was used for this case, which is a
plausible assumption based on discussions with the operator, when
blowing cold air through the casing. Two start-stop cycled were simu-
lated, corresponding to heat from 20 °C to 500 °C, followed by cooldown
to 20 °C, twice, see Fig. 7. The duration of the cycles was determined as
to achieve the max temperature with the chosen heat flux, and revert it
to reach start temperature, and repeating it two times. Temperature
distribution can be seen on Fig. 8. The results that were studied were the

500. ]
400.[ ]
300. i
200. - ]

Temperature

100. - -

0. 1 1 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0
Time

[x1.E3]

Fig. 7. Temperature [° C] cycles caused by the heat flux as a function of
time [s].
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equivalent plastic deformations that lead to damage, compared for
different beam arrangements and plate thicknesses of the casing, see
section about results.

2.5. Water purification system design

The water treatment system consists of fluid holding tanks which
make up 60% of its total weight. This is partially due to a high leak rate
in previous steam turbine combined cycle systems requiring a high rate
of makeup water production and purification of about 20 tonnes per
day. The potentially biggest reduction in the water treatment system
weight would therefore come from reducing the number of leaks. An
analysis was performed for the different components of the water
treatment system to identify sources of leaks and means to reduce these.

Beyond that, changes must be made to the previously published
systems which in some cases struggled to meet the required purity of
condensate. The conductivity of the water should be at 0.2 uS/cm for a
steam cycle according to IAWPS [37]. Water analysis data has shown
that it has been up to the 1-2 puS/cm range during operation in some
cases. Better operational and monitoring routines must therefore be
developed for the water treatment systems. It is believed that EDI could
give a stable high quality of deionized water as it will run continuously
without the need for manual regeneration. A water treatment system
based on use of EDI was therefore designed and dimensioned.

3. Results and discussion
3.1. Design optimization results

Four bottoming cycle design optimizations were carried out
considering two different OTSG tubes and two different condensation
temperatures in the steam turbine condenser. The minimized OTSG
weight from these optimizations are shown in Fig. 9. The results are
summarized in Table 5.

The results in Fig. 9 confirm that the tube selection is a key driver for
low weight. Small tubes lead to lighter OTSGs. For the cases with 30 °C
condensation temperature, %" tubes leads to ca. 32% total weight
reduction in comparison with the OTSG design based on 1 4" tubes. The
core (tube bundles) represents 37-41% of the total OTSG weight, while
the frame represents 42-45% of the total weight. In Fig. 9 it is also low
condensation temperature yields lower OTSG weight (ca. 3 tons lower)
but it has less impact than the tube diameter. However, it could also lead
to a larger condenser and LP steam turbine (larger volumetric flow at
lower condensation temperature).

Fig. 10 shows the total weight of a single OTSG for designs using
previous bend limit (diagonal tube pitch three times the tube diameter 3
x OD) compared to the results with new bend diameter suggested in this
work. The results shown in Fig. 10 include eight optimization cases
considering 30 °C and 40 °C condensation temperature, for OTSG de-
signs based on %’ and 1 '4" tubes. The results in Table 5 show that a
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smaller diagonal tube pitch is obtained than previously. The optimiza-
tion selected the lower bound for the 14 OTSG tube cases. A relatively
low turbine inlet pressure is obtained. It cannot be higher due to the LP
turbine outlet vapor quality constraint (not shown). Results in Fig. 10
and Table 5 indicate that using smaller bend diameter than current
design practice, can lead to OTSG designs of lower weight.

The optimized process is visualized in Fig. 11 that shows T-s dia-
grams of the optimized bottoming cycle processes using the %" OTSG
tubes. Two cases are shown for condensation temperature: 30 °C Fig. 5
(a) and 40 °C Fig. 5(b). The corresponding T-s diagram obtained for the
1 1/4” tubes are very similar, not shown. Most notable difference be-
tween the two T-s diagrams is the condensation temperature. The
condensation temperature might have implications with respect to
water treatment system selection so must be considered in conjunction
with performance of water treatment system.

3.2. Flow-induced vibration analysis results

Figs. 12 and 13 shows the vibration analysis for the two designs of 34"
OTSG tubes and 1% OTSG tubes for the 30 °C condensation tempera-
ture. As mentioned before, two support plates were used as default
design. As we can see from Fig. 12(a), (b), (d), the original design with
¥ OTSG tubes and two plates is sufficient to limit the vibration within
the safe range. However, the maximum flow velocity at the middle tube
span of the first tube row is about 1.8 times of the critical flow velocity,
as shown in Fig. 12(c). This could result in severe fluidelastic in-
stabilities. Two more support plates are needed to increase the critical
velocity and thus reduce the ratio of Uy /Uerii. For the design with 147
OTSG tubes and two plates, one more support plate is required to satisfy
the criterion to mitigate the fluid-elastic vibration, as shown in Fig. 13
(b). The vortex shedding and acoustic resonance for this design is in the
safe range and the plots are omitted here.

With adding more support plates, the tube span length for the design
with % OTSG tubes is reduced to about 0.8 m, and 1.3 m for the design
with 1%” OTSG tubes. This is slightly higher but close to the design
standard (ISO13705:2012) of using 35 times of the tube OD as the upper
limit for the unsupported tube length, corresponding to 0.67 m and 1.11
m for 3%” and 1%” tubes. Adding support plates also adds weight. The
increased weight from the support plates is 590 kg (design with %" OTSG
tubes) and 852 kg (design with 14” OTSG tubes).

3.3. Thermal stress

The numerical study leads to observation of higher plastic strains at
the vicinity of beam connections with higher thickness, where beam
stiffeners are stiffly connected to each other, while other places on the
structure, plastic strains are lower after 2 cycles for the thinner plate
thickness. Fig. 14 shows the detail view for 3 different plate thickness (6,
8 and 12 mm from left, top) showing equivalent plastic strains after 2
cycles.

TEMP

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.543e+02
+5.112e+02
+4.681e+02
+4.251e+02
+3.820e+02
+3.389e+02
+2.958e+02
+2.528e+02
+2.097e+02
+1.666e+02
+1.236e+02
+8.049e+01
+3.742e+01

Fig. 8. Full model of casing (mirrored for visualization) that reached exhaust temperature [°C].
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Fig. 9. Minimized OTSG weight from bottoming cycle design optimization considering two different OTSG tubes (visualized at the top) and condensation tem-
peratures. The heat and power production are identical in all cases. The results are for the new bend diameter in this work.

Table 5
Selected numerical values of process parameters and OTSG core geometry of the optimized bottoming cycles. All cases have the same heat and power production.
Case OTSG tube ¥ $Z8 ¥ ¥ 1% 1% 1% 1%
Bend constraint 3x0D 3x0D 3x0D 3x0D
definition Condensation T [°C] 30 30 40 40 30 30 40 40
Optimized Process Turbine inlet pressure [bar] 8.4 9.1 11.5 12.2 8.5 9.1 11.8 12.5
Intermediate pressure level [bar] 2.34 2.34 2.40 2.40 2.34 2.34 2.40 2.40
Water/steam flow rate [kg/s] 19.5 19.0 19.7 19.4 19.4 19.1 19.6 19.3
Flow ratio to heat production [-] 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21
OTSG core geometry Diagonal tube pitch / tube OD 2.29 3 2.40 3 2.54 3.1 2.54 3
Fin height [mm] 5.5 6.3 6.2 6.8 8.1 7.2 7.2 7.1
Fin pitch [mm] 5.6 4.4 5.2 4.6 6.4 4.0 5.3 4.0
Number of tube rows [-] 26 34 26 34 36 40 38 42
Tube length [m] 4.0 3.7 4.5 3.8 4.4 4.7 4.2 4.1

Generally, thicknesses of the plates in a specific casing for a OTSG
will be depending on the design of the critical parts as flanges, stiffeners,
and their specific location on the plates. Most important is the
arrangement of stiffener; stiffeners that connect continuously along the
structure will have a stiffening effect and will cause stress concentration
that will result in plastic strains and damage after only a few cycles (low
cycle fatigue). The evaluated cases did not assess the effect of weaker
stiffeners in combination with thinner casing plates, which could in turn
reduce the higher plastic strains seen in cases with thinner plates. This
and disconnected stiffeners are probably best for structures with low
plate thickness. The recommendation that can be done from this
assessment is to vary the stiffness of beam in accordance to plate
thickness, and check for several ways to arrange the beams that allow
the whole structure to better accommodate thermal expansion during
operational cycles. The amount of plastic strains differ greatly for the
different plate thicknesses and beam arrangements, see Fig. 14. That
makes a general conclusion difficult to draw. The standard ISO
21905:2020 has some recommendations for design with regards to both

hot and cold casing that should be followed to maximize lifetime. In the
end, accurate design of an industrial case, with the right balance of
stiffness in the stiffening beams and plates would lead to the lightest
structure fitted for the purpose.

3.4. Water purification system: opportunities and challenges for weight
reduction

3.4.1. Reduction of leaks

A typical offshore water purification system can weigh up to 110
tonnes total. Of this 41 tonnes is equipment and 75 tonnes are water
sitting in the deaerator and make-up water tanks. Part of the reason for
the high weight is the need to produce make-up water which in some
extreme cases in earlier systems were found to be at the rate of 21
tonnes/day. The most effective ways to reduce weight of the water
treatment system is to remove leaks and therefore reduce the need for
make-up water and oversized treatment technologies to purify make-up
water.
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Fig. 11. T-s diagrams of the optimized bottoming cycle processes using the %~ OTSG tubes. Condensation temperature 30 °C (a) and 40 °C (b).

3.4.1.1. Steam turbine. A key source of leaks is the steam turbine which
has different stages and leaks occur between the different stages. Steam
will try to escape out or atmospheric air will sneak in turbine gaps. For
most onshore systems the evaporated water is recovered to prevent
losses but that may not occur offshore due to increased complexity and
weight of such systems. However, this leak may be a big contributor to
the large size of the water purification beds and an optimization should
be performed between acceptable turbine leak rate vs. size of turbine
and size of water purifier. Steam will try to exit the turbine in the high-
pressure zone. In the low-pressure zone the seal has to always be
maintained as air can flow in. Steam traps are used to reduce the
leakage.

3.4.1.2. Deaerator. Some steam is used to deaerate incoming boiler feed
water. Steam strips the dissolved gas from the feedwater and exits via
the vent valve. The vent line usually includes a valve and just enough
steam is allowed to escape with the vented gases hence a plume of steam
can be visible here. This loss is comparable to other steam losses

throughout the steam/condensate system from leaking seals and valves
that can be significant [42]. A deaerator is used with drum systems but
may not be necessary in an OTSG system.

3.4.1.3. Condenser. From experience in the power industry, it is well
known that the condenser that cools condensate by use of seawater is a
source of leaks in the system. The most critical issue with these leaks is
that seawater can enter the condensate stream and cause corrosion in
the heat exchanger if it is not removed properly. It is therefore recom-
mended to use a Na sensor following the condenser to rapidly detect
potential leaks.

3.4.1.4. Operating pressure. Often systems are run at operating pres-
sures that are too close to the safety pressure of valves to optimize
performance. This often can set off leaks in the valves. A recommen-
dation to minimize leaks is therefore to keep operating pressure 1-2 bars
below safety pressure.
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3.4.2. Technology switch to EDI

It was found in this study that switching water purification tech-
nology from ion exchange to electro-deionization would give a weight
reduction as one can eliminate chemical tanks for regeneration. The
disadvantages of switching to EDI would be an increased rate of water
loss as EDI results in a 5-10% loss of water in the reject stream vs only
3% for ion exchange. The other issue is whether EDI would be reliable
enough to work as a polishing technique in the water treatment system
which could in case of leaks or influx of impurities become contami-
nated. It could be well suited for make-up water production from
seawater following evaporation or reverse osmosis (RO) of seawater as
the pretreated water then is of a consistent quality. Further research is
needed on the best technology for condensate treatment.

It is possible to reduce the weight of the water treatment system by
switching tank materials from steel to glass fibre reinforced polymer. By
switching to plastics, and eliminating the chemical treatment system by
switching to EDI and switching the framework for the installation of the
water treatment system from steel to Aluminium significant weight
reduction can be achieved. However, the greatest potential for weight
reduction was in removing leaks.

4. Conclusions

In this work we have proposed and designed an efficient system for
generating heat and power at an FPSO. This system consists of two gas
turbines and a steam bottoming cycle. Focus was to minimize the weight
by optimizing the thermodynamic design of the bottoming cycle and the
geometric configuration of the OTSG. A novelty of this work is the
proposal of a more compact and lightweight OTSG by using smaller bend
diameter than current design practice. We have also demonstrated the
importance of selecting small tubes for reducing the OTSG weight.

Vibration analysis is conducted, that supports the evaluation of flow
induced vibrations, to find the required number of support plates. The
numerical simulations in this work support the standard recommenda-
tions of using 35 times tube OD as upper limit for the unsupported tube
length, which could be a reasonable criterion for an initial design at
conceptual design phase.

Casing design is an important part of an OTSG design. Thermal
expansion of material creates stresses on components at connections
with other stresses, where the deformations are constrained. De-
formations above elastic limit of the material cause non-reversible
plastic deformations and damage the material. During their lifetime,
heat exchangers are subject to many cycles of start and stop, heat up and
cooldown. It has been investigated how plate thickness impacts the
development of thermal stresses on a casing. What was observed here
was that design, mostly on beam arrangement, location, stiffness of
beams has a major impact on thermal stresses and can be optimized to
different plate thicknesses in order to avoid fatigue damage.

Reducing leaks as much as possible is the key to reduce the weight of
the water treatment system. Focus should be on potential deaerator,
steam turbine and condenser. It is recommended to add Na sensors after
condenser, as well as investigating the use of EDI for make-up water
production from seawater following evaporation or RO. Research is still
needed on best technology selection for condensate treatment.
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