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ABSTRACT

The conceptual design of a ship propulsion system, developed during the early
stages of the overall ship design process, has a very large impact on the overall
design and performance of a ship. Gas turbines are often utilized for warship
propulsion systems designed to fulfil requirements of high ship speed and power
density. To achieve a high overall system-level efficiency, gas turbines are often
used in combined architectures with diesel engines along with geared, electric or
hybrid transmission systems driving multiple propulsors. The process for the
development of the conceptual design for such ‘combined’ systems, designed to
achieve multiple and often conflicting design objectives, is significantly more

complex compared to that for systems where a single-engine drives a propulsor.

A number of approaches are currently used in practice towards the conceptual
design of a ship, ranging from manual ‘design lanes’ based iterative approaches,
to computerized overall ‘ship as a system’ design synthesis approaches.
Towards the conceptual design of the propulsion system, both these approaches
pose their own limitations, wherein the approach of the manual iterative design
process relies heavily on the preferences of experts and approximations based
on past experience; while the ship design synthesis approach usually yields good
results generally if the candidate propulsion architectures are based on existing

designs.

This research work proposes a model-based process for the design space
exploration using a model-based ‘Techno-economic & Environmental Risk
Assessment’ (TERA) approach. To undertake feasibility and performance
analysis of the candidate propulsion system architectures, the process involves
building performance models of the candidate propulsion system architectures at
this very early stage the overall design process of the ship and utilizing the

generated results as the basis of design related decisions.

For undertaking the performance modelling of the multiple candidate propulsion
system architectures, an agile modelling and simulation framework was

considered essential that could handle the complexity of ‘combined’ propulsion



plants. To achieve this, a component-based modelling software, ‘Poseidon +’,
has been developed as a part of the present work which enables 0-D modelling
of gas turbine engines as well as the entire propulsion system in the same
framework. A key aspect of this work was the development of an algorithm that
analyses the direction of the torque transmission across the complex
transmission system of ‘combined’ plants, based solely on the based on the

states of the engine and clutches.

For undertaking TERA, a suite of ‘Multiple-Criteria Decision-Making’ (MCDM)
methods were selected and applied to select a compromise solution from
competing propulsion system architectures, using a combination of performance
data generated from simulation of developed models, and comparative expert
opinions-based metrics for information not available early in the ship design
process. To execute the MCDM procedure, a methodology of deriving weights of
the competing design criteria using a combination of hierarchal and network
structure, considering the degree of relationships between the design criteria, has

been demonstrated.

The overall proposed approach for design space exploration of gas turbine based
‘combined’ ship propulsion systems has been demonstrated towards the
conceptual design analysis of two notional ship designs. The results of the
analysis show the effectiveness of the proposed procedure for design space

exploration of ship propulsion systems.
Keywords:

Ship propulsion system design; conceptual design; model-based design;
propulsion system architecture; Gas turbine modelling; ship propulsion system
modelling; ‘Techno-economic & Environmental Risk Assessment’ (TERA);
‘Multiple-Criteria Decision-Making’ (MCDM); Poseidon+
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1 INTRODUCTION

1.1 Background and Motivation

In the overall design of the ship, the initial design process plays a significant part,
with 70-80% of the shipbuilding costs being committed or influenced by the
decisions made during this part of the design [1],[2]. One of the key elements of
the initial design of the ship is the development of the conceptual design of the
ship propulsion system. The conceptual design of the propulsion system and the
ship design significantly influence each other, with factors such as propulsion
equipment volume, deck area availability, fuel tank volume, occupation of space
on upper decks etc. With the increased electrification of ships, the conceptual
design of the propulsion system can also subsume the process of the conceptual
design of the electric grid system of a ship. Further, while often upgrades are
possible for many ship systems during the life span of the ship, the hull and
propulsion system designs are developed for lasting through the entire lifespan
of the ship. Hence the conceptual design of the ship propulsion system is a key
step in the initial design process of a ship, that significantly influences the overall

ship design, performance, and costs.

For propulsion systems designed to fulfil a large number of conflicting design
criteria such as high speed, large endurance, low acoustic signatures, high
flexibility of operation, survivability etc., ‘combined’ propulsion plant architectures
provide a good solution. Such architectures basically involve the application of
multiple engines and drives integrated by flexible mechanical, electrical or hybrid
transmission systems to deliver the specified design criteria derived from the
overall ship design objectives based on the operating or mission profile of the
ship. Multiple operating modes involving the utilization of different engines or
drives are used to fulfil the various design criteria. Increased efficiency at the
plant level is a key objective of such ‘combined’ plants. For ships that need to
operate at high speeds, the application of gas turbines is preferred due to their
very high power to weight ratio compared to other engines [3]. However, the
design of such combined plants adds additional complexity to the design process

of the ship propulsion systems.
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While a large part of the design analysis for ship propulsion systems is based on
the requirements to meet the condition of the rated power of the plant, many ship
applications like warships spend a majority of their life at very load conditions or
‘off-design’ conditions. Hence the analysis of the propulsion systems under these
off-design conditions should be a key consideration during design. If such
analysis is not sufficiently considered during design, significant performance
benefits of a combined plant can be lost. However, during the early stages of ship
design where the conceptual design of the propulsion system is undertaken, an
in-depth performance analysis of the propulsion, especially for the off-design
point operation, is often not undertaken. Accurate performance predictions based
on simulation studies for off-design conditions, leading to a higher level of
certainty in design which can reduce the requirements of multiple safety margins
often used in the design practices. On the other hand, there are many design
criteria, e.g., acoustic behaviour, for which very accurate predictions are difficult
at the early stages of design. However, for such criteria, historic data or expert
opinion data could be captured on a relative scale and used in a decision-making

model to make better informed decisions.

When the designer is faced with the task of designing a propulsion system
architecture to meet a very large number of design criteria and constraints, a
systematic procedure for a techno-economic analysis-based exploration of the
design space that combines the performance predictions with historic data and
expert opinion, could lead to much-improved design solutions. Such design
solutions could provide the benefits of lower design risks, life cycle costs and

higher plant efficiency over the entire operating envelope of the propulsion plant.

1.2 Aim and Objectives

The aim of this research work was to develop a process for design space
exploration of gas turbine based ‘combined’ ship propulsion systems using a
techno-economic model-based approach towards the overall conceptual design
of a ship propulsion system based on the defined design objectives and

operational profile.

Key objectives that were defined to achieve the above aim are:
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. Establishing the overall framework requirements for undertaking the design
space exploration of ship propulsion systems based on techno-economic

studies.

. Development of an integrated, agile, performance modelling methodology for
ship propulsion systems that would allow the engines, as well as other
elements of the propulsion system including that for multi-engine, combined

plants, in a common modelling domain.

. The modelling environment of the propulsion system should allow for
modelling of various operating ‘drive modes’ where different combinations of
engines, clutches and propulsors are used to operate the plant efficiently at

various points in the ship operating profile.

. Validate the developed modelling procedure and apply it to multiple combined
plant designs to analyse the overall system performance considering the

interactions between the engines and other elements of the propulsion plant.

. Identify and apply dimensioning and costing models for propulsion system

equipment for the economic aspect of the analysis.

. Identify the key criteria required to be considered for the design of ship
propulsion systems and establish the degree of relationships between the

criteria.

. Identification, integration and application of decision-making models required
to select the most optimal design from a design space with candidate

propulsion system architectures.

. Application of the overall framework to undertake analysis for notional ship

designs of a light frigate and a destroyer.

1.3 Novelty of the Research Work

The primary novelty in the research work undertaken is as follows:

. Development of a generalized ship performance modelling procedure based
on a 0-D component-based approach, with an algorithm to analyse the

direction of ‘torque flow’ based on the states of engines and clutches, giving
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the ability to model the large number of ‘drive modes’ that are typical to

combined propulsion plants.

2. ldentifying the most often applied design criteria for conceptual design of ship
propulsion plants and analysing the degree of relationships between these
criteria that affect the decision-making models for selection of preferred plant

architecture.

3. Application of multi-criteria decision-making techniques for combining
quantitative data based on performance modelling of ship propulsion systems,
with qualitative data from expert opinion, for selection of the best compromise
solution from the design space populated with candidate propulsion system

design architectures.

1.4 Thesis Structure

The overview of the structure of the thesis, divided into seven chapters, is shown
in Figure 1-1. Chapter 1 (present chapter) provides a brief introduction to the
research work undertaken along with a short description of the novelty of the
work. The literature review undertaken towards the primary objectives of the
research work is presented in Chapter 2. Chapter 3 presents the overall
methodology used for the present research work. This chapter also includes the

scope and the boundaries of the applied methods towards the research work.

The overall performance modelling framework developed to undertake the
present research work towards performance analysis is described in Chapter 4.
This chapter is divided into sections describing the overall concept of
performance modelling used, followed by performance modelling concepts used
for gas turbine engines and propulsion plant modelling. Considering the wide
theoretical background and a large number of relationships applicable for the
models used, the content of the chapter focuses more on the developed overall
modelling concept while the theoretical background and detailed equations used
for the performance simulation calculations are included in the referred

appendices.
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Chapter 5 describes the integration and application of the selected multi-criteria
decision-making methods for undertaking the techno-economic analysis. The
chapter also describes the methodology for establishing the network and
hierarchy of design criteria for propulsion system design. Chapter 6 describes the
application of the established framework for undertaking the concept design of
ship propulsion plants for notional light frigate and destroyer designs. The chapter
initially describes the results of performance simulations undertaken for various
gas turbine engines used for the candidate propulsion system designs. This is
followed by performance and further trade-off analysis undertaken for the
candidate propulsion system design architectures applicable for the notional light
frigate and destroyer designs. The overall conclusions, achievements for the

research work and recommendations for future work are included in Chapter 7.

Subject of Thesis Thesis Chapters Aspect of Work Covered

1. Introduction —| Aim, objectives, novelty of work
Introduction }—|:

Literature survey, gaps in
knowledge identified

2. Literature Survey

Broad proposed process for
conceptual design

—| Research process

Gas turbine engine modelling

— 3. Methodology and Scope —

Method l—

4. Performance Modelling and
Simulation Framework

Combined plant modelling

Establishing design criteria
network, hierarchy, relationships

—— 5. TERA Based on MCDM —

Application, integration of MCDM
methods with TERA

4| Verification of modelling method

Application of developed

- - modelling method to engines,
Results and Discussion I—— 6. Results and Discussions combined propulsion plants

Application of developed
modelling results and TERA
MCDM algorithm to notional
frigate, destroyer designs

. 7. Conclusions and Conclusions, achievements,
Conclusion .
Future Work recommendations for future work

Figure 1-1 Overview of the structure of the thesis.
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2 LITERATURE REVIEW

The literature review presented in this chapter focuses on the primary objectives
identified towards achieving the overall aim of this research work. References to
more specific subjects of the research are included in the respective chapters.
The chapter initially describes the current practices towards the conceptual
design of a ship propulsion system in the context of the overall ship design
process. Thereafter the ‘state of the art’ methods used to use for performance
modelling of ship propulsion systems are briefly discussed. The review also
includes the application of TERA, which is widely used for techno-economic
analysis across various domains of application. A review of the popular Multi-
Criteria Decision Making (MCDM) techniques used for complex decision-making
problems has also been briefly presented. This chapter concludes with a
summary of the review and the identified gaps in knowledge that are aimed to be

addressed by this research work.

2.1 Conceptual Design

Ship design is an iterative process and as the propulsion system is an integral
part of the ship, not easily changed once installed, it is important that it is well-
considered from the earliest stages of the ship design process [4]. Since the
1960s, the ship design process has popularly been represented by the ship
design spiral [5], [6], [7] as shown on the left side of Figure 2-2. The overall ship
design process is usually considered to be divided into the stages of ‘Conceptual
Design’ wherein preliminary estimations of the basic ship dimensions and ratios
are made, ‘Preliminary Design’ which involves the accurate determination of the
ship’s main characteristics based on earlier studies, ‘Contract Design’ involving
the completion of the ship design calculations and drawings, drawing up of the
technical specifications for the shipbuilding contract and finally ‘Detailed Design’

which leads to production level drawings and specifications [8].

For more complex ship designs, like those often typical to warship designs, the
timescale from the first conception of requirements to the commissioning of the

first ship of the class can be some 12 to 15 years [9]. When framing the role that

41



the ship will be required to carry out, the naval staff may not be aware of not only
of what is technologically feasible at the time of stating the requirement but also
of what can confidently be expected to be feasible at some considerable time in

the future when the decision to order the ship will be made [9].

The initial design process of the ship plays a significant part in the overall design
with 70-80% of the fixed costs of shipbuilding being committed or influenced by
the decisions made during this part of the design [1],[2] as shown in Figure 2-1.
When considering such factors as weight, volume, manning and cost, the
propulsion plant normally has the most significant impact on the ship, and thus

upon payload of the ship [10].

100%

-
Fixed Costs

/7

~70%

N\

Design Freedom

~— Time

Few Days

Figure 2-1 Design Timeline [1].

In general, the traditional representation of the ship design process by means of
the design spiral reflects the iterative nature of the design process, as is shown
on the left part of Figure 2-2, where the design process follows the spiral starting
from the outside and is refined as it follows the spiral inward, through the various
stages of ship design viz. concept, preliminary, contract and detailed design. The
process is based on iterated cycles until the achievement of a satisfactory design
solution [1]. The design spiral represents an idealization of the traditional
workflow which was indeed to study one issue at a time and to advance in the
design step by step, undertaking modifications and establishing refinements
iteratively [11]. However, a modern, integrated approach to ship design, as shown

on the right side of Figure 2-2, is based on a computer-based synthesis process
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which integrates techno-economical databases, calculation and optimization
algorithms that allow the exploration of the design space to a much larger extent
and leads to new insights and promising new design alternatives [11]. Here the
design is not following a stepwise iterative process as for the design spiral, but is
being converged upon from the 'outside' towards the 'inside’ (in terms of design
refinement), using computerized processes, as shown in the right side of Figure
2-2. Both the traditional design spiral and the modern ship design synthesis
processes approach the propulsion system design in different ways, embedded

in the overall ship design process, as described in the next paragraph.

nes and damage

eliminary Contract Detailed
jesign  design  design

Figure 2-2 Traditional ship design spiral vs. modern integrated ship design

synthesis approach [11].

Stepanchick et.al. [12] have noted that the traditional approach to ship design,
represented by the ship design spiral, is largely an ‘adhoc’ process, where
experience, design lanes, rules of thumb, preference, and imagination guide the
selection of design concepts for assessment. With such a process often, objective
attributes are not adequately synthesized or presented to support efficient and
effective decisions [12]. To address these issues, a ‘total system approach’,
represented by the ship design synthesis process, was proposed including a
structured search of the design space based on the multi-objective consideration

of effectiveness, cost and risk [12].

Stratmann [13] describes the various aspects of engineering management during

the early stages of a warship design process where the lead shipbuilder carries
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out more in-depth investigations into cost versus capability trade-offs, in the
context of the high-level model for ‘Warship Engineering Management’ published
by UK MoD based on the V-diagram as shown in Figure 2-3. In this approach,
the overall ship design process is viewed as a 'systems engineering process' 'V-
model' with the propulsion system being one of the systems being addressed by
the process. The initial trade-off studies to decide the architecture of the
propulsion system would need to be undertaken during the stage of 'determining

performance system architecture' in the V-diagram.

Palmer [3] highlights that the design of a ship propulsion system requires close
collaboration of the naval architect, with the marine engineers, who are principally
responsible for the main propulsion plant while naval architects are responsible
for the hydrodynamic and hull form characteristics of the ship and propellers. The
development of the most effective means of achieving a desired ship's speed also
requires trade-offs between naval architects and marine engineers, with due
regard for the vessel's intended use [3]. Watson [6], in his textbook on ship
design, states that the naval architect, when calculating the propulsive power to
specify to the marine engineer, has to rely on a number of assumptions to enable
the calculation of quasi-propulsive coefficient which, has a major influence on the
required power. The traditional distinctions between naval architecture and
marine engineering have been replaced by broader methods of systems

engineering and analysis [3].

Combined plants, in configurations commonly termed as COGAG, COGOG,
VIKOR, CODOG, CODELOG, CODELAG, IFEP etc. (general description of this
terminology is given in Appendix K), are usually used when a single prime mover
(a diesel engine, or a gas turbine) cannot acceptably satisfy all the operating
conditions and requirements. For example, warships are required to operate for
extended periods at low, economical cruising speeds, but upon command may
be required to reach maximum power, which can be several hundred per cent
higher, in a matter of minutes to respond to an emergency [3]. In combined plants,
two different types of prime movers or different sizes of the same type of prime

movers are connected to the propeller shaft through a common transmission
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system to take advantage of the desirable features of each prime mover [3].
Combined propulsion plant architectures attempt to capitalize on the advantages
offered by various combinations of prime movers and power generating systems
[10]. The single biggest reason for using combined plants is increased plant
efficiency [10]. The efficiency of the system is targeted at a system level by
designing for higher efficiency at the speed ranges where the ship would be

operated for a majority of its operating time [14].

Agencies
User Define Accept
capability m capability
Procurement f I ‘contrset boundery
P Determine
Authority perdama
(e.g. DPA) L m
K specify sub ca y
systems . by analysis
System . D contract bound ary
Designer svtDumquljb'nst SATS| Sca Acceptance Trials |
(e.g. PCO) A uﬁ"'m.ne
. contract boundary
Production Design
Designer "Iml, nby HATS [ Harbour Acceptance Trials |
Make contract beundary
FATS
& procure
Manufacturer elgmeru rFacmr_v Acceptance Tests |
Assemble Comtract boundery
Assembler clemerks by

Figure 2-3 ‘Warship Engineering Management’ V-diagram [15].

Plumb [4] notes that while there have been many books, papers and articles on
the individual elements that make up a propulsion system but very few on the
system design itself or on how to select a system for a ship. The process for
integration of ship propulsion systems is well described in the textbook by Plumb
[4], comparing the merits and demerits of various propulsion equipment and
configurations. Many investigations on the suitability of various propulsion
equipment for various applications have been published, like for marine

propulsion engines [15] and propulsors [16].

Webster et.al. [17] published the results of a US NAVSEA study undertaken for
evaluation of technical and cost impacts of alternative propulsion methods for
various types of surface ships based on the fossil fuel-based energy plants

contrasted with nuclear energy alternatives. The study included power and
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propulsion technologies including gas turbines, diesel engines, mechanical
power transmission systems, hybrid power transmission systems, integrated
power transmission systems, combined power plants, nuclear power and various
propulsor systems. Gully [18] presented an analysis of the performance of hybrid
powertrains for naval and commercial ocean-going vessels based on simplified

polynomial fit function models for propulsion equipment.

The ship synthesis approach proposed by Strock et.al. [19], as shown in
Figure 2-4, is based on optimization of the ‘Overall Measure of Effectiveness’
(OMOE) index for the overall ship calculated based on using expert opinion and
experience against cost and risk. The propulsion system design is subsumed in
the overall ship design process which looks at the propulsion system as a set of
machinery alternatives, as shown in Figure 2-5 [12] for which basic data is
included in the ‘Propulsion and Power System Data Base’. The synthesis
algorithm retrieves propulsion system and ship service power system data from
the ‘Propulsion and Power System Data Base’ as specified by the propulsion

system and generator system design variables [12].

Expert Opinion
Mission M&S
Mission Need Engineering Process /
Statement (MNS) Analysis —{LCC Model —| Schedule
Determine M&S Model

Mission Need Concept /
Studies Zigzag down hierarchies

o A
’ N 7

A
Design Synthesis and Analysis
Exploratory Define and Relate to Cost-Effectiveness-Risk Surface Build
Mission calculate OMOE Functional OMOE = (89, risk) Strategy —
Analysis OMOE = g(MOP's) CR's Requirements FR's Product Model DP's PV's
EXPLORATION MISSION DOMAIN FUNCTIONAL PHYSICAL PROCESS
DOMAIN DOMAIN DOMAIN
Constraints
R&D and
Exploratory
Design Define "possibilities” as function

of technology risk.

Figure 2-4 Notional concept design process [19].
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Figure 2-5 Propulsion machinery alternatives[12].

2.2 Engine and Propulsion Plant Modelling

2.2.1 Marine Propulsion System Performance Simulation

Rubis et.al. presented one of the earliest integrated gas turbine and ship
propulsion modelling and simulation modelling methods aimed at predicting ship
propulsion plant and control system performance for the development of
propulsion control systems and their design for protection against excessive
torques, thrusts or overspeed conditions [20,21]. Detailed diesel engine
component models integrated with propulsion system was presented in the work
of Schulten [22] describing the dynamics of interaction between the diesel
engines and ship propulsion systems. Benvenuto [23] presented a gas turbine
modular model for ship propulsion dynamics. Martelli [24] et.al. published the
modelling method of propulsion control systems for a six-degrees of freedom ship

motion system.

Figari et.al. [25] presented a methodology for simulation studies to analyse the
dynamic behaviour and stability of marine propulsion systems. Campora et.al.

[26] presented the method used for full-scale validation of the numerical
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simulation of ship propulsion transients. Altosole et.al. [27] published the process
used for real-time simulation of a COGAG naval ship propulsion system. Martelli
[28], Altosole [29], Campora [30] et.al. have published multiple papers on the
propulsion dynamics and control strategies of CODELAG propulsion systems.
Menard [31] published a methodology used for the prediction of manoeuvring
dynamics for the IFEP based on the US Navy DDG-1000 design. Altosole [32]
et.al. presented simulation studies related to propulsion control strategies for ship

emergency manoeuvres.

Vrijdag et.al. [33] proposed a systematic approach towards the modelling,
verification, calibration and validation of a ship propulsion simulation model to
develop a propulsion control system aimed at increased cavitation free time in
operational conditions. Geertsma et.al. [34] presented modelling of hybrid
propulsion plants with controllable pitch propellers for adaptive pitch control

aimed at reduction of emissions.

2.2.2 Cranfield University in the Field of Gas Turbine Engine and
Plant Performance Modelling and Simulation

Cranfield University, over the years, has developed a suite of computer
applications for gas turbine engines, engine emissions and plant simulation with
contributions, from faculty and students, that include Turbomatch, Pythia, Web

Engine, Hermes, Poseidon, TERA, Turbo Electric Distributed Propulsion etc.

Turbomatch is one of the primary tools used at Cranfield University for gas turbine
simulation. Turbomatch was developed by Macmillan in 1974 [35], based on
some of the earliest simulation programmes developed for gas turbine engine
simulation such as Palmer’s ‘Turbocode’ scheme [36], ‘Simulation of Turbofan
Engine’ by McKinney in 1967 [37], ‘'GENENG - A Program for Calculating for
Turbojet and Turbofan Engine Design and Off-Design Performance’ by Koenig
and Fishbach [38,39]. Since its initial development, Turbomatch has been
continuously updated by contributions of students and faculty members, some of
the most significant being from van den Hout in 1991 [40], Sirinoglou in 1992 [41],
Pachidis in 2006 [42], Mucino in 2007 [43], Janikovic in 2010 [44] and
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Giannakakis in 2013 [45]. However, through these enhancements, the basic code

structure and core design of Turbomatch has remained the same.

Pythia was thereafter developed by Escher in 1995 [35] to provide for the ability
to undertake engine diagnostic related studies. A web-based application, ‘Web
Engine’, was developed by Apostolidis and Suresh in 2013 [47], [48] using the
Turbomatch as its core, to provide an ergonomic a web-based graphical user
interface and offering a key advantage of not requiring any software installation
on the user machine for using the application. For undertaking simulation of the
integrated aircraft engine performance, Hermes was developed designed to
interface with Turbomatch. APPEM (Analysis and Prediction of Pollutant
Emissions) was developed for modelling combustor performance and predicting

exhaust emissions calculation.

Poseidon was developed by Tsoudis in 2008 [49] as an integrated computational
marine vessel operation environment simulation tool with modules for marine
vessel power prediction, power plant operation management and journey
management. The primary objective for the development was to undertake
economic feasibility studies of marine power plants with gas turbines. The TERA
analysis using Poseidon is based primarily on a journey management module
that looks at the engine and journey or voyage parameters defining ambient
conditions dependent on routes taken by commercial vessels. Bonet [39] further
developed Poseidon for exhaust pollutant emissions under the effect of varying

environmental conditions of long hauled voyages.

To use Poseidon, the off-design operational characteristics of each gas turbine
engine need to be initially created by the user using Turbomatch, tabulated into
two or three-dimensional look-up tables, which are then used by the Poseidon
program by using linear interpolation to obtain the required output engine
parameters [49]. Further, Royo Bono [51] observed that Turbomatch does not
allow the rotational speed of the power turbine to be used as a ‘handle’, and
hence it is not possible to calculate the required fuel to produce the required
power and rotational speed of the engine. To overcome this, Royo Bono [40] used

the method as shown in Figure 2-6, which involves the creation of a scaled power
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turbine ‘performance map’, for relative rotational speed lines. Using this map, for
a given fuel flow, a relative rotational speed is selected and by an iterative

‘matching process’.

Mody [52] published the results of a joint project involving University of
Strathclyde (UoS), University of Manchester (UoM) and Cranfield University (CU)
aimed at the development of a simulation modelling tool for undertaking gas
turbine steady-state and transient performance in Integrated Full Electric
Propulsion Systems (IFEP). UoS was responsible for the preparation of the
electrical simulation models and integration of electrical and mechanical models,
UoM for preparation of models for electrical drives, propellers and ship, and CU
contributed by development simulation of prime mover models, techno-economic
environmental and risk analysis of marine power plants. This modelling tool was
aimed at application in the marine industry in the ‘pre-design’ stage to allow proof
of concept and to thus provide technological back-up and risk-mitigation for IFEP
plants. The engines models of some specific engines were written in FORTRAN
77 and transformed as a direct link library to a SIMULINK package for running

system-level simulations [52].
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Figure 2-6 Iterative process followed to obtain free power turbine work for different

rotational speeds [51].



2.2.3 Dimensioning and Costing Models

The data on the mass and dimensions of standard equipment like engines is
usually easily available from the manufactures in the form of technical specs,
project guides, brochures etc. However, to use this data for comparative analysis,
additional considerations are needed to ensure that the data indicated are based
on similar considerations like the mass of base frames, enclosures, auxiliaries
etc. The data for mass and dimensions of more custom-designed equipment like
geared transmission systems, propellers etc. is not usually readily available.
However, it is indeed possible to create simple regression-based models for the
propulsion equipment and it is known that such models are built by shipyards,

design and research organizations.

The literature review on the subject indicated that, while some generic information
on the subject has been published in textbooks [3], [53], such models are not
widely published. Stapersma et.al. published an interesting paper on dimension
prediction models of ship system components using first principles [54]. A very
useful publication on the subject is the regression data models published by van
Es [55], where the first principle-based dimensioning and data from the
manufacturers are compared. The data used by van Es [55] was mostly derived
from software tool GES (Dutch abbreviation for Integrated Energy Systems),
developed by TNO (Netherlands Organisation for Applied Scientific Research),
from manufacturers’ information, literature, expert experience, as well as

considerations of the first principles.

The initial purchase or acquisition costs of propulsion equipment are very difficult
to predict as the costs are not widely published and are dependent on many
factors like volume of equipment ordered, the conclusion of maintenance
contracts along with purchase or the intention to buy products in the future,
strategic prices etc. Watson [6] has observed that in shipbuilding practice, the
machinery material costs are obtained mainly from subcontractor’s quotations but
partly by costing items either on unit, unit power or unit weight basis. Webster
et.al. [17], [56], compared the overall impacts of different concepts of power and

propulsion technologies on acquisition cost and overall ‘Life Cycle Costs’ (LCC)
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for the propulsion systems considered, without giving the cost break up for
individual equipment. Watson [6] has noted that usually, the most important item
of running costs is the annual fuel bill. Another important element for the LCC is
that of maintenance costs. Elaborate models for deriving maintenance costs of
gas turbines have been extensively published. For gas turbines, the life of the hot
section components usually determines the interval between major maintenance
actions, resulting in an estimated average maintenance cost [57]. The hot section
life is dependent on the power rating at given ambient conditions or the Power
Turbine Inlet Temperature (PTIT) as well as the operating profile of the engine.
The normal relationship between internal parts life and the power turbine inlet

temperature is indicated in Figure 2-7.
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Figure 2-7 Relationship between internal parts life and the power turbine inlet

temperature of a marine gas turbine [57].

At higher internal temperatures the component life is determined by creep-rupture
and decreases rapidly with increased temperature; at lower internal temperatures
the component lives are determined by corrosion and do not vary as rapidly [57].
Elaborate models for gas turbine maintenance and lifing aspects have been built
in the framework of TERA analysis in the works such as by Doulgeris [58,59] who
used a creep-life prediction method for the life of a marine gas turbine to develop
a maintenance cost model and Raja [60] for simulating failure of critical hot gas
path components as a function of the thermodynamic performance of the gas

turbine and creating maintenance schedules based on failure trends simulated.
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2.3 Techno-Economic Analysis Procedure

Techno-economic & Environmental Risk Assessment (TERA) is a concept
developed at the Cranfield University that uses a framework of mathematical
models to conduct design space exploration and trade-off studies in the areas
ranging from taxation policies in civil aviation [61]; to the selection of gas turbine
engines for aero [62], industrial [60] and marine applications [59]. The framework
is modular in structure and consists of a set of core system models linked to
economic, risk and environment models, to objectively assess and compare
competing schemes by weighing investment of resources against performance
and risk estimations. Gayraud [63] was the first to base his studies on techno-
economic assessments of industrial gas turbines at Cranfield University.
Whellens and Singh [64] describe how the TERA approach can be used to model
the design procedure to make the traditional decision-making process easier.
Doulgeris [59] used the approach for the assessment and optimization of marine
propulsion systems focussing on emission and cost considerations in his based
on the approach developed for aerospace applications. The overall scheme of
TERA is usually integrated with optimisers such as real parameter ‘Genetic
Algorithm’ for the optimisation of one or more goal functions which could range

from fuel burn, engine noise, engine emissions to operating costs.

TERA analysis of ship propulsion system was presented by Tsoudis, Bonet etc.
using Poseidon [49,59] [50,65] primarily focussed on merchant ships, which
operate at a high percentage of rated power, except for short periods when
approaching or departing ports. Consequently, for merchant ships, economical
operation at the sustained sea speed corresponding to the intended trade route
is of primary importance [3]. Hence, these studies were primarily based on
journey route-based analysis. On the other hand, the power plants for naval ships
do not follow specific routes but are usually assigned mission areas. The design

of a power plant of such ships must fully reflect the operating profile of a ship [3].

2.4 Ship Operating Profile

The operating profile of a ship is represented by the percentage of time underway

spent at various bands of speeds in the ship’s speed range as shown in Figure
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2-8. Naval ships must be designed to satisfy the highest speed requirements
projected for them, but the maximum power capability provided is seldom used.
In addition, good economy at the cruising speed is of major importance because
the fuel consumption at this speed may control the range of the ship during many
operations. This means that for ships that must have a very high-power capability,
but only for rare and brief periods, the acceptable component service lives for full-
power operation may be relatively low, and the acceptable rate of fuel
consumption at full power may be high. On the other hand, economy would be
given major emphasis for the more extensively used, lower power, cruising mode
of operation [3]. Hence operating profile is a very important design input that
should be considered for conducting the trade-off studies for the design of

propulsion systems for such applications.
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Figure 2-8 Comparison of 2003 approved (Current) and observed operating
profiles (New) [66].

While the operating profile is a key design input, it is a complex task to predict
such a profile for the entire lifetime of a ship. The profile is usually derived based
on the experience of operation of similar vessels. Such data is not usually publicly
available. Anderson et.al. [66] presented a very detailed case study of comparing
the original speed-time profile for a class of US naval destroyers, DDG-51,
considered with the actual operations of the ship, in 2013. This analysis clearly

showed a large deviation from the originally considered profile and the approved
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profile in 2003. A comparison of the operating profile as derived based on data in
2013, compared to the approved profile of 2003 is shown in Figure 2-8. The

analysis also shows that the ship’s mission has a strong influence on the profile.

Another way of classifying the operating profile of a warship could be based on
its primary role described by the broadest of terms such as 'anti-submarine' or
'anti-surface' etc. and a secondary or peacetime described as 'General Purpose'
(GP) [9]. Based on this the operating profile for a ship designed for the primary
role of 'Anti-Submarine Warfare' (ASW) could be described as shown in Figure
2-10.

Mission Type — Time Profile RMD Speed-Time Profile
4% 25
20
I R0 15
[ operations

- Transit 10
5
0

0 5 10 15 20 25 30

Operations Speed-Time Profile Transit Speed-Time Profile

25 25
20 20
15 15
10 10
5 5
0 0

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Figure 2-9 Comparison of operating profiles based on mission type [66].
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Figure 2-10 Example of operating profile specification for ASW and GP roles [9].

2.5 Multiple Criteria Decision-Making

Multiple criteria decision-making (MCDM) has grown as a part of operations
research, concerned with designing computational and mathematical tools for
supporting the subjective evaluation of performance criteria by decision-makers
[67]. MCDM is one of the most widely used decision methodologies in various
fields such as energy and environment, business, economy, production. In more
recent times, the development and application of hybrid methods, based on
previously developed well-known MCDM methods, is becoming increasingly
important [67].

The Analytic Hierarchy Process (AHP) method [68], is used to decompose the
decision problem into a hierarchy of subproblems and the decision-makers
evaluate the relative importance of the various elements by pairwise
comparisons. AHP converts these evaluations to numerical values, which are
used to calculate a score for each alternative [69]. Amongst the MCDM
approaches, AHP has been used more than other tools and approaches [67].
Ruschmeyer [68] and Shamasundara [69] used AHP for the selection of
propulsion plant design based on defined requirements or design criteria. Brown
[72] applied a combination of AHP and ‘Multi-Attribute Utility Theory’ (MAUT) for
the overall naval ship concept design process including the propulsion system

architecture selection utilizing metrics for quantifying performance and risk. The
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utilization of expert-based opinion for such analysis has been used for

optimization in ship design by Brown [72] [12].

Analytic Network Process (ANP) is a generalisation of the AHP wherein the
decision-making problem is modelled as networks, instead of hierarchies as with
the AHP [73]. If dependencies exist between criteria, application of ANP is more
appropriate than AHP, as the dependencies and feedback between the decision-
making elements can be modelled to calculate more accurate weights of these
elements [74]. Rai [75] proposed a combined AHP and ANP method for the

selection of alternatives for the procurement of weapons for ‘air power potential’.

The pairwise comparison matrix method used in the ANP process, when applied
to complex problems can get difficult to implement practically. The ‘Decision
Making Trial and Evaluation Laboratory’ (DEMATEL) method is often used to
overcome these difficulties by analysing the cause-and-effect interrelationships
between the criteria by analysing the degree and type of influence they exert on
each other [76]. There are various methods of integrating the DEMATEL with
ANP, with one of the most popular being the DEMATEL-ANP (DANP) method
[77], [78]. In the DANP method, the DEMATEL method is used to determine the
interrelationship among the main dimensions (criteria clusters) as well as the
relationships between the criteria for each dimension instead of the pairwise
comparison method. The rest of the process followed in DANP is the same as the

ANP process.

The VIKOR method (‘ViISekriterijumsko KOmpromisno Rangiranje’ in Serbian,
translates to multicriteria optimization and compromise ranking) is the method
used to rank and select the ‘best-suited alternative’ from a finite set of alternatives
in the having conflicting and non-commensurable attributes [79]. This method is
based on the concept of a multicriteria ranking index based on the measure of
‘closeness’ to the ‘ideal’ solution. Cristébal [80] used VIKOR for the selection of
a renewable energy project from possible alternatives. Demirel [81] applied the
VIKOR method for the selection of suitable roll stabilizer type for motor yachts
using a hybrid fuzzy AHP and VIKOR methodology. Chiu [82] used a hybrid
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DANP with the VIKOR approach for analysing possible measures to improve an

e-store business.

2.6 Summary of Literature Review

The overall summary of the literature review undertaken on the primary subjects

of the present research work is as follows:

1.

The design process of ships, traditionally approached using the ship design
spiral, is being replaced with the integrated ‘systems approach’ for design
synthesis. However, the adhoc process for design using ‘design lanes’, rules
of thumb etc. is still prevalent. Even though the design spiral represents the
ship design process in a highly simplified sequential, cyclical approach which
is far from the actual application, it is still a good representation of the design

process represented in a logical way for the sake of understanding.

Irrespective of the approach taken during the initial design of a ship, the
propulsion system design is embedded into the process as one of the systems
being addressed in the overall process. This often masks the considerations
required to address all the aspects of the design of the propulsion system.
The identified literature on propulsion system design primarily describes the
process of integration of propulsion systems. However, the overall process for
design space exploration towards the process of the conceptual design of a
propulsion system, based on specific design criteria, is not adequately

described in the literature.

The conceptual design of a ship propulsion system requires close interaction
between the marine engineers and the naval architects to evolve an effective
design. The traditional approach of using ‘design lanes’, ‘rules of thumb’ etc.
relies heavily on the preferences of experts or organizations involved in the
design process; while the ‘systems approach’ approach would usually yield
good results only if the propulsion architectures used as options are based on
existing designs. Most published literature on the ‘systems approach’ towards
ship design treat the entire ship as a system, without providing the necessary

level of detail required for the design synthesis of a ship propulsion plant.
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4.

‘Combined’ propulsion plants are often usually designed to meet the
requirement of a very wide range of operating speeds and additional
performance criteria, at the expense of adding complexity to the overall
design. Gas turbines are often employed in such combined plants due to their
advantages of high power to weight ratio. due to the added complexity of such

plants, more extensive design procedures are required.

Most literature on marine propulsion system modelling and simulation can be
found for transient analysis where the objective is to assess the dynamic
performance of a propulsion plant with the ship propulsion control system. For
such simulations usually, a ship-specific propulsion plant model is created and
coupled with the model of the ship control system. Such models usually
include simplified models of engines as the primary objective is to study the
dynamics of the propulsion plant and not engine performance. The transient
response analysis usually consists of simulations of ‘crash stop manoeuvres’,
ship turns and additional dynamics from seaway interaction which are used to

tune the control system.

MCDM is an effective tool operations research, concerned with designing
computational and mathematical tools for supporting the subjective evaluation
of performance criteria by decision-makers. MCDM is one of the most widely

used decision methodologies across many application domains.

The limited available literature on the subject of the application of MCDM
techniques towards undertaking the conceptual design of a ship propulsion
system shows that the design criteria are considered to be independent of
each other for the analysis. However, the assumption of design criteria being

independent is not fully valid.

2.7 ldentified Gaps in Knowledge

Based on the literature survey undertaken, the identified gaps in knowledge that

this research aims at addressing are as follows:

1.

The current approach for conceptual design of propulsion system designs is

based on the traditional approach of ‘design lanes’ with simplified design point
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calculations, subjective expert judgements or low fidelity integration in

computerized overall ship design synthesis procedures.

Lack of literature on the generalized methodology for steady-state,
component-based, performance modelling and simulation for combined ship

propulsion systems with complex transmission systems.

No published literature found on the application of MCDM models towards the
design space exploration of ship propulsion plants, that consider the degree
of relationships between criteria for undertaking techno-economic analysis

and decision making.

Lack of literature on using a combination of ‘quantitative’ data based on model
best analysis and ‘qualitative’ based on expert opinion for techno-economic

analysis of ship propulsion plants.

2.8 Addressing Gaps in Knowledge

The present research work strives to address above knowledge gaps with the

following contributions:

1.

2.

A generalized model-based design space exploration process has been
proposed for approaching the conceptual design of a ship propulsion system,
instead of the current approach based on the traditional ‘design lanes’ based
approach or the more modern computerized overall ship design synthesis

procedure.

To address the model-based design space exploration process, where a large
number of candidate architectures would be modelled, the usual approach for
modelling observed in the literature, specific for propulsion system
architectures was not considered to be practical from a point of view of the
involved effort. Also, the usual approach would usually work for a well-
developed engine but not if analysis needs to be done for a new development
engine whose performance characteristics are not known. Hence, a
component-based modelling method and framework has been developed that

enables not only the modelling multiple propulsion system architectures in an
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agile way, but also the large number of ‘drive modes’ that are typical to

combined propulsion plants.

. While some literature was found where MCDM methods have been applied to
select a ship propulsion system from competing architectures, the degree of
relationships between criteria has not been considered for such analysis
which may influence the final decision. Hence, the present work proposes
application of MCDM methods to consider the degree of relationships

between criteria whilst applying the method.

. Based on the experience of the author, it is often not possible to have
mathematical models to generate results for some of the specified criteria in
the early stages of design. For such criteria, a relative qualitative data from
expert opinion could be used for the analysis. The present work proposes an
application of MCDM methods to address the knowledge gap for combination
of ‘quantitative’ data based on model best analysis and ‘qualitative’ based on

expert opinion for techno-economic analysis of ship propulsion plants.
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3 METHODOLOGY AND SCOPE

This chapter describes the overall methodology used for the present research
work. During the initial studies conducted towards this research work, the broad
overall approach for exploring the design space exploration towards the
conceptual design of a ship propulsion system, based on a techno-economic
model-based analysis was developed. Based on this broad approach, the
requirements, as well as scope for the overall framework required for such

analysis, was defined, as has been briefly explained in this chapter.

3.1 Establishing the Broad Overall Approach and Framework
for Undertaking Conceptual Design of Ship Propulsion Systems

If the design spiral, as shown in Figure 2-2 is unwound, the relevant
interdependences of the propulsion system design process with that of ship
design can be visualized as shown in Figure 3-1. With this backdrop, the various
aspects of techno-economic aspects that need to be considered for the

conceptual design of a ship propulsion system can be broadly defined as:

e Ship operating or mission profile.

e Primary performance requirements of the ship at various operating modes
of the propulsion system.

e Additional performance requirements other than for those for mobility, like
low acoustic and infrared signatures, flexibility in operation etc.

e Constraints in design based on maximum fuel capacity, available deck
area, the possible location of propulsion equipment.

e Constraints in acquisition and life cycle costs.

For undertaking the design space exploration of ship propulsion considering the
above aspects, the first objective of the research work was to develop an overall
framework for undertaking such analysis based on a techno-economic model-
based approach. While the term ‘model-based design’ is often used in the context
of problems associated with designing of complex control, signal processing and
communication systems, the term has been used in this thesis in the sense that

the conceptual design of the ship is approached by utilizing an integrated
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approach of techno-economic models. Based on the literature survey, the

following broad approach towards the conceptual design was developed, shown

as a block diagram in Figure 3-2:

The overall design requirements of the ship are initially processed into
design criteria for the propulsion system. The design criteria are classified
and organized into a defined network and hierarchy.

The hull data relevant for the prediction of resistance and ship electrical
load is taken as a design input. Based on this, the resistance estimation is
undertaken to determine the approximate overall propulsive power
required along with the propulsor configuration.

The process for design space exploration for the propulsion plant is
initiated by populating the design space with multiple candidate propulsion
system architectures that meet the key design performance criteria for the
propulsion system using engines from an existing limited pool of well-
developed engines. The design space, consisting of the candidate
propulsion system architectures, is thus a discrete domain of these
candidate architectures instead of being a continuous domain. This step is
expected to be executed by domain experts, to ensure that the elements
of human expertise and experience are well integrated within the overall
design process. The approach would usually involve starting with simple
propulsion system architectures, and then moving towards more complex
designs to fulfil the requirements of defined performance criteria.

The candidate propulsion system architectures are created using well-
established steps involving optimization of the propulsor design, and
‘matching’ the propulsors to the engines using a custom-designed
mechanical or electric transmission system. The design feasibility of the
candidate propulsion system architectures is tested using performance
simulation against the defined key design performance criteria; like
maximum speed, endurance targets with consideration to the defined
performance envelopes of the considered engines, drives etc.

A major constraint for undertaking a detailed analysis for certain design

criteria, towards the conceptual design of the propulsion system, is the lack
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of information at the early stages of the ship design. For such criteria,
expert opinion-based is used for a relative grading of the candidate
designs against such criteria.

e Dimensioning and costing models are applied to determine the mass,
overall dimensions and life cycle costs of candidate designs.

e The candidate propulsion system architectures are then compared
objectively by undertaking TERA using MCDM methods to arrive at a
‘compromise ranking’ of the candidate architectures against the defined

criteria for performance, costs, and risks.

The approach described above applies in general to the early stages of the ship
design. The early stages of the ship design, as referred to in this thesis, is a
combined term that refers to the stages of ship conceptual design and preliminary
design. While the described approach in this thesis describes the procedure
executed over a single iteration of the ship design process, this procedure would
usually need to be repeated over several iterations of the ship design process.
The approach could be applied in multiple scenarios of conceptual design ranging

from designs that are novel to ones that are based on existing designs.

Based on the requirements of executing the above-defined process towards
exploring the design space of a ship propulsion system, the overall framework
required to execute these steps were identified, which are described in the
following paragraphs. This process can be seen in the context of the overview of
the overall research work undertaken in Figure 3-3. The figure highlights the
overall relationship of this process with the identified gaps in knowledge, methods
used to undertake the analysis, and the key outcomes along with the novelty of

the work undertaken.
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3.2 Development of an Integrated, Agile, Performance Modelling
Framework for Ship Propulsion Systems

To execute the established model-based design approach, an agile modelling
and simulation tool was considered essential to enable efficient modelling studies
for the multiple candidate architectures under consideration. This would allow the
performances analysis of multiple candidate architectures across the operating
profile, by simulation studies using developed models. While many individual
software tools are available for modelling and simulation of engines, prediction of
ship performance etc., an integrated tool that could integrate all these elements
into a single modelling and simulation environment without the need to manually
process information from the domain of one tool to the other, was considered
essential. Due to the limitations of the original Poseidon software [49], as
described in section 2.2.2 of this thesis, the same could not be used for the

present work.

Further, each of the considered combined plant architecture could have multiple
drive modes (different combinations of engines and clutches) at various points in
the operating profile, which was an important factor that needed to be considered
for these studies. When different combinations of engines and clutches are used
in the combined plants, the direction of power transmission through the
transmission elements may change based on the states of the engines and
clutches. A simplified way of modelling this could be creating individual
performance models for each of the operating modes. However, this method of
modelling is not a very elegant way of approaching the problem and could be

prone to errors of modelling.

The above-mentioned factors with the drivers to develop a novel 0-D component-
based modelling and simulation method as a part of the present work, resulting
in the modelling software which has been named ‘Poseidon +'. Poseidon+ has
been ‘built from scratch’ using object-oriented programming, and the only
commonality it shares with the original ‘Poseidon’ design is some of the basic

concepts and, of course, the name.
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During the early phase of ship design, towards which the present work is
focussed, the selection of the propulsion system architecture is based on the
steady state operation of the system across the entire operating range of the ship.
The transient behaviour of the plant is assumed to be addressed using the usual
design margins used for such designs. The transient analysis is expected to be
undertaken in the detailed design phase of the ship where system vibration
analysis as well as overall system dynamic analysis of the plant with the effects
of the control system would be undertaken. If any risk towards design of a system
architecture is seen, this analysis can be undertaken earlier, before finalization of
the architecture selection. Transient and dynamic analysis is, however, not a
focus of the present work and is not addressed in this thesis. On the other hand,
the developed component-based modelling and simulation method has been
designed to extend the present steady state functionality to dynamic analysis in

the future, as explained later in the text.

The developed modelling method allows assembly of multiple engines (0D gas
turbine engine models and simplified map-based diesel engine models) as well
as the whole plant in the same framework using predefined components. In the
context of the conceptual design procedure, ‘Poseidon + was used to initially
check the feasibility of the created designs and then used to compare the
performance of the candidate architectures across the design criteria. Towards
this, engine and propulsion system models were built to run steady-state
performance simulations for the generation of performance simulation data like
ship speed, endurance, engine performance, fuel consumption, etc. for the
candidate propulsion system architectures. Since the majority of operations of
ships are executed at off-design conditions, the performance simulations were
not limited to the design point but were undertaken for the entire operating range
of the ship. Further details of this modelling approach are described in sections
4.2 and 4.3 of this thesis.
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3.3 Application of Dimensioning and Costing Models for
Propulsion System

During the conceptual design of the ship propulsion system, the exact equipment
that would be included in the final design is not decided. The shipbuilders prefer
to have a high degree of competition between the suppliers to have the lowest
possible cost for the equipment. The mass, dimensions, and cost estimates for
the propulsion equipment during the early part of the design is usually undertaken
based on equipment that is most likely to be used in the final application. For the
present research work, rather than using data of specific equipment considered
in the candidate designs, an average representation of the equipment mass,
dimensions and cost in the form of simple regression-based models irrespective

of the manufacturer, was decided to be used.

The subject of the application of mass, dimensioning and costing models towards
the design space exploration was the primary area of focus rather than the
development of regression models for the same. Hence a literature review was
undertaken to find such published models which could be directly used for the
present work. For the present research work, the mass and dimensioning models
used are primarily based on the published data by van Es [55] which is based on
results from the TNO’'s GES software tool, published data as well as
considerations of the first principles. The results of the models were compared
with some samples in the range of application considered and certain
modifications to the models were applied where they were not giving expected
results. These models have been applied in the overall framework for the
conceptual design with the objective that when more evolved methods are
developed or are available to the end-user, these can be easily replaced. The
applied models for mass and dimensioning of the propulsion equipment have

been described in Appendix | of this thesis.

Due to the scarcity of information available in the public domain for acquisition
costs for the propulsion equipment, as mentioned in the introduction to this
chapter, for the present work, the acquisition cost models have also been

developed from the limited information given by van Es [55] and then corrected
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based on publications such as ‘Gas Turbine World Market Forecast’, ‘Forecast
International’ etc. To limit the scope of work, simple models which provide
maintenance costs as an average cost based on the overall operating hours of
the equipment was selected, based again on the regression-based approach
from the work of van Es [55]. Further, the maintenance costs have been
considered only for the prime movers and not the transmission systems,
considering that a relative analysis of systems is being undertaken and it is
assumed that the maintenance costs of the various types of transmission systems
would approximately equalize and not the drivers for the maintenance costs. It
should be noted that the models for costs should be treated as very broad
indicative numbers as they are based on a very limited amount of data. The
applied models for the costing of the propulsion equipment have been described

in Appendix J of this thesis.

3.4 Techno-Economic Analysis Using the Concept Of TERA
with Application of MCDM

The process to arrive at the best suited ‘compromise design’ from the candidate
propulsion system architectures in the developed approach is based on the
foundation of the TERA concept developed at Cranfield University. Towards the
application of TERA, an element of novelty in the present work is that the usual
optimization algorithms used in TERA have been replaced with MCDM,

considering the discrete design space.

The MCDM methods were selected based on the literature survey considering
the requirements of the analysis which needed to apply methods where
relationships exist between design criteria and the need to use a combination of
quantitative and qualitative data for comparison of designs. DANP has been used
for determining the degree of relationships between the determining the criteria
weights where relationships exist between criteria, while AHP has been used for
the same where the criteria are considered to be independent. Once the global
weights of the criteria have been determined using the DANP-AHP hybrid
method, the alternatives in the form of candidate propulsion system architectures

are compared using the VIKOR method using a combination of quantitative and
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qualitative data for the selection of ship propulsion system. Further details of the
applied models and their integration into the developed process is described in

chapter 5 of this thesis.
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4 PERFORMANCE MODELLING AND SIMULATION
FRAMEWORK

This chapter describes the overall performance modelling and simulation
framework developed and applied for the design space exploration of ship
propulsion plants, as a part of this research work. In this chapter, initially, the
overall concept of the developed performance modelling framework has been
described. Thereafter, the procedure used for gas turbine engine performance
simulation is described. The chapter then describes the simulation process for
ship propulsion plant performance calculations, combining the engine models
with hull resistance, propeller performance and additional plant component
models. A novel algorithm used for the analysis of multiple operating drive modes
of combined propulsion plants, based on the states of engines and clutches has
also been described in this chapter. The chapter also briefly describes the
theoretical basis of the methods used for performance modelling and the
procedures used to apply them. A more detailed description of the modelling
methodology used, and the performance calculations are given in the referred
appendices. The application of the described procedures in this chapter and the

results obtained thereof are described in Chapter 6 of this thesis.

4.1 Development of Generalized Framework for Performance
Modelling of Ship Performance

The developed modelling method uses a hierarchal ‘layered modular’ approach
enabling the assembly of marine gas turbine and ship propulsion plant by
interconnecting of defined pre-programmed components. The overall concept of
using pre-programmed components to create the system model has been
extended from the OD modelling concept of Turbomatch. This conceptual layout
of layered modules has been shown in Figure 4-1. Further description of the
software architecture of the developed modelling software, Poseidon+, is

described in Appendix A.

The engine-level model is assembled in a different ‘layer’ while the system-level

model is assembled at a higher-level ‘layer’. A separate ‘layer’ has been created
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for executing physics-based calculations like fluid thermodynamics calculations
etc., math functions like interpolation, optimization, nonlinear solvers etc. and
interfacing with data from models and maps. This common layer is accessed by
the engine and system layers to undertake the necessary calculations at
component, engine or system level, as applicable. The engine-level layer is
designed to accept a predefined list of fuels. The ambient conditions, as well as
operating point settings, can be specified for the entire system or specific

components, based on the modelling scenario.

As shown in Figure 4-1, the primary ‘layers’ of the model and the modelling

environment are conceptually divided into:

e Engine Layer
e System Layer
¢ Model Layer
e Math Layer

e Physics Layer

e Data Layer

The overview of the above layers is briefly described in the following paragraphs.

4.1.1 Engine Layer

The engine layer, as it is currently implemented, is used to undertake calculations
to simulate the behaviour of a gas turbine engine. Components of the engine
along with their fluid and mechanical connections are defined in the engine
model. The engine layer is designed so that the engine models can run
independently where the primary objective is to model and simulate the behaviour

of a gas turbine engine, or when integrated with a ship propulsion system model.
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4.1.2 System Layer

The system layer is used to integrate the engine layer with other system-level
components like the ship hull, propellers, transmission gearboxes, shafts electric
drives with their transmission systems. The system layer interfaces with the
engine models which are defined independent of the system layer, so that the
same engine model can be reused multiple times. The modelling at the system
layer follows the same concept as that of the engine layer where components are
created and then connected by electrical and mechanical connections, as

applicable.

4.1.3 Model Layer

The model layer is used to connect the engines and the system layers with the
overall ambient conditions in which the system operates, as well as the operating
point of the plant specified by the user based on which the simulation runs are

executed.

The ‘Ambient Conditions’ block uses the defined conditions of air as well as water
in which the ship hull is operating to undertake calculations for providing the
interface data as required by the component blocks. ‘Operating Point Settings’
takes the user-defined plant settings for operation such as engine throttle
settings, propeller pitch settings etc. and provides interface data as required by

the component blocks.

4.1.4 Math Layer

All the components, as well as integrated engines or systems, use a common
‘Math Layer’, to undertake all complex mathematical calculations. This layer is

primarily composed of the following modules:

e Non-Linear Solvers
e Optimization Functions

¢ Interpolation Functions
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Non-Linear Solvers: ‘Broyden’s’ method and ‘Newton Raphson with Back
Tracking and Line Search Methods’ have currently been implemented as the
solvers for the system of non-linear equations. Broyden’s method is currently
implemented as the default non-linear solver. The details of the implementation

of these methods are further described in sections 4.2.3.1 and 4.2.3.2.

Interpolation Functions: Interpolation used by various modules to undertake both
one-dimensional and two-dimensional standard interpolation methods for
performance maps defined for components, is based on Lagrange’s method as
well as the cubic spline method. Special interpolation functions for compressor
and turbine maps have been created to read the standard Turbomatch

compressor and turbine maps, further described in section 4.2.6.

Optimization Functions: The ‘Nelder-Mead’ method for optimization has been
implemented which is used for propeller design optimization, further described in

section 4.3.7.

4.1.5 Physics Layer

The physics layer is used to execute all execute all the common thermodynamic
and fluid-related calculations for various components of the engine as well as for
the system components. Each engine and plant component has its individual
calculation module which accesses common functions for the physical
calculations like calculation of thermodynamic properties, gas compositions,

water properties etc.

4.1.6 Data Layer

The data layer is designed to provide the interface with the external and internal

data to the various modules. This layer includes:

e Input/ Output (I/0O) Data Interpreter

e Pre-defined component maps, engineering tables and constants

The input data is written to a text file in a specific format as defined in
Appendix C. The model data is read through the ‘Input-Output Data Interpreter’

and fed into structures that are accessed by the component engine and system
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modules. The results of the simulation calculations are published onto result files
in the form of text or ‘MS Excel’ sheets also using this module. The component
maps are stored as individual files while standard engineering constants are
stored within a separate class. Further details on these interfaces are described

in Appendix A.

4.2 Gas Turbine Engine Performance Simulation

Mathematical models of gas turbines can be categorized according to the level
of discretization of space, into 0-D to 3-D models. 0-D models consider the
averaged fluid characteristics that are computed at discrete positions inside the
engine, generally at the inlet and the outlet of each component such as
compressor, combustion chamber, turbine, and exhaust nozzle. 1-D models
consider continuity in the computation; the fluid characteristics are still averaged
in each plane, where plane means a fluid section perpendicular to the engine
axis. They are computed quasi-continuously, limited by the space discretization
step, along a mean line representing the average trajectory of the fluid inside the
engine. 2-D and 3-D models extend this description by discretizing the whole flow
path inside the engine, and not just the mean line of 1-D models. 2-D models
consider there is the symmetry of revolution for the stream, while 3-D models

make no simplification and use the complete equations of conservation [83].

0-D Models are the most widely used in the industry as they do not require a
detailed description of the engine geometry, but still represent the engine model
close to ‘reality’ by considering the engine as a set of ‘black boxes’, one for each
major component of the engine. This method of model greatly simplifies the
calculation methods, as the goal is to compute the fluid characteristics only at the
interfaces of the components or the ‘black boxes’ whilst still maintaining a
reasonable accuracy of performance calculations. 0-D models are therefore

extensively used, but not limited, to the following applications:

e To undertake performance analysis of engines in the early stages of an
engine development program.
e Capturing the characteristics of existing engines for which detailed

performance models, characteristics are not available.
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e Development of 'digital twins' of engines for performance health monitoring

of engines and for training simulators.

For application to ship propulsion system modelling, the 0-D modelling approach

was selected, due to the following reasons:

e |If the engines being considered for the ship propulsion system are
underdevelopment engines or engines for which detailed information is not
available, 0-D modelling method provides a suitable balance of result
accuracy and modelling effort.

e Even if performance characteristics for the engines considered for the ship
propulsion system are available, as provided by the engine maker, the
characteristics are usually defined for fixed inlet conditions of the engines
and fixed power turbine speed or power turbine speed varying as per a
cubic propeller curve. Hence for investigation of engine performance over
different inlet conditions and more realistic propeller curves, 0-D modelling

of the engines provides a good solution.

The overall approach used for gas turbine engine modelling in the developed
framework is based on the 0-D modelling approach of Turbomatch. However, all
the routines for engine components, engine fluid calculations, enhanced
nonlinear mathematical solvers, interpolation routines etc. have been written
afresh. The details of the calculation routines used are described in the following

paragraphs.

4.2.1 Engine Module Overview

Conceptually, the engine module can be viewed as a part of the layout of layered
modules which was briefly explained in section 4.1. Each engine model can be
run individually on its own and this scenario can be conceptually represented as
shown in Figure 4-2. In the engine module, the various components of the engine
model that are connected based on the definition of the engine model input by
the user, run sequentially as the fluid would travel in the engine. A sample layout

of an engine with the fluid connections of individual components, defined in the
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user-created engine model, that would run as a part of the engine module is

shown in Figure 4-3.

The engine module is designed to run in both the 'Design Point' (DP) and 'Off-
Design' (OD) calculation modes (described further in section 4.2.2), controlled by
different algorithms. The DP run is essential also for running OD calculations as
this is used to calculate the scaling factors required for the component maps.
These scaling factors are then used for the OD performance calculations where
the engine model is run over several iterations. It should be noted that the DP run
to calculate the scaling factors for component maps is only essential if generic
maps for the components are being used. If specific component maps for a
particular engine are available, then this step would not be required. Further, if
generic component maps are being used and the map scaling factors have been
derived using another process, these scaling factors can be directly used to

undertake the OD calculation without requiring the DP run.

| Ambient Conditions | | Operating Point Settings |

Component-1 Component-2 Component-m1

|
|
|
: Engine Module
|
|
|
|

a1 1
I Math Layer | : Physics Layer | | Data Layer:
| Non Linear Optimization Map Interpolation | | I | Fuid Models Component | | 1/0 Data Maps |
| Solvers Functions Functions | | Models | : Interpreter p |
l [

Figure 4-2. Conceptual arrangement of an engine model in Poseidon+

Only the engine component models that are required for the implementation of
marine gas turbine modelling have been currently implemented in Poseidon+.
Some additional algorithms have been incorporated that apply for aero engines
primarily for testing and comparison of Poseidon+ results with Turbomatch. The
various engine component models, as well as the ambient air and additional
thermodynamic calculation models implemented, have been explained in

Appendix E.
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Figure 4-3. Engine Module for a sample engine

4.2.2 Gas Turbine Performance Calculation Methodology

The gas turbine performance simulation analysis can be divided into two
categories: ‘Design Point’ (DP) and ‘Off-Design’ (OD) analysis. The DP is referred
to the single working point in the operating range of a gas turbine when the engine
is running at the particular speed, pressure ratio and mass flow for which the
engine components have been designed. However, the engine obviously
operates at many other operating points than the DP, which are termed as the
OD points of operation. To capture the overall performance of the engine over its
entire operating range, the performance calculations need to be executed for the
DP and set of OD points over the entire operating range of speed and power
output [84].

The DP analysis effectively defines the engine geometry in terms of duct and
nozzle areas as well as compressor and turbine flow capacities. Most DP
calculations are mathematically quite simple to execute as the thermodynamic
calculations related to the components can be undertaken sequentially with the
assumption that all the conditions of mass and energy compatibility between
components are already satisfied. The design point essentially fixes the ‘size’ of
a gas turbine engine, usually defined by the mass flow and overall pressure ratio
as well as individual component characteristics to satisfy the overall requirements
of Pressure Ratio, Combustor Outlet Temperature, overall thermal efficiency etc.
The DP calculation is used to calculate the scaling factor for generic component
maps used in the model, which serves as the basis for OD calculations. The DP

calculation is executed station by station, in the same order as the one used by
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the fluid to pass through the engine. The calculation begins at the air inlet,
continues with the compressors, the combustion chamber, the turbines, and ends

with the exhaust.

However, in OD simulations the conditions as assumed for DP calculations
cannot be assumed. The OD calculation is executed using the geometry of the
engine defined by the DP calculation, the changing operating conditions (like
ambient temperature and pressure, power setting, bleed, power offtake etc.).
Mathematically, this yields a complex non-linear problem that can only be solved

iteratively [85].

4.2.3 Off Design (OD) Calculations

The execution of the OD calculations is based on ‘component’ matching to satisfy
the essential conditions of compatibility of mass, work and rotational speed
between the various components. Towards this, an engine parameter or a set of
parameters are selected as a ‘handle’ or ‘power setting’. This ‘handle’ is the fixed-
parameter based on which the matching conditions of the engine are determined.
Suitable ‘handles’ can be the compressor rotational speed, Turbine Entry

Temperature (TET) etc.

The ‘component’ matching exercise is often described in textbooks assuming
constant component efficiencies as well as choked turbines and nozzles, to
restrict the number of iteration variables to one or two or to avoid iteration
completely. While these assumptions simplify the mathematical problem, they
lead to a significant loss of accuracy because the efficiency variation described
with component maps is missing [85]. Problems with more than one iteration
variable can be solved with the method of nesting iteration loops. However, such
a methodology can only yield the result for a single type of simulation problem.
Change in engine configuration or iteration variables would usually lead to a new

nested loop problem definition.

To have a generic procedure for off-design simulation, a set of ‘variables’ and
‘errors’ are defined in the engine model, with an iterative nonlinear solver

algorithm employed to vary the values of ‘variables’ to reduce the ‘errors’ to an
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acceptable level. The iterations commence with an initial guess of the ‘variables’
which are updated in each further iteration. The number of ‘errors’ is equal to the
number of ‘variables’. This process has been illustrated using a sample engine in

Figure 4-4.

Mathematically, the problem statement for the OD solution root-finding can be
defined as follows. Defining E as the error function whose zeros are being
searched that gives as a set of N errors for a vector V of free variables
Vi1, V4, ..., Uy, Which that need to be adjusted to find the ‘zeros’, the problem can

be written in the form:

El‘(vl, vz, ,UN) = 0 (4'1)

i=12,...,N
V= VU1, V2, ..., Uyn

This function determines the set of errors in the ‘Engine Module’ as shown in

Figure 4-4.

Newton Raphson and Broyden’s methods are perhaps, most popular nonlinear
solvers used for such applications [83], [85], [86]. Both of these methods have
been implemented in the developed framework. These methods have been also
used as the non-linear solvers for the propulsion system simulation calculation
as described later in the text. These methods, along with their implementation for
the gas turbine engine simulation calculations, is described in the following

paragraphs.
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Figure 4-4 Overall process for OD solution finding in Poseidon+ for a sample

engine

4.2.3.1 Newton-Raphson Method

The Newton-Raphson algorithm, in its simplest implementation, can be explained
as follows. If V denotes the vector of values v; and E denotes the vector of error
functions E;, in the neighbourhood of V, each of the functions E;can be expanded

based on the Taylor series as:

N
OE, (4-2)
E;(V +68V) = E;(V) + J
2.7

L §v; + 0(8V2)
Yj

where 6V is the change in variables defined as:
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oV = 5171, 6172, ey 61]1\]

The Jacobian J, with each element J;;, is defined as:

b= avj
dv, 0v, dvy,
J=|ov, ov, dvy,
aE:nl aE.'nz . aE:nn
| 6171 avz avn |
The above equation can be written as:
EWV+8V)=EWV)+]-6V+0(5V?) (4-3)

Neglecting terms of order §V?2, setting E(V + 6V) = 0

EWV)+]-6V=0 (4-4)
J-6V =—E() (4-5)

In the expanded form, the above equation can be written as:

0E;, 0E;; 0E1y,

a7, évy + v, v, + v, vy, 1
0E;, 0E>; 0z,
——<1 —z2 21 = _F
3, vy + v, v, + v, v, 2
aEnl aEnz aEnn
v, évy + v, dv, + 3o, v, n

6V is solved for by LU decomposition, and corrections §V are added to solution

vector or the new value of V., as:
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View =V + 8V (4-6)

and the process is iterated to convergence.

The Newton Raphson solver, as implemented in the calculation procedure for the

engine, follows the algorithm as shown in Figure 4-5. The influence coefficients

OE;; . .
5 < where each element of /, stands for influence on ith error
j

are given by J;; = -

of jth variable. Each variable v; is varied by a small value to get the jth column

of J, which can be written as:

0E,
Jdv,
0E,;
v,

OE,,;
v,

Variables > Engine Module Errors

\

? Calculated Errors

v —A——————————— | !
”I"”' Non Linear Solver E

Updated Variables

8V =—J1EW) —TVYes

|
|
‘/IIPIV = V + (YV |
|
|

Solution vV

Figure 4-5 Poseidon+ Newton Raphson Solver Algorithm Overview.
At each step error is checked against user-specified tolerance E,,; as:

|E(V) - E(Vprev)l > Etol (4-7)
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To avoid issues of convergence to a solution, the Newton Raphson method
implemented includes enhancements for ‘Back Tracking and Line Search’ [87].
The above implementation is a significant improvement over Turbomatch where
the solver is embedded in the code [44]. This method implementation keeps the
maths well separated from the physical process related calculations. This allows
multiple methods for root solving to be easily implemented and integrated with

the procedures.

For the implementation of Broyden’s method, an algorithm similar to that shown
in Figure 4-5, is implemented with the step for Jacobian calculation replaced with
the secant method based finite difference approximation, as described in the next

section.

4.2.3.2 Broyden’s Method

Though the Newton Raphson method is powerful, a drawback it has is that the
Jacobian matrix is needed to be calculated at every iteration. This finite-difference
based determination of the Jacobian can be computationally expensive for the
iterative solver. To overcome this, quasi-Newton secant methods can be used to
provide cheap approximations to the Jacobian. One of the best-suited methods
for this is Broyden’s method [88] [89]. The method makes it possible to avoid the
calculation of the Jacobian matrix in every iteration leading to faster calculations.
The secant method replaces the derivative from the Newtons method by a finite

difference, given as:

E(Vi) — E(V_ 4-

E'(Vy) ~ (VI’jZ — Vk(j/f 1) (4-8)

E' Vi) (Vi = Vier) = E(Vi) — E(Vi_1) (4-9)
By(Vie = Vier) = E(V) — E(Vie—y) (4-10)
B,.8V, =~ S8E, (4-11)

where:

E is the function whose zeros are being searched,
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V is the free variable,
k is iteration number.
Broyden proved that:

(8E;—1 — Bx—1 - 6Vi—1) & Vi (4-12)
6Vi—q - V1

Bk = Bk—l +

where:
Vi = Vg = Vies
SEx = E(Vy) — E(Vi-1)

where By, is the Jacobian calculated for the system of equations, F(V,) is

a matrix with the solution of each equation calculates for V.

Using this approximation of the Jacobian, defined by B, above, the approach as
described for the Newton Raphson method is used by the implemented Broyden’s

method.

4.2.4 Thermodynamic Calculation Models

The properties of the working fluid in a gas turbine engine have a powerful impact
on its performance. It is essential that these gas properties are accounted
rigorously in calculations, or that any inaccuracy due to simplifying assumptions
is quantified and understood. For gas turbine performance calculations,
thermodynamic properties are usually calculated, based on the need for accuracy

and thus the calculation complexity, as per the following methods [90]:

o Constant, standard values for specific heat (at constant pressure), c,, and
the ratio of specific heats, y, are defined for cold end gas properties and
hot end gas properties. This is the least accurate method, giving errors of
up to 5% in leading performance parameters. It should only be used in
illustrative calculations for teaching purposes, or crude, ‘ballpark’

estimates.
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e Values for ¢, and y are calculated based on the mean temperature within

each component, i.e. the arithmetic mean of the inlet and exit values. This
technique is commonly used for hand calculations or simple computer
programs.

e Fully rigorous calculations for changes in enthalpy and entropy across
components are evaluated using c, and specific enthalpy, h. This
improves accuracy to be within 0.25% for leading parameters at all
pressure ratios. Here polynomials of specific enthalpy and entropy are
utilised, obtained by integration of the standard polynomials for specific

heat.

The performance calculations in the developed method are executed using the
method of fully rigorous calculations for changes in enthalpy and entropy across
components are evaluated using ¢, and h. The thermodynamic properties of the
individual elements are evaluated as a function of temperature using defined
polynomial laws using the set of equations developed by Bucker et.al. [91] to
characterize the thermodynamic properties of interest for the main components
of combustion gases. These equations have been developed specifically for gas
turbine engine applications, with a high degree of accuracy for gas mixtures at
temperatures from 200 to 3300 K. These equations have already been
successfully applied in Turbomatch [43]. The thermodynamic properties for the

mixtures (working fluid) are calculated as per the equations [91]:

10 T\ bi (4-13)
Cpmix = Z Amix,i <T_0>

i=1

10 bi+1 (4-14)

r + a7
. = Qa . a b — —
mix mix,1 L mix,i bi +1 TO

L

10 b; (4-15)

Smix = Amix, 1 — R In <p£> + A™MX 50 + g I (T_> + Z mixr (-)
0

where:
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Ty, po are the reference temperature and pressure used across all

computations defined as 273.15 K, 0.101325 MPa respectively,
A™% 50 is the change in entropy of the mixture,
b; are non-substance specific coefficients,

amir; are coefficients for the mixture are calculated for i =

I,1I, 1,2, ...,10 according to:

(4-16)

where:
ay,; are substance-specific coefficients,
k denotes the component of the mixture,
x; is the mole fraction (mole/ concentration in mol/g),

The details of the methodology and the coefficients used, based on the theoretical

assumptions, for the same is described in Appendix D of this thesis.

4.2.5 Gas Turbine Component Models

Each engine component module is designed for determining outlet conditions,
from knowledge of inlet conditions along with other parameters needed for the
simulation as scaling factors and error terms for OD calculations. The overall

architecture of an engine component is shown in Figure 4-6.

Each engine component interfaces with other components of the model using the
ports shown as grey circles. There are two ports each defined on the inlet and
outlet side defined as ‘fluid interfaces’, where the data related to fluid streams is
received as input and transmitted as output. The fluid ports are considered
directional in nature and the in port and outport are indicative of the directional
flow of the working fluid stream. Usually, only the ‘Fluid 1’ in and outport are in
use, but for components where the flow splits or is mixed, the ‘Fluid 2’ ports are

used. The mechanical port or ‘torque’ ports are used to make the mechanical
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connections between components like connections between compressors and
turbines. The mechanical ports obviously have no sense of direction of flow as in
the case of flow for fluid ports. The parameters are calculated for each of these

ports, akin to the sensor being placed at these ports.

Engine
Master
Processor
Engine Component
T T T T T T T T T
! i
—Fluid In 1--O)— ——»-()——Fluid Out 1—»
—Fluid In 2—>O—> In Engine —>O—Fluid Out 2—
put > Output .
I Interface Component » Interface |
' Processor
—Torque In—>Q—> —»O—Torque Out—p
! i
' DP Scalin
__ Comp. AAA L 9_p
Design Data | | Factors Out
__DPScaling . »L 0D Erors—p-
Factors In |
[ o Comp.
— Comp. =| — T Vector Out
Vector In L ]
Maths Physics Data
Layer Layer Layer

Figure 4-6 Poseidon+ Engine Component Architecture.

In addition to the data that flows through the input ports the design data for the
component is received through the ‘Component Design Data’ interface. The
additional input data related to calculations, required to be passed between
components, is interfaced through the ‘Component Vector’. The scaling factors
calculated during the DP run as required for OD calculations is received through
the ‘Component SF’ interface. On the output side, in addition to the data
transmitted through the output ports, the scaling factors calculated during the DP
calculations as well as error terms for the nonlinear solvers for the OD
calculations to be undertaken in further runs is interfaces through the ‘DP Scaling
Factors’ and ‘OD Errors’ respectively. Additional output data required related to
calculations required to be passed between components is interfaced through the

‘Component Vector'.
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‘Input/ Output Interface’ blocks are used to format the data at the ports and other
interfaces to the defined structure as required by the ‘Engine Component
Processor’. The ‘Engine Component Processor’ is the main function that is
required to undertake necessary thermodynamic calculations in the module using
data from the ‘Input Interface’ block as well as additional data required from
components maps using the ‘Data’ layer. The ‘Engine Component Processor’
interfaces with the ‘Math’ and ‘Physics’ layer functions to perform the necessary
calculations. The overall sequencing control of the ‘Engine Component

Processor’ is executed by the ‘Engine Master Processor’.

All the ports and the interfaces use standard data structures. The data structure

of the standard fluid port is defined as:

{Vvin/out: Tin/out; TSin/out' Pin/outv PSin/out: FARin/out' Vin/out}

This is considered as the standard fluid vector of inputs and outputs at each of
the components. The exceptions to this interface are the components intake and
exhaust, wherein the intake has its fluid input port connected to the ambient block

while the nozzle which has its outlet connected to the ambient block.

The marine gas turbine models are created from the following predefined

components:
e Ambient Air
e Intake

e Compressor

e Combustor (Burner)
e Turbine

o Free Power Turbine
e Nozzle

e Splitter

e Mixer

e Duct

e Shaft
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The internal calculation methods implemented have been briefly described in
Appendix E of this thesis. The symbolic representation of the components to
describe the models diagramtically in this thesis is described in Appendix B. The
details of the component properties are defined in models created as input text

files, the format for which has been defined in Appendix C.

4.2.6 Component Performance Maps

If component efficiencies are assumed to be constant and equal to the values at
DP, the accuracy of simulation can be good only in the neighbourhood of the DP
simulation because, in reality, component efficiencies vary along the operating
lines by several percent [85]. Hence, 0-D OD simulation is usually undertaken by
utilizing ‘component maps’, which hold the data of performance characteristics of
the components under a wide range of operating conditions. Experimental data
from actual rig tests or previous experience is usually used in determining these

maps. Such data is plotted together in a diagram for representation [84].

The nature of the operating conditions (load, operating conditions) determines
the component operating point, calculated iteratively by the ‘component
matching’ undertaken by the simulation program iteratively as already described
earlier. The locus of such operating points can be drawn on the component maps

as ‘working lines’ as shown in Figure 4-7.

A I

Surge line

4 Propellor
working line

\.  Generator
working line

Generator
No-load
working line

>
Im

Figure 4-7 Working line on a compressor map [84]
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Component maps for specific engines which are the key to accurate OD
simulations are not usually available as they are usually proprietary data of the
engine maker. However, good approximations can be made by scaling maps of
similar components. Turbomatch has several generic maps available covering
the usual operating range of components. These maps have been used for
several years to model a large range of engines successfully. Component maps
used for the present work are based on the well-evolved maps used in
Turbomatch. Each map is stored as numerical data in a text file, which is read by
Poseidon+ during runtime. A new process for interpolation of data from the maps

was developed for Poseidon+ as a part of the present work.

4.2.6.1 Compressor Maps

A compressor map is one of the most important maps required for OD
performance calculations. Compressor operation is characterized by the velocity
triangles, on which the enthalpy rise (thus pressure ratio and efficiency), and the
mass flow depend. Dimensional analysis shows that a velocity triangle similitude
must be based on a Mach number similitude. Hence, the compressor operation
is usually described by inlet non-dimensional or corrected mass flow and
corrected speed [83]. The compressor maps are thus usually represented by
plotting non-dimensional mass flow, along each constant corrected speed line,
plotted against both pressure ratio and isentropic efficiency (Figure 4-7) of the
compressor for a range of operating conditions. The map also usually includes
the operating limits in terms of a surge line, as shown in Figure 4-7. The surge
line sets an upper limit to the pressure ratio at a given corrected speed because
of aerodynamic instability. Compressor maps must be accurate in the region
where efficiency is decreasing quickly. The compressor characteristics are
generally well known between 75% and 110% of the design speed. Below 75%,
theoretical compressor models may lack precision. Cold weather and high-
altitude computations often lead to operation at 125% or more of the design-

reduced speed [83].

In the developed implementation, the compressor maps are stored in the format

as described in Table 4-1 (similar to Turbomatch). A set of corrected speed lines
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1,2..m given by N., N, ... N, are defined. For each speed line, N;;, an

individual set of data points from 1,2..n is defined, with each data point DS;

holding the values compressor pressure ratio, corrected mass flow and isentropic
W,

efficiency denoted as PR cij Meij- The speed lines as well as the data points

cij
on the speed line, do not follow a uniform density, it being based on the
requirement of defining the curves. The data is stored in the files is in the format
as described in Table 4-1. It should be noted that the parameters in the map for
mass flow and speed are all corrected parameters which are denoted in the

shown table without the subscript corr for brevity.

Table 4-1 Data format used for Compressor Maps

DS, DS, DS,
Ney | PReyy Weyq Meyy PRc1, Weip Meyy PRc1n Wern Men
Ney | PReyy Weqy Meqy PRc1; Weip Meyy PRcyp Wean Nezn
Nep | PReyy Weyy Meqy PRc1; Weip Meyy PRc1n Wern Men

The data in Table 4-1, when typically plotted for a specific compressor map looks

like as shown in Figure 4-8 and Figure 4-9.

A compressor map in the standard format is not straightforward to read, because
in parts of the map while reading efficiency the speed lines can be vertical or
there could there are two values for corrected flow at a given pressure ratio as
shown in Figure 4-10 [92]. The solution to the problem often implemented is the
implementation of auxiliary coordinates or the so-called ‘B lines’ which intersect
the speed lines, as shown in Figure 4-10. This makes the reading of the map to

be independent from the shape of the speed lines [92].
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PR,

Compressor Pressure Ratio

¢ corr

Corrected Flow, Compressor W,

Figure 4-8 An example of an implemented compressor performance map (for

pressure ratio)

€ corr

Compressor Efficiency 7.

Corrected Flow, Compressor W,

in,corr

Figure 4-9 An example of an implemented compressor performance map (for

isentropic efficiency)

In the developed modelling procedure, like Turbomatch, the concept of ‘B lines’

is not used. Instead, the operating point on the map is defined by specifying the
corrected speed and compressor surge margin (NCCOW,ZC), where Z,. is defined
by:
, — _PRe= PRy
" PR — PR

Cmax Cmin
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AN S WP,

Pressure Ratio

- NAT

—

-
Flow

Figure 4-10 The compressor map reading problem [68].

Based on this operating point, the output data is calculated by the implemented

map interpolation procedure described as follows. The problem can be defined

by:

PRcmap» M/Cmap’ Nemap = finterpTM,C( NCCOTT’ZC) (4-17)

Using the given N, ., three encompassing speed data points from the map

N, N, N, are found. For each of these speeds, the data sets of

Ccorr,1’ “"Ccorr,2’ " "Ccorr,3

PR.;; W,

Cincorr,ij Neij areé extracted.

For each speed N, N, N, PR.1,PR.,, PR, are calculated based

corr,1’ “"Ccorr,2’ “"Ccorr,3’

on the definition of Z., using:

PR, = PR, . + Z.(PR., . — PR. .) (4-18)
For each extracted speed line N ..., Nc., .0 Ne,orr 30 USing the variation of W,

with respect to PR. on the speed line, W.,,W.,,W.3 and n.1,1.2,7M.3 are
calculated using interpolation corresponding to the calculated PR, PR.;, PR 3

as shown in Figure 4-11 (n. not shown but approached in parallel based on the

same approach).
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Figure 4-11 Implemented compressor map interpolation method

With the sets of PR.,, PR.,, PR., and W, {,W,,,W,, for encompassing speed

points N ... Ne.orro Negorr s CalCulated, using the variation of PR., W, with

respectto N, . thefinal W, 4y, PR: map are calculated using interpolation based
on the three data sets. For the interpolation routines for the data between the

points, three options have been included viz. linear interpolation, Lagrange’s or

cubic splines. The cubic splines method is used by default.

The generic compressor maps used with their recommended range of application
are described in Table 4-2 [69]. The choice of compressor map is governed by
the maximum pressure ratio on the map since it is desirable to keep the pressure
ratio scale factor as near unity as possible.

Table 4-2 Generic Compressor Maps in Turbomatch, Poseidon+

Map Number 1 2 3 4 5
Maximum 1.7 2.0 15.0 2.6 11.0
Pressure Ratio
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4.2.6.2 Turbine Maps

Turbine maps that have been implemented for the present work, are again based
on Turbomatch, represented by enthalpy drop ratio dH/T and isentropic
efficiency plotted against the non-dimensional mass flow as shown in Figure 4-12
and Figure 4-13. The turbine maps follow a very similar approach to the
compressor maps and hence all the statements made for the compressor maps
in the previous section are also valid here. The turbine maps are stored in the
format as described here. A set of corrected speed lines 1,2..m , given by
N¢, N, ... are defined. Each turbine speed line, N;; an individual set of data
points from 1,2 ...n is defined denoted by DS; with each data point holding the
values of corrected mass flow, turbine enthalpy ratio, and isentropic efficiency
denoted as We,; dH/Ttl.j Meyje

The data in Table 4-1, when typically plotted for a specific turbine map looks like
as shown in Figure 4-8 and Figure 4-9. For interpolation of the turbine maps, a
similar procedure to the one described for the compressor maps is used and
hence is not described again specifically for turbines. The operating point on the
turbine map is defined by specifying the corrected speed and compressor surge

margin (N, Z.), where Z, is defined by:

dH/T;
Iy = ——
dH /Ttmax
where:
H., —H
dH/Tt — mn T out

mn

Based on this operating point, the output data is calculated by the map

interpolation procedure defined by:

dH/Ttmap: thap: Ntmap = finterpTM,t( Nt oorr s Zt) (4-19)
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Table 4-3 Data format for implemented Turbine Maps

DP, DpP, DP,
Nt1 Wt11 dH/Ttn UIZE! Wt12 dH/Tt12 U Wt1n dH/Ttm Nt1n
t2 Wt21 dH/Tt21 Mtoq Wtzz dH/thz Nty Wth dH/Tth Nton
Ntm thm dH/Ttlm r]flm Wth dH/Tth anm thn dH/Tfmn Ntmn

Turbine Enthalpy Ratio dH/T,

Corrected Flow, Turbine Wi, ...

Figure 4-12 An example of an implemented turbine performance map.

e

Turbine Efficiency

Corrected Flow, Turbine W;

in,corr

Figure 4-13 An example of a turbine performance map (for isentropic efficiency) in
Poseidon+
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The generic turbine maps used with their recommended range of application are
described in Table 4-4 [93]. The choice of turbine map is governed by the
maximum enthalpy drop ratio on the map and the demanded location of choke
since it is desirable to keep the enthalpy drop scale factor as near unity as
possible [93].

Table 4-4 Applied generic Turbine Maps

Map Number 1 2 3 4 5 6
Maximum 0.075 [0.045 |0.065 |0.04 0.03 0.13
Enthalpy Drop

Ratio

Choked Area Rotor | Rotor | Rotor | Mixed | Nozzle | Nozzle

4.2.6.3 Combustor Map

The implemented combustor map is used to calculate the combustor efficiency

Nbmap Dased on the increase in temperature in the combustor dT;,, and the inlet

pressure ratio PR, of the combustor, defined as:

P, 4-20

pr, = b (4-20)
Pref

dT, = Tyue — T; (4-21)

Only a single map is currently implemented, which is scaled based on the DP run.
The implemented map is shown in Figure 4-14. The combustor map has been
adapted from the Turbomatch map to fit it for a standard 2D interpolation process.
The data is stored in a text file in a 2D table format as shown in Table 4-5, wherein

each PRy, and dTbj corresponds to a value of
Mbyj- Hence the map interpolation problem reduces to a standard 2D interpolation

function defined as:

Pin (4-22)
Nbmap = finterp,ZD P_

ref

, Tout - Ti )
The 2D interpolation is executed using Lagrange’s and cubic splines methods.
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Pref

Combustor (Burner) Efficiency
M map

Temperature Rise  Tour — Tin

Figure 4-14 Combustor performance map in Poseidon+

Table 4-5 Data format for Poseidon+ Combustor Map

aT,, dT,, ar,
PRy, Mb11 Mb1, Mb1m
PRy, b1 b2 Mb2n
PRbm nbml r]bmz nbmn

4.2.6.4 Nozzle Map

A common nozzle map has been implemented that is used to calculate the nozzle

velocity coefficient C,, based on the Nozzle Pressure Ratio PR, and the Area

Ratio of the nozzle, respectively defined as:

Pin
PR, =
" PSatm
Ath t

where A n-0qt 1S the throat area, A is the exit area.
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This coefficient is used to calculate the Nozzle Thrust T, (required for aero
engines) by multiplying it to V,,;. The implemented map is generic, shown in
Figure 4-14, also includes the data for a convergent-divergent nozzle, and hence
various values of AR, are considered. If the case of convergent nozzles is

considered, the value of AR,, = 1 is considered. The implemented map is.

Ca

AR,

Nozzle Velocity Coefficient

Nozzle Pressure Ratio PR,
Figure 4-15 Implemented Nozzle map

The nozzle map from Turbomatch has been directly used. The data is stored in

a text file in a 2D table format as shown in Table 4-6, wherein each AR, ; and

PR,;corresponds to a value of C,,. Hence the map interpolation problem reduces

to a standard 2D interpolation routine defined as:
Cp = finterpZD,n(ARn’PRn) (4-25)

The 2D interpolation is executed using Lagrange’s and cubic splines methods.

Table 4-6 Data format for Poseidon+ Nozzle Map

AR, AR,, AR,
PR, Cnyig €y Cnin
PR,, Cnay Cnza Crzn
Pan Cnml Cnmz Cnmn
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4.3 Ship Propulsion System Performance Simulation

The ship propulsion system may be seen as a system that converts the energy
of the fuel fed to the engines, shown by fuel flow WF, into useful thrust T using
the propulsor, to match the ship resistance R at the required speed Vs, as shown

in Figure 4-16.

Propulsor WF@ —
PW, PWS En%irr;ri/:r\;/vlth
Tg ::> Transmission <}:1 Ry

Figure 4-16 Concept of ship propulsion [70]

Therefore, the overall performance of the propulsion system, as seen from the

source of power to the final output, depends on [94]:

e Fuel type, properties and quality.

e The efficiency of the engine in converting the fuel energy into useful
transmittable power.

e The efficiency of the power transmission system.

e The efficiency of the propulsor in converting the power (usually rotational)

into useful thrust.

Hence the performance analysis of the ship propulsion system requires the
estimation of the hull resistance, propulsor performance, energy losses in the

transmission system and performance of engines.

4.3.1 Interaction between Ship and Propulsor

The following definitions are usually used in the context of the ship propulsion
system and the interaction between ship and propulsor, as defined in most
textbooks [94-97] on the subject. Different types of propulsors can be used in
ship design, but propellers being the most commonly used propulsor, the present

work has been restricted to the application of propellers as the propulsor.
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The resistance of a ship at a given speed is the force required to tow the ship at
a defined speed in smooth water, assuming no interference from the towing ship.
The power necessary to overcome this resistance is called effective power PWy

given by:

PWE = RTVS (4'26)

where:
R total ship resistance
Vs: ship speed

In other words, PW; is defined as the power required to tow the ship at the

required speed.

Based on the general definition of thrust, the thrust power of the propeller PW;,
defined as the product of the propeller thrust Ts and the speed of advance of the

propeller V,, given as:

PWT = Tst (4-27)

The thrust T; measured in a propulsion test is higher than the resistance Ry
measured in a resistance test (without propeller) as the propeller induces

additional resistance due to [97]:

e The propeller increases the flow velocities in the aft body of the ship which
increases frictional resistance.
e The propeller decreases the pressure in the aft body, thus increasing the

inviscid resistance.
The thrust deduction fraction t couples thrust and resistance, by the relationship:

Ry (4-28)
s=a-0o

The propeller inflow, i.e. the speed of advance of the propeller V,, is generally

slower than the ship speed due to the ship’s wake.

105



The Taylor wake fraction (referred further simply as wake fraction) is defined as:

Vi (4-29)
w=1-—- —
Vs

Hence based on the definition of w, the ship speed Vs and the speed of advance

IV, are related as:

Vs =V,(1—w) (4-30)

The effective power PW; can thus be written as,

_(1-w)/a-1 (4-31)

PW
E PW,

The ratio of the effective power to the thrust power is called the hull efficiency ny,

given by:

_PWp 1-w (4-32)
CPW, 1-—t

Ny

ny is not really an efficiency, and its value can be less or greater than 1.

The thrust power PW,, is related to the delivered power to the propeller PW; by:

PW; (4-33)

PW, =
P Np

where ng is defined as the propeller efficiency behind the ship, which is

defined as:
N = MNoNr (4-34)
where:

no is the open-water efficiency of the propeller, measured or
computed for a propeller in open water conditions i.e. without hull

affecting the flow into the propeller,
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ng is the relative rotative efficiency to account for the differences
between the open-water test and the inhomogeneous three-

dimensional propeller inflow encountered in propulsion conditions.

In reality, the propeller efficiency behind the ship nz cannot be measured directly
but are accounted for by the between PW, and the performance in open water
and PW;. All effects not included in the hull efficiency, i.e. wake and thrust
deduction fraction, are included in ng. ng is not truly an efficiency and its values

can exceed 1.

PW; is the power delivered to the propulsion shaft and it is related to the delivered

power to the propeller PW,, by:

PW, (4-35)

PW, =
s Ns

where 7 is defined as the shafting efficiency of the shafting system

connecting the geared or electrical transmission system to the propeller.

Defining PW; as the brake power produced by the ship power plant, it is related

to the shaft power PW; as:

PW (4-36)

PWy =
5 nr

where n; is defined as the transmission efficiency of the geared or

electrical transmission system.

The term propulsive efficiency np, also often referred to as quasi-propulsive

efficiency, is used collectively to express the hydrodynamic efficiencies as:
Mo = NMuNoMr (4-37)

np is used to relate PW,, with PW} as:

PW; (4-38)

PW, =
b p

Based on all defined efficiency terms PWjy can be related with PW as:
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PWy (4-39)
PWg = ———
NuNoNrNsNt

4.3.2 Ship Propulsion System Modelling

In the preliminary design stage, when the propulsion system needs to be
designed to meet the performance requirements of the ship, the hull form of a
ship is only vaguely defined by a rough lines plan or in terms of the various form
coefficients (e.g. block coefficient, prismatic coefficient, etc.) and principal
dimensions (e.g. length, draught, beam, etc.). Further, the propulsor (propeller)
design, in terms of its primary parameters, must be optimised within the
constraints of the design. In addition, the propulsive coefficients defining the hull

propeller interaction must be defined.

Naked resistance +  appendages efc.

L Propeller chatacteristics
:> in open water
Propeller ‘boat'
(or cavitation tunnel)

Self-propulsion
:> [ (Hull-propeller
PW,  PWsr T . interaction)
PWy  anaaa

Figure 4-17 Components of ship powering — main considerations [70].

The implemented component-based procedure for modelling the propulsion
system follows a similar approach as that used for the gas turbine engine
modelling, wherein the propulsion system is modelled as a system of discrete
components, parameters for which are defined in the model definition along with
the definition of connections, operating conditions and ‘handle’ or power setting.
The discrete ship propulsion components that are defined to model a complete

propulsion system are:

e Hull resistance.

e Propellers.
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Propeller shafting.

Mechanical transmission sub-system consisting of gearing and clutches.
Mechanical transmission sub-system consisting of alternators, electric
motors with frequency converters, switchboards.

Engine/s: gas turbines and diesel engines.

The hull resistance component is a common component to which the propeller

component connects. The engines are connected to a mechanical transmission

system or an electrical transmission system, which in turn connects to the

propellers through propellers shafts. These connections are made at the defined

ports on each component, by mechanical or electrical connections, as applicable.

The overall process used to model the propulsion system should be read in

conjunction with section 3.1. Section 4.3.4 of this chapter describes the overall

process used by the developed program to calculate the engine and plant

parameters for any defined operating point. The brief theoretical background and

the implementation of the following specific propulsion system components used

to model the entire propulsion plant are described from section 4.3.4 to 4.3.14.

Hull Resistance, propulsive coefficients
Propeller
Propeller Initial Design Optimizer
Water Properties Model
Prime Movers
o Gas Turbines
o Diesel Engines
Geared Transmission Systems
Shafting
Electrical Systems
o Electric Machines (motors and alternators)
o Frequency Converters
o Voltage System Selection

o Switchboards
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The symbolic representation of the components to describe the models
diagrammatically in this thesis is described in Appendix B. The details of the
component properties are defined in models created as input text files, the format

for which has been defined in Appendix C.

4.3.3 Operating Point Performance Calculation Methodology

The steady-state performance calculation, since it needs to be undertaken using
a computer algorithm, needs a generic procedure which can be used for multiple
propulsors (more than two are common for waterjet applications) which can be
powered with equal or unequal torque from the engines. To enable this, a novel
generic method has been developed and implemented as a part of the present
work. The method utilizes the same principle of non-linear equation solving as
implemented for the gas turbine engines for OD calculations. The algorithm

calculates the steady state operating point, iteratively as follows:

e The user inputs the throttle or power setting for the engines (here fuel flow)
and the pitch setting of the propellers (here P/D) as well as the
environmental condition settings (ambient air, seawater temperature).

e Following variables are defined internally by the program for the
calculation: ship speed Vs, propulsor speed for each propulsor in the

model: NP1’NP2' "'Npm

, where m is the number of propulsors in the
model. Hence, the total number of variables are m + 1.

e The solving process starts with an initial guess for the variables, ship
speed and the set of propulsor speeds. The values for these variables are
thereafter varied by the nonlinear solver for each iteration.

e For each engine Eng;, connected to a propulsor through a transmission
system, the speed of the engines is derived from the propulsor speed as
a variable using the transmission system gear ratios.

e Using the derived engine speed and the user-defined power setting of the
engine or handle (Hdl), each engine module is run to calculate the engine

torque, Qengj , for each engine. The Qengj from the engines connected to

the transmission system are processed by the transmission system model,
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to give the total propulsor shaft torque Qj,; driving the propulsor. The hull
module calculates the total thrust T and V, using the variable Vs.

e Foreach propulsor P;, the propeller module calculates the propulsor torque
QPi and propulsor thrust Tpi based on the user-defined P/D, the variables
Npi and V, calculated by the hull module.

e The thrust of each propulsor is summed up to give the total thrust from the
propulsors T,. Errors for each iteration are calculated as: difference in
torque at propulsor based on engine torque: Q,; and Qpi calculated at
propulsor end [equation (4-40)], for each propeller, difference in total thrust

Tp and T [equation (4-41)]. Hence, the total number of errorsare m + 1,

matching the number of variables.

QPi (4-40)
Errg. =1 —
t Qshi
T 4-41
Errp =1 — Fp ( )

N

While the overall process described is applicable for any type of propulsor, the
present work only considers propellers. A conceptual diagram for the described
method is shown in Figure 4-18, for a simple propulsion system model with a
single CPP being driven by a single engine through a common gearbox and
shafting. To find the solution iteratively, the same non-linear solvers as that for
the gas turbine calculations, are used. This provides a robust way of solving the

equations, even if the initial guess is far away from the solution.

The close resemblance of the schematic used for the steady state analysis at
Figure 4-18 in the developed modelling framework, with the one used for dynamic
analysis at Figure 4-19 can be clearly seen, wherein the nonlinear solver based
on the variables and calculated errors is replaced by the rotor and ship
translational dynamics blocks. The ship translational dynamics block integrates
the acceleration calculated from the force balance between ship resistance and
propeller thrust, ship mass (including entrained water); over time to obtain ship

speed [equation (4-43)]. The rotor dynamics block integrates the angular
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acceleration calculated from the torque balance between engine output torque
and propeller torque, the effective shaft inertia (considering speed reductions in

gearing); over time to calculate the propeller speed [equation (4-42)].

1 4-42
Ngp = Ngpo + jz_T[] (Qsh - Qp) dt ( )

1 4-43
VS=V50+1E(TP—TS)dt (4-43)
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Figure 4-18 Conceptual diagram for a steady-state operating point solution for a simple propulsion system.
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Figure 4-19 Conceptual diagram for a transient operating point solution for a simple propulsion system.
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4.3.4 Hull Resistance
4.3.4.1 Brief Theoretical Background

This total resistance of a body moving in water is made up of several components,
which are caused by a variety of factors, and which interact one with the other in
a complex way. To understand this complex interaction of multiple factors that
affect resistance, from dimensional analysis, the resistance of a body in water
can be shown to have the following relationship with three distinct groups of

variables:

o[22 (24 (2 (49

where:
V. Speed,
L: linear dimension representing the size of the body,
p: Mass density of the fluid, (mass per unit volume),
u: coefficient of dynamic viscosity of fluid,
g: Acceleration due to gravity,

p: Pressure per unit area in the fluid.

is

From the previous equation, the non-dimensional resistance coefficient 2p sz

defined as:

VL gL p (4-45)

1/2p5V2 v vz ppz

where v is based on the kinematic viscosity of fluid defined as v = u/ p,and S is

the surface area of the body in water.

The above equation effectively states that if all the parameters on the right-hand

side have the same values for two geometrically similar but different sized bodies,
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R

205V will be the same for each.

the flow patterns will be similar and the value of

Further, it can be seen that the total resistance of a body in water depends upon
the various physical quantities involved, associated in three non-dimensional

groups:

Considering first the case of a non-viscous liquid in which there is no frictional or

other viscous drag, and neglecting for the moment the last group, the second
term 1% in equation (4-45) controls the surface wave system. Writing the wave-

making or residuary resistance as Rp and the corresponding coefficient as Cy,

expressed as:

Rp (4-46)

Cr = W = f1(V?/gL)

This means that geometrically similar bodies of different sizes will have the same
specific residuary resistance coefficient Cy if they are moving at the same value
of the parameter V2 /gL. It is this property that is used to determine the residuary

resistance of hulls based on a scaled-down model test of the hull form.

In the case of a deeply submerged body, where there is no wave-making, the first
term % in equation (4-45) governs the frictional resistance, R;. The frictional

resistance coefficient Cr is given by:

_ Re (4-47)
Cr = Trapsvz = 2VL/Y)

As for the third term # in equation (4-45), since most of the hydrodynamic forces

arise from differences in local pressures, and these are proportional to V2. Hence
these forces are not affected by the atmospheric pressure so long as the fluid
remains in contact with the model or ship surfaces. When the pressure

approaches very low values, however, the water is unable to follow surfaces
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where there is some curvature and cavities form in the water, giving rise to

cavitation, which is handled as a separate subject.

The first and the second terms in equation (4-45) lead to two important definitions

that are used for such analysis viz. the Froude number and Reynolds number.

Froude number is defined as:

E,=V/JgL (4-48)
Reynolds number is defined as:

VL (4-49)
Re = 7

Using the equations (4-46) and (4-47), the total resistance coefficient Cy, is

defined as:

CT = CR + CF (4-50)

where:

Ry (4-51)

Cr = W = fi(V?¥/gL) + f,(VL/v)

Determining resistance through a scaled-down model test should therefore allow
determination of the total resistance by estimating the residual and frictional
components of the resistance. However, the practical constraint for the conduct
of model testing is that the conditions of mechanical similitude for both friction
and wave-making cannot be satisfied in a single test. This fundamental difficulty

is dealt with by handling the frictional wave-making resistance separately.

In addition to the above, the following components of resistance that act on the
hull:

e Eddy Resistance, Viscous Pressure Drag, Separation Resistance and
Wave-breaking Resistance.
e Air and Wind Resistance

e Added Resistance due to Waves
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¢ Appendage Resistance.
e Trim Effects
e Shallow-Water Effects

It should be remembered that the components of resistance have complex
interactions with each other, and we try to view them as isolated components for

the purpose of analysis.

4.3.4.2 Methods for estimating hull resistance

Hull resistance can be predicted with various degrees of accuracy using either
experimental, statistical, empirical methods, numerical approaches or a

combination of these.

The experimental methods are based on undertaking tests using a geometrically
scaled-down model of the full-scale hull to determine resistance. Model testing is
an expensive procedure and is therefore generally only carried out in the latter
design stages of the ship design [98]. Methodical series are also considered to
be an experimental prediction method, wherein the full-scale results are predicted
from data extrapolated from a series of tests carried out on a range of models

having systematically varied design parameters.

Statistical methods are based on the creation of mathematical models for a
certain range of hull parameters, by applying regression techniques to resistance
data sourced from methodical series results, results from a wide range of tank

towing experiments and actual ship data.

Empirical methods generally comprise one or more relatively simple equations
that usually provide an estimate of the overall propulsive power required rather
than hull resistance. In many instances, these equations are a combination of
theory and 'rule of thumb'. They were extremely popular in the heyday of slide
rules and log tables [98] but due to their rather low accuracy, they can be best

used for determining initial rough estimates.

Numerical approaches involve primarily using Computational Fluid Dynamics

(CFD) for modelling both viscosity and wave-making using Navier Stokes/RANS
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solvers. While model tests are still extensively used for resistance prediction of
hulls, CFD is finding increasing application for hull forms such as warships, fast

ferry etc.

Since the developed modelling procedure focuses on the preliminary part of the
ship design when only the basic parameters of the ship are available, the hull
resistance component has been implemented based on the following three

popular statistical methods for various types of hull forms to be modelled:

e Holtrop & Mennen Method
e Fung and Liebman Method
e Hollenbach Method

The ‘Holtrop and Mennen’ (H&M) mathematical model was first published in
1977, followed a year later by an improved model which amongst other things,
made allowance for bulbous bows and an improvement in estimating the
resistance of large waterplane area coefficient ships [99]. The model was then
extended, in 1982 to improve the power prediction of ships with high block
coefficients, low length breadth ratio and slender naval ships [100]. Despite this,
predictions for high-speed craft were often incorrect and, in an attempt to rectify
this, the data sample was extended in 1984 to include the Series 64 hull forms
[101]. The 1982 mathematical model was developed from 191 random model
experiments and full-scale data which increased to 334 for the 1984 model. The
method implemented for the present work is based on the publications by Holtrop
et.al. in 1982 [100] and 1984 [101].

To support NAVSEA ship synthesis design programs during the early stages of
ship design, Fung developed a set of mathematical models to predict the
resistance of high-speed transom stern vessels from 1986-1995, typically used
for warships [102], [103]. Fung concluded that while Holtrop's regression
analysis-based model performed well for cruiser stern ships, particularly at the
high end of their operating profiles, the model did not perform very successfully
for transom stem vessels and for most tested cases, was likely to underpredict,
especially at the lower speeds [103]. Fung developed the model using multiple

stepwise regression analysis for 18 different speed-length ratios and data from

119



three overlapping sets of data which consisted of 529 test conditions. The method
implemented for the present work is based on the publication by Fung and
Liebman (F&L) in 1995 [104] along with corrections that were published in 1999
[105]. It should be noted that this method uses the imperial system of units with

the distance specified in feet and displacement specified in Long Tons.

Hollenbach [106] published a model for predicting resistance in 1998 for more
modern ship hull forms than those considered for developing the popular
traditional methods considered like Holtrop and Mennen etc. The study evaluated
the accuracy of these methods based on the results from a database of model
tests from the Vienna Ship Model Basin for the years 1980 to 1995. The model is
based on a database that covered 433 models (1218 variants) with protocols of
793 resistance tests and 1103 propulsion tests each for a set of different speeds
[106]. Hollenbach method calculates a ‘mean’ value of resistance which would be
expected based on the design inputs as well as and a ‘minimum’ resistance which
might be achieved for good hull lines developed following computational and
experimental investigations and a ‘maximum’ value of resistance that can be
expected. For the present work, the ‘mean’ value of resistance is used for
performance calculations. It should be noted that the resistance is decomposed
without using a form factor, which can also be seen in the total calm water
resistance equation using this method. The method implemented for the present

work is based on the publication by Hollenbach from 1998 [106].

While the developed modelling process includes the implementation of the above
three methods, the selection of the final method is a subjective judgement that
the analyst needs to make based on the limitations of each method and
considering the boundaries for these methods defined in terms of the hull forms
considered and Froude number, as defined in Appendix F.8. In general, the H&M
method covers the widest range of application compared to the other two
methods. In the present work primarily H&M as well F&L methods have been

used, as would be seen in Chapter 6.
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4.3.4.3 Implemented method for modelling hull resistance

Total Resistance

The total resistance of the hull Ry is given by:
RH = RT + RS (4'52)
where:

R is the total calm water resistance, determined by H&M method, F&L

method or Hollenbach method,
R is the resistance due to the service conditions.

Resistance due to Service Conditions

Resistance due to Service Conditions, Rs , is given by:
Ry = Rpp + Rgs + Ryy; (4-53)
where:
Ry, Fouling resistance,
Rss Sea state resistance,
Ry Wind Resistance.

To account for the additional resistance due to the above-mentioned service
factors, the exact calculation of these factors is not undertaken in the present
work. Instead, the concept of the so-called service factor or service margin is
used on the normal continuous power rating to achieve a sustained speed [3].
Hence the determination of resistance due to these factors is not described any
further.

Total Calm Water Resistance

Starting with the input data of the hull as shown in Appendix F.1, the total calm
water resistance R; are calculated by the H&M Method, F&L Method and the

Hollenbach method, as follows:
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H&M Method:

R is calculated by H&M method, based on:

RT = RF(l + kl) + RR,H&M + RAPP + RBT+RA + RAir (4'54)
where:

Rp: Frictional resistance,

1 + k,: Form factor to account for viscous resistance of the hull in relation
to Ry,

Rr nem: Residual resistance calculated by the H&M method,
R,pp: Resistance due to appendages,

Rpr: Resistance due to bow thrusters,

R,: Model ship correlation resistance,

R,;r: Resistance due to air.

F&L Method:

R is calculated by F&L method, based on:
Ry = Rp + Rppgr + Rapp + Rair (4-55)
where:
Rp: Frictional resistance,
R rg.: Residual resistance calculated by the F&L method,
R,pp: Resistance due to appendages,

R,;r: Resistance due to air.

Hollenbach Method:

R, is calculated by Hollenbach method, based on:
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Ry =Rp + RR,Hol + Rair (4-56)

where:
Rp: Frictional resistance,
Rr 1o1: Residual resistance calculated by the Hollenbach method,
R,;r: Resistance due to air.

Further description of these calculation methods based on the defined equations

is described in the following paragraphs.

Derived Hull Parameters

Since only the basic hull parameters are defined in the input data, the additional

hull parameters are derived using the method defined in Appendix F.2.

Friction Resistance

Ry Frictional resistance is calculated as:

R-=05pV?SCr (4-57)

where Cg: frictional coefficients determined by the ITTC 1957 formula,
given as:

0.075 (4-58)

Cr = (logyo Re —2)?

where Re: Reynolds number.

Air Resistance

Air Resistance Ry;,- due to the superstructure (still air resistance due to the hull

frontal area is accounted in R, for H&M Method) is given by:
Rair = 0.5 pair V§& Ap Cp (4-59)

where:
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Ap: projected frontal area of superstructure
Pair- density of air
Cp: air drag coefficient

Model Ship Correlation Resistance

Model ship correlation resistance, Ry, is used to account for hull roughness and
still-air resistance in the H&M Method calculations [100]. Model ship correlation

resistance R, is calculated as:

R, =05pVisc, (4-60)

Residual Resistance

The residual resistance is calculated using any of the following methods, as

defined in the input file:

¢ H&M Method, calculated as per Appendix F.5,
e F&L Method, calculated as per Appendix F.6,

¢ Hollenbach calculated as per Appendix F.7.

Resistance Appendage

Resistance Appendage R,pp is based on given as:
R4pp =05p Vs2 Sapp(1 + kz)eq Cr + Rpr (4-61)
where:

Cr: coefficient of frictional resistance determined by the ITTC 1957

formula.

Resistance due to the bow thruster

Ry is the resistance due to the bow thruster openings, given by:
Rgr-pVZmd?Cyro (4-62)

where:
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d: tunnel diameter,

Cgro: Coefficient for bow thruster openings.

4.3.5 Propulsive Coefficients

The propulsive coefficients w, t, ng used to describe the hull propeller interaction
have been calculated based on the H&M method [100,101], further described in
Appendix F.9. Only the coefficients applicable for twin-screw ships are shown as

the cases considered in this work only consider this propeller configuration.

4.3.6 Propulsor: Propeller
4.3.6.1 Brief Theoretical Background

A propeller converts the rotating motion of the shaft into a translating motion of
the ship, by creating a thrust force on the water that accelerates a column of fluid
passing through the swept disc [94]. The rotation of an airfoil-shaped blade
through the water creates a pressure difference between the forward and rear

surface, which makes the water accelerate and create a thrust force.

7

M Vi =ispeed of
V, =|wake speed 8 \advance
o —

-

|
|
|

T
|
1
|

\

Figure 4-20 Propeller action [70].

Some of the common terms used to describe a propeller are shown in Figure
4-21 [97]. The propeller is often defined in relation to a ‘generator line’, as shown
in Figure 4-23, which may be drawn at right angles to the shaft line, but more
normally it is raked [94]. The complex propeller geometry is characterized by
many parameters, the primary parameters for the initial design of a propeller
being propeller diameter, boss (or hub) diameter, number of propeller blades or

blade number, propeller pitch and blade area ratio.
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A propeller may be approximated by a part of a helicoidal surface which in rotation
screws its way through the water. Propeller geometric pitch P is defined as the
distance a screw propeller with geometric pitch angle 8 would advance during
one revolution. Pitch is normally expressed non- dimensionally as a fraction of
propeller diameter D as P/D. For a propeller with radius R = D /2 the actual local
geometric pitch angle 8 at any local radius r (see Figure 4-23) can be calculated
as [94]:

6 = tan_1 (P/_D> (4'63)
X
where x = r/R
S o Skew Developed Rake
DS blade outline —]
N o\k Leading edge Forward

Rake Skew

Generator
Generator

Figure 4-22 Propeller geometry [70].
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Figure 4-23 Geometric pitch [70].

Propellers do not have a radially constant pitch, and the pitch at one radial
position, typically 0.7 R, is taken as a single value to represent the radial pitch
distribution [97].

Expanded blade area Ay is the area formed by the outline if the circumferential
chord of the blade is set out against the radius [97]. Expanded Blade Area Ratio

EAR is defined as the ratio of Az, with respect to the propeller disc area A, as:

A 4-64
EAR =-E£ (4-64)
AO

where the propeller disc area A, is defined as A, = nD?/4

Typical Expanded Blade Area Ratios are 0.3 < EAR < 1.5. Area ratios above 1
mean overlapping blades which are expensive to manufacture. EAR, significantly
influences cavitation behaviour. Generally spoken, a larger EAR is better for
cavitation behaviour, but on the other hand, the propeller efficiency decreases
with an increase in EAR since the increased blade area also increases frictional
losses. EAR is chosen such that the blade load is kept low enough to avoid
unacceptable cavitation. Therefore EAR increases with propeller load (thrust per
propeller area A,). Larger EAR also often demand higher blade numbers to avoid

too small side ratios for the blades [97].

The diameter is a fixed value that is well-chosen in the design phase. For high-
performance vessels usually, the highest possible diameter for the propeller is

selected taking into account the hull form and the maximum draught.
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The blade number Z is an important parameter selected for managing torsional
vibration resonant frequency and hull modal frequency response. For large ships,

blade numbers of 4 to 7 are typical [97].

In ship applications, FPP or CPP are used based on the design requirements.
With FPP, the only operational variable is rotational speed, while CPP provides
an extra degree of freedom in its ability to change blade pitch [108]. CPP provides
more flexibility of operation wherein controlling of the pitch can be designed for
optimum propulsive efficiency, managing engine operation within their operating
envelopes, reducing cavitation and for additional flexibility for different modes of
operation like constant shaft speed operation etc. On the other hand, CPP
systems add complexity to the design, additional mass on and off the propeller to

manage the pitch setting as well as costs.

4.3.6.2 Propeller Performance

Guidance on the laws governing model and ship similitude by applying
dimensional for propellers is obtained from dimensional analysis. Several
systems of non-dimensional coefficients can be used in propeller design work,

the most commonly used [94] as based on:

T, v\ (4-65)
h _<pwnp2D4>, (np 'D>_ =0

[ Qp Vi \|_ (4-66)
& _<pwnp2D5>’<np : D). =0

where:
T,: thrust developed by the propellers,
Qp: torque to rotate the propeller,

: rotational speed of the propeller,

=

p.w . density of water in which the propeller is working.

Based on the above functions, T, and Q, are given by:

128



Tp = f(D, V4,1, p) (4-67)

Qp =f(D,V,ny,,p) (4-68)
Thrust coefficient K+ and torque coefficient K, are the non-dimensional forms of
T, and Qp are given:

Tp = Ky p,niD* (4-69)
Qp = Ky pyniD® (4-70)

Advance number ] is the non-dimensional form of advance velocity V, , defined

as:

Vs (4-71)

The propeller open-water efficiency ny is derived from thrust and torque
coefficients and the advance number as:
] Kr (4-72)
Mo =57
2m Ky
The performance of a propeller is normally expressed in three non-dimensional
parameters (Kr , K, ,J) and presented in a so-called open water diagram or open
water characteristics showing the variation of K, K, and no with J as shown in
Figure 4-24 [97]:
Kr Ak

Ka
n

Advance coefficient 7
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Figure 4-24 Open water characteristics of the propeller.

4.3.6.3 Wageningen B Series Propeller Models

Like for resistance predictions, using standard series propellers as the basis to
establish the basic parameters of the propeller, is a good start point of the
conceptual design of the propulsion system. Standard series data are regression
analysis models based on the results of open-water tests with systematically
varied series of propeller models, where the characteristic parameters like

Z,EAR,P/D are varied to obtain the open water characterises of the propeller.

Over the years there have been a considerable number of standard series
propellers tested in many different establishments around the world like the
‘Wageningen B Series’, Gawn, KCA, SSPA series, the more modern
‘Wageningen C and D Series’ and others [108]. The series data helps the
designer understand the factors which influence propeller performance and the
inception and form of cavitation on the blades under various operating conditions
while providing models which assist in selecting the most appropriate dimensions

of actual propellers to suit full-size ship applications [108].

‘Wageningen B Series’ is perhaps the most extensive and widely used propeller
series. The series was originally presented in a set of papers presented by Troost
from 1938-1951, and, amongst many practitioners, is still referred to as the
‘Troost series’ [108]. To account for scale effects in the original design diagrams,
re-appraisal of the series in which the differences in test procedures were taken
into account and the results of this work were presented by van Lammeren et.al.
[109]. Detailed regression studies on the performance characteristics given by
this model series were thereafter undertaken and computer-analysed data of the
Wageningen B-screw series was reported by Oosterveld et.al. [110] at a fixed

Reynolds number of 2x108 by the equation:

Kr = Z [CTS't,u.vU)S(P/D)t(AE/Ao)u(Z)U] (4-73)

s.tu.v

Ko = Z [CQS't.u,vU)S(P/D)t(AE/Ao)u(Z)U] (4-74)

s.t.u.v
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where:

Cr... : Table coefficients,
s,tuv

s.t.u.v: Coefficient indices.

The table of coefficients defined for the above equations is given in Appendix G.1.
To extend this work further so that propeller characteristics can be predicted for
other Reynolds numbers within the range 2x106 to 2x10° a set of corrections

have also been published, shown in Appendix G.2.

For the present work, the ‘Wageningen B Series’ model has been implemented
as the propeller series for the preliminary design of propellers, primarily due to
the very large amount of published data available for the series. While applying
this series for propellers design the range of validity of propeller parameters for
which the series is applicable is extremely important. The extent of applicability

of the Wageningen B-screw series parameters [109] is given in Appendix G.3.

4.3.7 Initial Design Optimization of Propellers

The parameters of the propellers need to be fixed for achieving the highest

possible open water efficiency of the propellers for the following scenarios:

e With the propeller diameter fixed, determining propeller pitch and speed.
e With the propeller speed fixed, determining the propeller diameter, and

pitch.

In most high-performance propulsion system designs, the propeller diameter is
fixed to the highest value possible based on the hull profile. The number of blades
is fixed based on the requirements of having a low vibration signature. Hence, for
such applications, the problem of optimization focuses on determining propeller

pitch and speed.

In the present work, to optimize the propeller parameters for the highest
efficiency, a numerical optimization method of minimizing an objective function
has been implemented on the lines of publications by Biven [111], Gaafary

[112,113]. The numerical method implemented for optimization is the Nelder-
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Mead (NM) method [114]. The NM method is a method used for minimizing an
objective function in multi-dimensional space used to find a minimum without
derivative of the cost function, which makes the algorithm attractive for ‘noisy’
problems. The NM method is one of the most commonly used nonlinear
optimization algorithms implemented in programs such as MATLAB [115]. To
solve the optimization problem, the NM algorithm uses a variable shape simplex
which is an n-dimensional convex hull polytope, with n + 1 as the number of
vertices. The algorithm is based on the iterative shape update of the simplex,
made by ‘expansion’ or ‘contraction’ steps, thus ‘adapting itself to the local
landscape’ [114]. The following paragraphs describe the implementation of the

propeller initial design optimization in the developed procedure.

The optimization process is executed based on the selectable modes:

e Mode 1: Determine propeller speed, propeller diameter fixed.

e Mode 2: Determine propeller diameter, propeller speed fixed.
The obijective function is for the optimization is written as:

min 1o (Kr, Ky) (4-75)

with J, EAR, P/D treated as variables, to calculate Kr, K, and thus 7,, from the

propeller series-based model.

The optimization process is subject to the constraints:

e Thrust criteria, defined as:
Krprop = CromJ™ =0 (4-76)

where:
K1 prop - thrust coefficient calculated from the propellor equations,
Crom : the thrust constant based on optimization mode,
OM : optimization mode,
m: exponent of ] based on OM.

e Limits of the propeller series being used or as per user definition, as:
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P/Dmin < P/D < P/Dmax (4'77)
]min < ] < ]max
EAR,,;, < EAR < EAR,4,

Based on the B propeller series, these constraints, imposed irrespective of the

user inputs, are:
0.50 < P/D < 1.40 (4-78)
00</<18

0.30 < EAR < 1.05

e Propeller cavitation criteria, defined as:
EAR > EARg,, (4-79)
EAR > EARy,
where:

EARg,, is the EAR calculated using the cavitation criteria defined by Burrill

(further described in the following sections),

EARg,; is the EAR calculated using the cavitation criteria defined by Keller

(further described in the following sections).

An initial guess vector for J, EAR, P /D has been predefined in the program. These

values set up the initial simplex.
Determination of n,

Advance velocity V,, thrust to overcome resistance Ty are calculated based on

the user inputs of V, R, w, t, as:

Va=V(1-w) (4-80)

Te=R/(1-1) (4-81)
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The subscript R in Ty is used to denote that the thrust has been calculated from
the resistance which needs to be distinguished from the thrust calculated from

the propeller coefficient in the optimization routine.

It should be noted that the resistance R used here is the resistance as seen by
each propeller. For example, if there are two propellers applied for the propulsion
system, then each propeller will see half of the whole resistance in ideal

conditions.

During each pass of the optimization routine, given variables J, EAR, P/D are

varied by the optimization routine, based on which K, K, are calculated from the

series model, from which n, is calculated.
J, Kr Compatibility

To undertake the optimization, the value of | selected should satisfy the
characteristic K in the open water propeller diagram. Towards this, an
optimisation constant Cr )y, is defined such that the unknown variable (to be
determined) is eliminated from this constant. For each mode of optimization,

different values of Cr o, would thus exist.

For optimization mode 1, OM = 1, where n is to be determined, given the value

of D, a constant Cr,is defined with the elimination of n as follows:

Kr__Te _, (4-82)
]_2 - p DZ VAZ - ~T1

Hence in the above equation Cr ) = Cr, giving the constraint:

Kr— Cr1]220 (4-83)

For optimization mode 2, OM = 2, where D is to be found, given the value of n,
a constant Cr, is defined with the elimination of D which is an unknown, as

follows:

Ky Tapn? (4-84)

JTpvE T

134



Hence in the above equation, Croy = Cr,; giving the constraint:

Kr— Cry]*=0 (4-85)

While the above expression uses K; is used as the parameter for checking
compatibility with J for the optimization problem with respect to the requirements
of propulsion, a similar approach can be used to derive the expression using K,
to approach the optimization problem with respect to the requirements of the

enginef/s.
Determination of EARg,,,

EARg,, is calculated based on the popular approach of Burrill [94], [108] used for

the preliminary design stage of a propeller. EARg,,,- is defined as:

EAR ;.. = ATIZ (4-86)
where:
A, is the propeller disk area, given by:
D2 (4-87)

Ap is the Developed Area, derived empirically by Burrill, given by:

_ Ap (4-88)
~ 1.067 — 0.229 P/D

Ap

where A, is the Projected Area, given by:

T (4-89)

where:
T is the propeller thrust, given by:

T = Ky pn?D* (4-90)
qr is the dynamic pressure at r = 0.7R
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qr =05p V¢ (4-91)

where V,is the resultant velocity at r = 0.7R

(4-92)
Vg = \/VAZ + (mn 0.7D)?

Burrill and others have plotted data from cavitation tunnel and full-scale tests
showing limiting of the Thrust Loading Coefficient z-values for a given cavitation
number o, ,. Empirical relationships have been developed for the various lines

on the Burrill chart, as follows [94]:

Burrill Chart Line 1:

T, = 0.21(0y, — 0.04)046 (4-93)
Burrill Chart Line 2:

7. = 0.28(0,, — 0.03)%57 (4-94)
Burrill Chart Line 3:

7, = 0.43(0,, — 0.02)071 (4-95)

where g, is cavitation number at 0.7D, given by:

Po — Py (4-96)

qr

O0p.7 =

where:
po is the reference pressure given by:
Po = Parm + Pw g h (4-97)

where p,:n is the atmospheric pressure, h is the depth of the

propeller,
p, is the vapour pressure.

Line 1 is a lower limit, used for heavily loaded propellers on tugs, trawlers etc.

136



Line 2 is an upper limit, for merchant vessels etc., 2%—5% back cavitation, using

aerofoil sections and this line is equivalent to the frequently quoted Burrill line.

Line 3: is an upper limit used for naval vessels, fast craft etc, with 10%—-15% back
cavitation. This line is for uniform suction type sections and accepts a greater risk
of cavitation at full power. This line is just below the likely onset of thrust

breakdown due to cavitation.
In the present work, Line 2 has been used for the calculations.
Determination of EAR,,;

The simpler formula by Keller [108] is also often used to estimate the necessary

expanded area ratio EAR for preliminary design of the propeller, given as:

(1.3+032)Tp . (4-98)

EARke == 3 D2

where k is a constant used depending on the number of propellers and ship type

as follows:
e for single-screw ships k = 0,

e for twin-screw ships, it varies within the range k = 0 for fast vessels

through to k = 0.1 for the slower ships.

4.3.8 Water Properties Model

The model for calculating what are properties is based on the work of Sharqawy
[116] as recommended in the ITTC Recommended Procedures: Fresh Water and
Seawater Properties’ [117]. Details of the implemented model are described in

Appendix H.

4.3.9 Prime Movers

Gas turbine and diesel engines have been modelled as mechanical drives for the
propellers or alternators in generator set configurations. The modelling approach

used in the present work is described in the following paragraphs.
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4.3.9.1 Gas Turbines

The gas turbine engine models are integrated into the propulsion plant model by
the reference of a filename of the engine model. Hence the engine models exist
as individual elements which can be repeatedly used. The gas turbine modelling

has been implemented using detailed 0-D modelling, as described in section 4.2.

4.3.9.2 Diesel Engines

To limit the scope of the present research work, the diesel engine model has been
implemented based on performance maps of the engine which give brake power
of the engine based on engine fuel flow and engine speed. The simplified model
of the diesel engine implemented in the present work uses the idea of
representing the performance map of the diesel engine shown in Figure 4-25 by
polynomial functions. This simplified approach to reduce the complexity of the
engine models has been used by Altosole et.al. [118] and W. Shi et.al. [95].
Effectively the simplified model uses the engine speed n; and the fuel flow WF

to determine the brake power of the engine PWj, which can be written as:
PWg = f(WF ,ng) (4-99)

The derivation of the relationships used by the performance model is briefly

described here.

At a selected design point with a constant fuel flow WF,, the engine power PWy 4
can be approximated by a third-order polynomial as a function of engine speed,

given as:

PWyq = [csni g + conb g + ClnE’d]WFd=const. (4-100)

where ¢, ¢, and c; are the fitting coefficients determined by fitting 3 arbitrary

points on the power speed curve for a constant design fuel rate.

To extend the above equation for determining engine power as a function of fuel
flow and engine speed at off-design points the following general relations are

used:
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PW, « nd (4-101)

PW, ( n, )3 (4-102)

PWg 4 Nga

110"" """"" R A TG COE

100}

Shaft Power [%)]

i i i i ‘
30 40 50 60 70 80 9 100 110
Engine Speed [%)]

1 I

Figure 4-25 Diesel engine map with lines of constant fuel flow [94].

Using the general relations describing the relationship of engine brake torque Qp
with n; and WF,

Qp x ni (4-103)
Qp x WF (4-104)
we have:
WF (nE )2 (4-105)
WF,  \ngq
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ng  (WF\Y2 (4-106)
Npq (WFd>
We define fuel ratio WF, with respect to WF; as:

WF (4-107)

WFg =
R wr,

Substituting equation (4-107) in equation (4-106), n; 4 can be written as:
Ngq = np WE™/? (4-108)

Combining equations, (4-102) and (4-106), the ratio of engine power at design

point to off-design point can be expressed in terms of fuel flow rate by:

WF (4-109)

-3/2
PWB,d = PWB <_WFd>

Substituting equation (4-109) in (4-100) and using the relationship in equation
(4-108), we have:

PWy WF ™2 = [c3 mpWFR ™% + c;nf WF™" + ¢y ny WF™Y?] (4-110)

A shaping constant, s, is defined to adapt the equation to the characteristics of a
specified type of engine, and using it in the above equation, upon rearranging

PWjy can be written as:
PWy = WE3/?[c; WF™3/*n3 + ¢, WFR *nZ + ¢, WFy™5/? ng] (4-111)

To have an equation that works with ratios than absolute values, we define ratios
PWggr = PWy/PWg,er and nggp = ng/ng..r Where PWg,..r and ng.., are

corresponding points on the power speed curved, at 100% maximum continuous
rating (MCR) or 85% MCR, we have :

PWpp = WF**/?[cs WFp >/ nigg + ¢, WFr “nfg + ¢y WF™/2 ] (4-112)

To adapt the above equation, to a medium speed diesel engine, s = 0.7 has been

used, based on the work of Altosole [94]. For the medium-speed diesel engines
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used in the present work, the following constants were derived as a part of this

work, starting from the curves defined in the work of Altosole [94]:

PWgyrer PWgyrer

= 85% MCR = 100% MCR
s 0.6811 0.6811
Cy -2.6396 -2.6605
c 2.9290 2.9756

4.3.10 Geared Transmission Systems

Geared transmission systems are used to transmit torque from engines to the
propellers through the shafting system. Geared transmission systems utilize
reduction gearboxes to increase the torque output by reducing the rotational
speed of the engine to the speed of the propeller. Gearboxes can also be used
to add the torque from multiple engines to one shaft or to split the torque from
one engine to multiple shafts. In some applications, gearboxes may also be used
to implement the reversing the propeller direction of rotation for FPP applications.
Cross-connect gearboxes are used to connect two drivetrains. In certain
combined plant configurations where engines can operate independently or in
combination with other engines, multiple reduction ratios or ‘speeds’ need to be
implemented in the gearboxes which are selected based on the mode of

operation.

Gearboxes are often classified by the number of inputs and outputs, and

connections as:

e Single Input Single Output (SISO)
e Double or Multiple Input Single Output (MISO)
e Cross-Connect Gears (CCG)

To model the combined propulsion system configurations for the present work,
the modelling of geared transmission systems needed to have a large amount of
flexibility. The initial approach tried was to have preconfigured gearboxes as
SISO/ MISO etc., but it was realised that this approach could not provide all the

possible configurations that needed to be modelled. Hence the implemented
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method for modelling the transmission system is based on the utilization of the

following system model components:

e Gearing
e Clutches

e Transmission junction

Clutches are used to connect and disconnect various drives based on the mode
of operation and hence has been considered to have ‘on’ and ‘off’ states. The
‘Transmission Junction’ element is primarily used as a torque path connection
element. Further details about the application of clutch and the junction models

are defined in section 4.3.11.

The implemented model of the gearing, broadly classified into categories of

single-speed or twin speed, is based on the following input data:

e Single Speed Gearing:
o 4 : Gearing Reduction Ratio.
o 1-— ng: Gearing Loss Factor.

e Twin Speed Gearing:
o g4 : Speed 1 Gearing Reduction Ratio.
o 1-— ng4-1: Speed 1 Gearing Loss Factor.
o g4, : Speed 2 Gearing Reduction Ratio.

o 1-— ng4»: Speed 2 Gearing Loss Factor.
The basic relationships used for modelling the gearing are:
Qgrout = Mgr * lgr " Qgriin (4-113)
where:
Qgrout - 9€aring output torque,

Qgrin - 9€aring input torque,

ngr- Overall gearing transmission efficiency.
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i = Ngr,in (4-114)
g ngr,out

Energy losses in the gearing are calculated in this module based on the ‘gear

loss’ model described later in this section.

4.3.11 Modelling Operating ‘Drive Modes’

One of the primary issues faced during the development of the modelling process
for combined propulsion plans was the determination of the direction of
transmission of torque in combined plants involving cross-connect gearing.
Unlike the case for fluid system components where the in-ports and out-ports
clearly define the direction of fluid flow, in the case of mechanical transmission
components, this definition cannot be directly applied. It should be noted that the
direction of torque transmission being referred to in this context is in the sense of

torque being transmitted from the driving side to the driven side.

An example of the above-described phenomenon is shown using Figure 4-26 to
Figure 4-29, where the change in direction of torque transmission can be seen
based on the states of the engines and the clutches from one drive mode to
another. The considered model for this example has a transmission system for
two gas turbines, each having its own respective reduction twin speed gearboxes
to transmit the torque to the propeller individually. In addition, both the
transmission paths are interconnected through a cross-connect gearbox, allowing
each engine to individually drive both the propellers using this cross-connect
system in separate drive modes. The active part of transmission has been shown
by the double arrows while the inactive parts are shown by the crosses. The
states of the engines and the clutches defining these operation modes are shown
by ‘ON’ and ‘OFF’ in the respective figures. Figure 4-26 shows both the port and
starboard engines driving port and starboard propellers respectively. Figure 4-27
shows the port engine driving the port propeller while the starboard propeller is
trailing (water milling). Figure 4-28 shows the port engine driving both propellers
using the cross-connect gearbox. Figure 4-29 shows the starboard engine driving

both the propellers again using the cross-connect gearbox.
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To model the above-described behaviour of the change in direction of the torque
transmission solely based on the states of the engine and clutches, a novel
algorithm was written and implemented in the developed plant modelling
framework. Determination of the drive modes using the states of the clutches and
driving engines, allows the same combined plant to be used across all the drive
modes of the plant and this implementation makes the plant model definition to
be very intuitive as it is closely representative of the actual operation of the plant.
This developed method with the algorithm is described in the following

paragraphs.

The primary components used to implement the modelling algorithm are clutches,
transmission junctions and setting of engine to on or off states. These component
models are connected in the plant model using the definition of ‘mechanical
connections’ which represent the transmission of torque in a bi-directional way
from the point of the driving side and the driven side. The ‘Clutch’ model
component implemented for the present work, models a generic clutch behaviour
used to connect/ disconnect engine/driveshaft from the drive train. The
implemented clutch model is based on the behaviour of multi-disc or overrunning
clutches (not fluid couplings), where there is no slippage between the driving and
driven sides of the train. The clutch state (on/off) is individually set in the models
to represent the drives modes of operation for the plant. While usually the
clutches are housed in gearboxes, for the sake of creating the model plant model
flexibly, the clutches are modelled as individual elements. The ‘Transmission
Junction’ component is used as a ‘virtual component’ to add/ split torque from/to
two drive paths. This component has three ports labelled as 1, 2 and C with each
port having the same properties. It should be noted that the selection of the port
labels has no bearing on the direction of transmission of torque. The transmission
junction has been called a virtual component because it does not represent any
physical component in the drive train but represents the multiple connections that

are possible in gearing to add or split transmission torque.

To explain the implemented method, consider the example of a COGAG plant

shown in Figure 4-30. The partial model shown from Figure 4-26 to Figure 4-29,
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to describe the direction of torque transmission earlier, is an extract from this very
model. A detailed description of this model can also be seen in section 6.6.3 of
this thesis. This model is viewed by the implemented algorithm as described in
Figure 4-31, where each model component is represented by a node (shown by
coloured circles) and these nodes are connected by transmission sub-paths
which are assigned specific nomenclature by the algorithm (like a.b, a.b.b etc.).
The various components are classified into ‘termination’ elements’ viz. engines
and propellers where a sub-path can be terminated, ‘state elements’ viz. engines
and clutches whose states can change, ‘transmission elements’ viz. gearing,

shafting and transmission junctions as shown in Figure 4-31.

In the considered COGAG plant, the propellers could be driven or trailed (water-
milling propeller, further described in section 6.3.2) or a single engine could be
driving one or more propellers. The algorithm needs to assess this overall status
by identifying the driven and the trailing propellers, which engines are driving
which propellers etc. The developed algorithm consists of the set of functions with
their simplified block diagrams shown in Figure 4-32 and Figure 4-33, which are

briefly described in the following paragraphs.

The primary function ‘Plant Master’ that manages the entire simulation of the
plant, calls out the ‘Engine-Propeller Interface Data’ data set for each propeller.
This data set includes the data that defines whether the propeller is driven or
trailed, and if driven which engines are driving the propeller through which
transmission path. The transmission path data includes the overall applicable
reduction ratio of the gearing and energy loss data with applicable models of the
respective components in the transmission path. This data is compiled by the
function ‘Engine Propeller Interface Data’ as shown in Figure 4-32. This function
initially loops through all the components, tracing the transmission path starting
from the propeller to create the sub-path data set. This dataset includes the
assigned sub-path name by the algorithm, whether the sub-path is active or
inactive based on the state of the engines and the clutches, which the sub-paths
are connected to the ‘termination elements’ i.e. engines and propellers, energy

loss data and reduction ratio data for the transmission elements.
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The addition of individual names to the transmission sub-paths is two-fold. The
first objective is to be able to trace the connection of the propeller to an engine
by examining if all the intermediate sub-paths in the path are in active state. The
second objective is to be able to lump all the reduction ratios of the gearing
components to derive the overall reduction ratio applicable for the drive mode
and to lump the energy loss data from the respective transmission components
in the transmission path. The tracing of the transmission path is undertaken by
the algorithm as follows. Based on the propeller identifier received as the input,
the algorithm starts the tracing process from the given propeller, systematically
assigning names to each of the sub-paths, starting with ‘a’ as shown in Figure
4-31, where a single loop of tracing from the propeller, FPP-Stbd, has been
shown. Each time the algorithm encounters a junction, shown by the red dots, it
splits the transmission sub-path into two sub-paths represented by the addition
of the “.a@’ and ‘.b’ to the original sub-path name. The traced paths are later
assigned as being active and inactive based on the state of the engines and

clutches on the particular transmission sub-path.

After compilation of the data set of all the transmission sub-paths, the ‘Engine
Propeller Interface Data’ function calls the function ‘Plant Engines Interface Data
from Sub-Path Data’, as shown in Figure 4-33. In this function, using the assigned
sub-path names, the transmission path from the engine to the propeller is traced,
basically with the objective to see which engines are driving the given propeller
with what reduction ratio and energy losses. The basic procedure that is used to
achieve this is to undertake the systematic reduction of the sub-path names in
steps (eg. ‘a.b.b’ is reduced to ‘a.b’ in one such step) to trace the path from the
engines to the propellers it is driving, described in Figure 4-33. If the engine is
driving more than one propeller, it is accounted for in this step by dividing the
torque accordingly. Each reduction of the sub-path name corresponds to
‘crossing’ one component, which is used to lumping of the applicable reduction
ratio as well as energy loss data of that component with the overall transmission
path reduction ratio and the energy loss data. During each such ‘crossing’ it is
also checked if the overall transmission path is active based on whether each

sub-path in the transmission path is active.
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After the execution of the function ‘Plant Engines Interface Data from Sub-Path
Data’ hands over the ‘Plant Engines Interface Data’ back to the function ‘Engine

Propeller Interface Data’ which in turn passes it back to the ‘Plant Master’ for
further processing of the plant model.
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Figure 4-26 Both engines driving respective individual propellers
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Figure 4-27 Port engine driving port propeller, starboard propeller trailing
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Figure 4-30 COGAG model used to explain the developed algorithm for modelling
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Figure 4-31 Decomposition of the COGAG model by the developed algorithm for

drive mode modelling into component nodes and transmission sub-paths.
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4.3.12 Gearing Energy Loss

Gearbox losses are usually considered to be constant through the entire
operating range of the gearbox and between 2% and 4% of gear input power or
torque. However, in reality, these losses vary in terms of percentage of gear input
power or torque, in off-design or part-load conditions. This is a very important

consideration as many ships run a vast majority of their life in part-load conditions.

In the present work, the model incorporated for gear losses considers the effect
of part load conditions based on the work of Godjevac [96]. The gearing loss is

considered as a torque loss consisting of the three elements:

e Element proportional to the transmitted torque,
e Element proportional to the shaft speed,

e Constant element.

Normalized torque loss of a gearbox, Qg 10ss » IS given by the equation:

Qgross = @ Qgrin + b Mgy + € (4-115)
where:

a is the fit coefficient related to the torque,

Qgrin is the normalized torque going into the gearbox,

b is the fit coefficient related to the shaft speed,

Ngr in IS the normalized shaft speed going into the gearbox,

c is the fit coefficient related to the constant torque loss.

The fit coefficients used for the present work in the above equation are given in
Table 4-7:

Table 4-7 Fit coefficients for gear loss model [96].

a b c
Propeller Law 0.5 04 0.1
Generator Law | 0.4 0.1 0.5
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The variation of gearbox efficiency ng4, with normalised torque input Qg ;, for
propeller and alternator applications using the shown model is shown in Figure

4-34. The variation of gearbox efficiency n,,with normalised input speed ng, ;, to

the gearbox, based on the applied model, is shown in Figure 4-35.

1 -
0.96 1
0.92 1
1 Propeller
T’gr 0.88 1 ,I = = = Alternator
1 I
1 1
i
0.84
1 1
] [}
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Figure 4-34 Variation of gearbox efficiency with normalised input torque for

propeller and alternator applications

1
0.96 1
092 +
] Propeller
Ngr 0.88 +
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Figure 4-35 Variation of gearbox efficiency with normalised input speed for

propeller application
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4.3.13 Shafting

The shafting model component is used as a torque or power transmission
element and is used to connect the engine with its transmission system to a
propeller. The shafting onboard ships is usually supported by bearings and have
seals at the interface to the hull which causes power losses. The power loss at
the shaft line varies with shaft speed. Shaft losses are usually low, typically 0.5

to 1% of power being transmitted at nominal power.

Since the shaft line losses are primarily caused by the bearings and seals of the
shaft, these can be modelled as a constant torque loss. This torque loss Qgp, 155

is calculated based on the nominal shaft line torque Qs nom, as:

Qsh,loss = Nsh Qsh,nom (4-116)

where:

nsn: transmission efficiency of the shaft line.

4.3.14 Electrical Systems
4.3.14.1 Electric Machines

The model for electric machines implemented in the present work (here described
in the context of electric motors), the brake power from the electric motor at
design point (nominal power condition) is described using standard relationships
with a defined electrical efficiency, while in off-design points the brake power is
corrected based on a predefined function which corrects this efficiency based on
the electrical power. Only Asynchronous AC induction motors are considered in
the present research work as they find the most common application in ship
propulsion with high power application being state-of-the-art for such applications
[97].

The nominal effective power PWy ,,,for a three-phase AC induction electric

motor is written as:

PWg nom = V3 U Iiom cOSGh (4-117)
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where:
U: applied voltage,
Ihom: Nominal motor current,
cos¢: power factor,
¢: phase difference between U and I.
The nominal brake power PWg gy nom Of the electric motor is calculated as:
PWg emmnom = PWgnom NEMnom

The relationship used to calculate the nominal electric efficiency ngpy nom Of the
motor [98]:

~ 1 (4-118)
NEMnom = 0.003162

1.026 + ———
\/ PWE,TLO?’YI

where PWg ,,m is the nominal power given in MV

For off-design performance, for the given effective power PWg, Ngmnom IS

corrected based on the following relationship, applicable up to 2% part load [98]:

PWB,EM - (a + b * PWE]?’I (4'119)
Nem = PWE*M *NEMnom
where:
e PWe
EM PWE,nom
a= 0.016
b= —0.01
c= 03

While all the above relationships above have been defined referring to an

electrical motor, the same relationships apply to an alternator and hence have
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not been repeated here. The variation of electric machine efficiency ng, with

normalised effective power PWy,, using the shown model is shown in Figure 4-36.
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PWgey

Figure 4-36 Variation of electric machine efficiency with normalised effective

power.

4.3.14.2 Frequency Converters

Many types of Frequency Converters (FC) are used, but today’s state-of-the-art
drives are usually either two- or three-level Pulse-Width Modulated (PWM)
voltage source inverters [97]. Hence for the present work, only PWM are
considered. Since only steady-state operating points are being modelled in the
present work, the frequency converter is modelled as a device that leads to a loss

of energy.
The nominal efficiency of the FC, nr¢ »om IS calculated using the relationship [55]:

1 (4-120)
Nrcnom =
1.01 + 0.527

nom

where PW,,,, is the nominal power of the FC, defined in MW/

At off-design points or at part load conditions, the FC power loss at nominal
conditions Pj,ss0om IS corrected by the following relationship, where losses

consist of a constant part (= 10%), conductor losses proportional with current I (=
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45%) and switching losses proportional to I? (= 45%) with respect to nominal

current I,,,p, :

+045

nom nom

12 (4-121)
PWioss = PM/loss,nom - 0.1+ 0.45

The variation of frequency converter efficiency nz. with normalised current

defined as 1/1,,,,, using the shown model is shown in Figure 4-37.
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Figure 4-37 Variation of frequency converter efficiency with the normalised

current.

4.3.14.3 Voltage System

Only AC systems have been considered for the present work as they are the most
commonly used systems onboard ships. The voltage system selected for the
electrical system and the electrical machines is dependent on the power being
handled by the system, wherein higher voltage systems are selected to limit the
current, thus lowering the copper losses and winding temperatures to lower
thermal loading of the machines. The current is also a limiting factor for the

maximum interruptible fault current capacity of circuit breakers.

System voltage may range from 450VAC to 11kVAC [97]. Systems with rated
voltage <1 kVAC are classified as Low-voltage while systems with voltage >1.01

kVAC are Medium-voltage systems (based on the definition by IEC). The typical
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low voltage system used onboard ships (NATO standard) is 440 VAC. For
medium voltage systems, the typical value of 6.6 kVAC is used, also for
commercial applications. For very high-power applications 11 kVAC is also used.

4160 VAC system has also been used in naval applications [99], [100].

4.3.14.4 Switchboards

Based on the voltage system used, the switchboards are also classified into low
and medium voltage type switchboards. Losses in a switchboard are low
compared to the transmitted power. In the implemented models, like the
frequency converter, switchboards are also modelled as devices that lead to loss

of energy.
The efficiency of the switchboard is taken as, over the entire range of operation:

NsBnom = 0.995 (4-122)
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5 TERA BASED ON MULTIPLE-CRITERIA DECISION-
MAKING (MCDM)

The TERA concept uses a framework of mathematical models to conduct design
space exploration and trade-off studies, consisting of a set of core system models
linked to economic, risk and environment models, to objectively assess and
compare competing schemes by weighing investment of resources against
performance and risk estimations. This chapter describes the utilization of the
overall concept of TERA and adapting it for the present work, to undertake a
techno-economic comparison of the candidate system architectures populating
the design space. The chapter also describes the brief theoretical basis of the
methods used for MCDM for TERA and the procedures used to apply them. A
more detailed mathematical formulation of these procedures is included in
Appendix L, Appendix M and Appendix N. The application of these procedures

and the results obtained thereof are described in Chapter 6.

5.1 Overview of Application of the MCDM Process to TERA

The overall scheme of TERA is usually integrated with optimisers such as real
parameter ‘Genetic Algorithm’ for the optimisation of one or more goal functions.
In the present work, as the design space is considered to be discrete, the
optimizer, as usually applied in TERA studies, has been replaced with a hybrid
‘Multiple-Criteria Decision-Making’ (MCDM) algorithm, as shown in Figure 5-1.
The definition of the discrete design space here is that the parameters cannot be
continuously varied to have an optimal design, but only discrete points are

available in the design space based on existing engine designs.

The primary steps used to execute the applied MCDM procedure are the creation
of criteria clusters and organization into a hierarchal and network, calculation of
the global weights of the set of criteria, application of criteria weights and
evaluation scores across criteria to select the most suitable architecture. Based
on the specific characteristics of the various parts of the MCDM process that need
to be carried out, specific methods were selected, as described in section 2.5,

and integrated to make a robust procedure for executing TERA.
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Figure 5-1 TERA with Multiple-Criteria Decision-Making

The overview of the applied MCDM process is as follows. The design criteria is
organized into a combination of hierarchal, network structure. The overall
objective for organizing the evaluation criteria in this form is to arrive at the global
weights of each of the criteria, signifying their relative importance in context of the
final decision, against which the candidate architectures would be evaluated. The
initial of the MCDM process is to derive the criteria weights using a combination
of DANP and AHP. AHP is used to calculate the relative weights of the ‘Objective
Metric’ of ‘Performance’, ‘Cost’ and ‘Risk’. The individual sets of criteria for ‘Cost’
and ‘Risk’, are considered to be independent and thus AHP is used to evaluate
the weights of these. All the ‘Performance Dimensions’ as well their individual
sets of criteria are considered to have significant interrelations and hence the
entire ‘Objective Metric’ of ‘Performance’ is considered as a network as opposed
to a hierarchy. The DANP method is thus used for calculation of the relative
weights of the criteria under ‘Performance’. The relative weights of the ‘Objective
Metric’ of ‘Performance’, ‘Cost’ and ‘Risk’ are then applied to the relative weight
of criteria under them to determine the global weights of the entire set of criteria.
With the global relative weights of all the criteria as well as evaluation scores of
the candidate architectures determined, the VIKOR method is used to find the
‘best suited’ architecture from the set of candidate architectures. This overview

of the developed MCDM procedure is shown in Figure 5-2.
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Figure 5-2 Overview of the developed MCDM procedure

5.2 Establishing Hierarchal, Network Structure for Evaluation
Criteria

In general, for any ship propulsion plant, the selection criteria for propulsion
machinery selection are given in test books like Schneekluth [72] and

Papanikolaou [111] as:

e Acquisition cost

e Functional reliability

o Weight

e Space requirements

e Specific fuel oil consumption
e Fuel type and fuel cost

e Emissions
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e Repair cost

¢ Maintenance cost
¢ Manoeuvrability

¢ Noise and vibration

e Automation of control

For the present work, the design criteria for the MCDM problem were organized
into the combination of hierarchal, network structure as shown in Figure 5-3. In
the figure, the hierarchal part of the structure has been shown connected with
arrows while the network part of the structure has been shown connected with
lines without arrows. The problem was organized with the main ‘Objective’
defined as ‘select the best suited feasible architecture’ at top of the hierarchy with
the ‘Objective Metrics’: ‘Performance’, ‘Cost’ and ‘Risk’ at the next level. The
‘Objective Metric’, ‘Performance’, were further divided into ‘Performance
Dimensions’ with each ‘Performance Dimension’ further classified into individual

sets of criteria under it.

All the ‘Performance Dimensions’ as well their individual sets of criteria are
considered to have significant interrelations and hence the entire ‘Objective
Metric’ of ‘Performance’ has been considered as a network as opposed to a
hierarchy. Hence, DANP was selected as the preferred method over AHP for
calculation of the relative weights of the criteria under ‘Performance’. The overall
aim is to organize the evaluation criteria in this form is to arrive at the global
weights of each of the criteria, signifying their relative importance in the context

of the final decision, against which the candidate architecture will be evaluated.

The ‘Objective Metrics’ of ‘Cost’ and ‘Risk’ are directly defined by individual sets
of criteria. The individual sets of criteria for ‘Cost’ and ‘Risk’, are considered to be
independent of each other and thus AHP has been used to evaluate the weights
of these. AHP is also used to calculate the relative weights of the ‘Objective
Metric’ of ‘Performance’, ‘Cost’ and ‘Risk’ which are then applied to the relative
weight of criteria under them to determine the global weights of the entire set of
criteria. Here, a more arbitrary experience-based metric can also be used instead

of the application of AHP. The criteria which have been treated as ‘quantitative’
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and ‘qualitative’ are also shown in Figure 5-3, with the ‘quantitative’ criteria
distinguished by the dashed boxes. The candidate architectures which are
compared for selecting the ‘the best-suited architecture’ based on the ‘evaluated
scores’ for the individual criteria, weighed against their global weights are shown
at the bottom of Figure 5-3. It should be noted that since the candidate
architectures have already been tested for ‘feasibility’ in terms of the basic
defined criteria for the ship propulsion plant in terms of achieving ‘surge speed’,
‘cruise speed’, ‘endurance’, the term ‘feasible’ has been used in the objective.

The description of the criteria shown in Figure 5-3 is as follows:
Objective Metric: Performance

Performance Dimension: Mobility

e Surge speed: The defined sustained maximum speed of the ship that can
be achieved with a particular candidate propulsion system architecture.

e Cruise speed: The defined economical speed at which the propulsion
system architecture is in the region of high efficiency (for example highest
speed within the operating range of the cruise engines) for the plant
design.

e Endurance: The defined maximum distance the ship can move without the
need for refuelling at a specified speed.

While all the propulsion system candidate architectures are designed to
meet all the above criteria as minimum input design specifications, a
candidate propulsion system architecture may exceed this design
specification. These criteria are defined to compare architectures for this
aspect, where the candidate propulsion system architectures are

exceeding the minimum performance requirements.

Performance Dimension: Mobility

e Operation profile sensitivity: Parameter is used to define how sensitive is
the propulsion plant efficiency to the change in operating profile. If a

change in operating profile has a very large effect on the propulsion plant
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efficiency, then that particular architecture is said to be more sensitive to
the operating profile.

Operating flexibility: Defines the degree of dependence of operation of the
plant on operating modes. If the propulsion plant can be operated to cover
its entire operating range with a lesser number of operating modes, then
the plant is deemed to have higher operating flexibility.

Manoeuvrability: Comparative contribution of the propulsion system to the
manoeuvrability of the ship. In the present context, a propulsion plant that
can build up to the rated power in a shorter time is considered to provide

better manoeuvrability.

Performance Dimension: Susceptibility

Underwater signature: Relative contribution of the propulsion system
design to the underwater signature of the ship, amongst the candidate
architectures.

Infrared signature: Relative contribution to the infrared signature by the
propulsion system design, amongst the candidate architectures.
Electromagnetic signature: Relative contribution of the propulsion system
design to the overall electromagnetic signature of the ship, amongst the
candidate architectures.

For all the susceptibility criteria, obviously, the lower the contribution of the
propulsion system design to the respective attribute, the better the design

is considered.

Performance Dimension: Survivability

Redundancy: Parameter used to compare the number of backup options
for operating the propulsion system in case of single or multiple failures of
propulsion plant equipment. The higher the number of backup options
available in the design, the better the candidate design is considered.

Shock resistance: Comparative measure of the propulsion equipment and
the plant design to resistance to underwater shock events for the

candidate propulsion plant architectures without the requirement of any
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special redesign of propulsion equipment. The higher the resistance to
shock for a design, the better the candidate design is considered.

Flooding survivability: Comparative measure of candidate propulsion plant
architectures to survive flooding with the plant layout in the preferred
engine room layout. The better resistance of a design to flooding, the

better the candidate design is considered.

Performance Dimension: Maintainability

Reliability: Parameter used to compare the overall reliability of the
candidate design architectures, based on the individual equipment used
and the overall complexity of the design.

Availability: In the present context is used to compare the availability of
equipment based on maintenance intervals defined usually based on
hours of operation. In general, candidate propulsion architectures with
more frequent and elaborate requirements for maintenance, based on
hours of operation would be considered to have lower availability.
Repairability: Comparative ease of repair of propulsion equipment when
such work needs to be undertaken. Here if the propulsion equipment to be
repaired needs a large effort to undertake the considered repair work, then

its repairability would be considered to be relatively lower.

Performance Dimension: Integrability

Weight: The overall mass of each candidate propulsion system design
architecture derived from individual propulsion equipment is considered to
compare the candidate design architectures. A design architecture that
would have a lower overall mass would be considered as a better design.
Space: The overall deck area occupied by each candidate propulsion
system design architecture derived from individual propulsion equipment
is considered to compare the candidate design architectures. A design
architecture that would need lower space would be considered as a better
design.

Fuel capacity: is defined, in the present context, as the overall capacity of

fuel required for the propulsion and the power generation systems together
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to achieve the minimum specified endurance distance in the design
specification at the defined speed. Hence, a design architecture that would
need lower fuel capacity to achieve the specified endurance would be

considered as a better design.

Objective Metric: Cost

Acquisition cost: The overall acquisition cost of the propulsion equipment
is derived using the individual weight of propulsion equipment and then the
candidate designs are compared.

Maintenance cost: The maintenance cost is derived for each candidate
architecture, based on no operating profile which defines the combination
of engines to be used in various speed bands, along with the average
hourly maintenance rates calculated for individual equipment. Based on
the calculated metrics, the candidate designs are compared.

Manpower: Relative parameter used to compare the overall manpower
required onboard to maintain and operate each candidate architecture.
Fuel: The overall cost of annual fuel consumption rate by each candidate
architecture is calculated, using the operating profile and the fuel rate
curves calculated based on performance simulation for various modes of
operation. Based on the calculated metrics, the candidate designs are
compared.

Support infrastructure: Relative parameter used to compare the extent of
ashore support infrastructure augmentation for maintenance of that would

be needed if the candidate design were to be selected.

Objective Metric: Risk

Design: Relative parameter to compare the overall risk to the ship design
that would be added if a particular propulsion system design would be
selected. If a design architecture is well proven and has been executed by
the shipbuilder earlier, it would be considered as a lower risk to the overall
ship design.

Schedule: Relative parameter that defines the overall risk that the

selection of a particular candidate architecture would add to the overall
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shipbuilding schedule. Here, even if a candidate architecture design is well
proven but requires long procurement lead times then this architecture
would be considered to be a higher risk to the schedule.

Crew expertise: Relative parameter that is used to compare the candidate
architectures based on whether the requisite crew expertise to operate
such a design would be readily available or would there be requirements
for specialized crew training. If a design similar to a candidate architecture
has been operated by the shipowner's crew earlier, then the risk based on
crew expertise would be considered to be lower for the particular candidate
architecture.

Support: Relative parameter used to compare the risk based on the
availability of the industrial base required to support the candidate design
architecture over the extended life of the ship. In the case of warships, this
criterion would be more relevant where an assessment may be needed on
the dependence of support from foreign suppliers for the upkeep of

particular design architecture.
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Figure 5-3 Design criteria for the MCDM problem in a combination of hierarchal, network structure
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As can be seen in Figure 5-3, the design criteria were also classified into
categories of ‘quantitative’ and ‘qualitative’ criteria. The ‘quantitative’ evaluation
refers to analysis based on model-based data generation for plant performance
as well as mass, dimensioning and cost for the plant. The ‘qualitative’ evaluation
refers to analysis based on expert opinion based comparative data of the
candidate designs. The ‘qualitative’ evaluation is primarily used for certain design
criteria for which it may not be practical to derive exact models for evaluations

due to the lack of information at the early stages of the ship design process.

5.3 Calculation of Criteria Weights

The DANP procedure [82,124,125] is used to calculate the local relative weights
of the criteria from the ‘Objective Metric’ of ‘Performance’. The detailed procedure

applied for the execution of the DANP method is described in Appendix L.

The DEMATEL method is first used to derive the degree of relationships between
the ‘Performance Dimensions’ D,, D,, D5, .... D,,, with each ‘Dimension’ having its
respective individual set of criteria under it. The set of criteria of ith ‘Dimension’
is denoted by Ci1» Gz -+ Cyym; where my, m,, ms,....m, are the number of
criteria for respectively for each of the ‘Dimensions’. The DEMATEL process
starts with the creation of ‘Initial Direct Influence Matrix’, X created by averaging
the ‘Expert Direct Influence Matrices’, obtained using the expert-based

evaluations of mutual influence for the ‘Dimensions’ D;,D,,Ds ...,D,:

Dl DZ b Dn (5'1)
D, 0 X2 - X
X = [xij]nxn =D, X21 0 o Xon
Dpn lxps xp2 -+ 0

where x;; defines the ‘degree of direct influence’ of D; on D; on a scale of 0-4
with each numeric signifying: ‘No influence’, ‘Low influence’, ‘Medium influence’,

‘High influence’ and ‘Very high influence’ in increasing order.

The DEMATEL process is then used to calculate the ‘Normalized Total Direct

Influence Matrix’ T . Using a similar process, as described above, the degree of
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relationships between the individual criteria under each of ‘Performance

Dimensions’ is further calculated to create the set of matrices for the criteria,
TC“”, for the sets of criteria under the dimensions. With this set of matrices, the

overall ‘Normalised Influence Matrix’ TZ is set up as:

5-2
D, D, D, (5-2)
€11 " Cimy, C11 Cim, C11 Cimy,
C11 _
Dl : 11 12 1
TCa’ TC(X TC(Z n
C1m1
a _ C11
TC - D : Ta’Zl T(xZZ TO(ZTl
2 C Cc c
Clmz
C11 . ,
Dn 2 TC(Zn Tcan Tcann
Clmn' -
Each submatrix T.", in T is written as:
G1 G2 Cjm; (5-3)
- alj aij aij 7
tC11 tC12 tC1m-
N J
atj _ ] aij aij aij
T, sz t021 tsz tsz]-
e : : :
tmy taij aij taij
| Cmil le-z Cmim]-_
with each element t(‘_.’;‘; representing the normalized ‘influence’ t;* of criteria ¢y,

on qu.

To apply the ANP procedure, ‘Unweighted Supermatrix’ W, is arranged as:
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D, D, D, (5-4)

Cll oo C1m1 C21 C2m2 CTll Cnmn
C11 -
Dl : A w2 wain
C C c
C1m1
W. = €21
¢ l)2 : VVC21 VVCZZ WZn
C
szz
Cn1
. nil n2 nn
D, w; w; W,
Cnmy,

where each W.”is calculated as:

- aji aji aji (5-5)
te te te
11 21 mj1
.. .. aji aji aji
M/Cl] = (Tcaﬂ) = ter, C22 tijz
taji aji . taji
| Clmi szi ijmi_

Thereafter, the degree of relationships between the ‘Performance Dimensions’ is
used to weigh the appropriate portions of the ‘Unweighted Supermatrix’ in order

to get the ‘Weighted Supermatrix’, using the equation:

Wy =TEW, (5-6)

The ‘Weighted Supermatrix’ W,.* is then solved by raising it to a sufficiently large

power h until it converges and becomes a long-term stable super-matrix:
lim W) (5-7)

This stable super-matrix gives the set of local relative weights of all the criteria in
the ‘Objective Metric’ of ‘Performance’ under the various ‘Performance

Dimensions’, written as:

(Wp1, Wy, W3, ..) (5-8)
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The sets of local relative weights of the criteria in the ‘Objective Metric’ of ‘Cost’
and ‘Risk’ are determined using the AHP method since these criteria sets can be

considered to be independent.

In the AHP method [68], the relative weights w;,w,,w; ...,w, for n criteria

¢,,C,,C5 ..., C, , are obtained by solving the following eigenvector problem:
GW = ApaxW (5-9)

where G is the ‘Pairwise Comparison Matrix’, w is the priority eigenvector
associated with the principal eigen value A4,,,,. ‘Consistency Index’ CI and
‘Consistency Ratio’ CR are calculated to verify the consistency of the comparison

matrix:

(Amax B n) CI (5-10)
e

where Rl indicates the average consistency index over numerous random entries
of the reciprocal matrices with the same orders. If CR < 0.1, the estimate is
accepted; otherwise, a new comparison matrix is solicited. The detailed
procedure applied for the execution of the AHP method is described in

Appendix M.

The determined local relative weights of the criteria sets in the ‘Objective Metric’

of ‘Cost’ and ‘Risk’ are written as:

(WcllWCZJWC3, ), (WT‘l’WTZ ’WT3, ) (5_11)

The AHP method is again applied, in a similar way, to calculate the local relative
weights for the comparison between ‘Objective Metrics’ ‘Performance’, ‘Cost’ and

‘Risk’ to get the relative weights:
(Wpe »Weo ) Wri) (5'1 2)

The calculated local relative weights for the comparison between ‘Objective

Metrics’ ‘Performance’, ‘Cost’ and ‘Risk’; are thereafter loaded onto the sets of
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local weights calculated for the ‘Objective Metrics’ to arrive at the set of global

relative weights of all the criteria (wp, w;,wy) as follows:

Wp = Wpq,Wpy, Wp3’ e — Wpe . (Wpl , sz ) Wp3, ) (5-1 3)
We = Weq,We2, Wc3’ e = Wep » (Wcl yWeo, WC3, ) (5-14)
Wrp = Wg1,Wg2, WR3, e = Wy (er yWio, WT3, ) (5-1 5)

5.4 Determination of Evaluation Scores for Candidate
Architecture

Once the global relative weights for the criteria have been found, evaluation
scores are calculated for each of the candidate architectures against all the
criteria. For all the ‘quantitative’ criteria, model-based analysis, as already
described, is undertaken to determine the metrics for evaluation for the candidate

architectures.

For the defined ‘qualitative’ criteria, a group of experts independently provide a
relative evaluation score of each of the candidate architecture. For the present
work this relative score is calculated using AHP as follows. Against each of the
given criteria, a group of experts give relative scores to each of candidate
architectures, compared to another architecture (pairwise comparison) using the
using Saaty’s scale of 1 to 9. Here a rating of 1 represents equal rating of
compared architectures, while a rating of 9 means that the specific candidate has
an extremely high rating compared to the other architecture, for the specific
criteria. The scores given by the experts are then averaged or negotiated in a
group discussion to a final relative score on the Saaty scale of 1-9. These scores
for all the architectures against the specific criteria are then mathematically
processed using the method described in Appendix M to arrive at the final

evaluated relative score of the architectures against the specific criteria.

5.5 Selection of Plant Architecture Using VIKOR

With the global relative weights of all the criteria as well as, evaluation scores of

the determined, the VIKOR method is used to find the ‘best suited’ architecture
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from the set of feasible candidate architectures. In the VIKOR terminology, the
candidate architectures would be termed as the ‘alternatives’, while the ‘best
suited’ architecture would be called the ‘compromise solution’ that is closest to
the ‘ideal solution’. The term ‘compromise’ denotes the mutual concessions made
between the alternatives [79]. The concept can be illustrated using Figure 5-4,
where the alternatives are being assessed across a two-dimensional decision
space defined by two criteria with f; being the ‘evaluated score’ of an alternative
for the ith criterion. The ‘compromise solution’ F¢ is a ‘feasible solution’ that has

been found, ‘closest’ to the ‘ideal solution’ F*, by mutual concessions, Af; = f;" —
fi and Af, = f; = f; [126].

Figure 5-4 VIKOR method for finding ‘compromise’ solution

The VIKOR method is based on the Lp-metric L,, ;, or the measure of distance to
the ideal solution. For a set of alternatives, (a,,a,, ..., a;,...,a,) being evaluated
for criteria (C;,C,,Cs3..,C; ...,C,) with corresponding global weights
(wy,wy,ws ...,wy), L,;can be written for the alternative a; with f;; being its

‘evaluated score’ for the criteria C; representing a ‘benefit function’ as :
n 1/p (5-16)
Ly = {Z wi(ii* = £i)/ G = O

i=1

where:
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1<p<>o;j=12,..,r1.
fit = maxfy, = minf,

As a part of the VIKOR procedure, for each alternative, a;, being evaluated
against a criterion C;, metrics S;, R;, Q; are calculated using the w;, f;; and
coefficient v. Coefficient v is the ‘strategy coefficient’ set by the decision-maker
with v € [0,1]. The values of v higher than 0.5 indicate that the decision-maker is
more focused on satisfying most of the criteria, while values lower than 0.5
indicate that the decision-maker is more focused on minimizing individual
differences from the ideal solution. Coefficient v is usually set to a value of 0.5 to

start the procedure.

The alternatives a,, a,, ..., a;,...,a, are ranked in the order of priorities based on
the values of S;, R;, Q; with their lower values considered as ‘better’ values. The

‘best alternative’ or the most suitable ‘compromise solution’, is selected as the
one ranked by the lowest value of Q. The ‘best alternative’ is checked for validity
for having an ‘acceptable degree of advantage’ and ‘acceptable stability in
decision making’. If both the conditions are not satisfied, then a set of
‘compromise solutions’ may be selected by the decision-makers based on
additional considerations. The detailed procedure applied for the execution of the
VIKOR method is described in Appendix N.
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6 RESULTS AND DISCUSSION

This chapter presents the results of the investigations made as a part of the
present research work towards developing the process for a techno-economic
model-based design space exploration of ship propulsion plants. The proposed
methodology for undertaking the conceptual design has been demonstrated by

application to two ship designs: a notional frigate and a notional destroyer.

The chapter initially describes the verification of the developed performance
modelling framework for gas turbine engines and ship propulsion systems. The
investigations of performance results, obtained from the developed modelling
framework, for the various gas turbine engines applied for the conceptual design
investigations for the notional frigate and destroyer ship have then been
presented. The verification results of the applied models for resistance and

propeller modelling for the ship propulsion systems have then been presented.

The chapter thereafter briefly describes the process of the population of the
design space with alternate propulsion plant design architectures. The application
of the MCDM methods towards TERA analysis, for both the conceptual design
studies towards the selection of the most suitable candidate propulsion plant
architecture, has been then demonstrated and the summarised results are

presented.

6.1 Verification of Developed Performance Modelling and
Simulation Framework

The overall modelling framework developed as a part of the present research
work was validated in parts by comparing the results with known performance
models. The validation exercise undertaken for the primary parts of the modelling
and simulation framework with higher complexity has been described here i.e.,
the gas turbine engine, hull resistance and propeller optimization modules. The
modules for which direct application of models from the literature have been used
are not described here. The results of the comparative validation results are

described in the following paragraphs.
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6.1.1 Gas Turbine Engine Modelling

Towards validating the gas turbine engine modelling and simulation method
developed as a part of the plant modelling framework, comparison of the results
obtained from the developed modelling framework Poseidon+, were undertaken
with the well-proven performance simulation software. Turbomatch, which has
been used extensively at Cranfield University for many years, as described earlier
in this thesis. For this validation, a simple aero turbojet design was selected for
which detailed results were already available from Turbomatch. The description
of the model used for this validation is shown in Figure 6-1. The input model file

used to run the simulations is included in Appendix P.1.

Operating
Conditions

WEF

BleedTurbCool
MixTurbCool

Figure 6-1 Model depiction of Turbojet used for design validation

The correlation of the results from Poseidon+ and Turbomatch was initially
undertaken by comparison of the performance of each of the model components
at the input and output stations. The results of the overall engine performance
were thereafter correlated by comparing variation of temperature and pressure at
each station of the engine at various power settings (or handle settings) which in
this case was the compressor speed ratio (PCN or N,) varied from 0.6 to 1. The
comparison of the results has been graphically shown in Figure 6-2 and Figure
6-3 for temperature and pressure values respectively, calculated at engine

stations.
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Figure 6-2 Comparison of temperatures at engine stations for handle (PCN or N_) variation from 0.6 to 1.0 for Turbojet, calculated

by Poseidon+ and Turbomatch
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Figure 6-3 Comparison of pressures at engine stations for handle (PCN or N.) variation from 0.6 to 1.0 for Turbojet, calculated by

Poseidon+ and Turbomatch
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From the aforementioned figures, it can be seen that the results show a very
close correlation. The minor variation in the pressure (up to 3%) at some of the
stations can be attributed to slight differences in the fluid model for the DP case
and different methods of map interpolation used in Poseidon+ and Turbomatch,
leading to slightly different pressure ratios for the OD cases. After comparing the
temperature in pressure values at engine stations, the overall performance
parameters calculated by Poseidon+ and Turbomatch for the turbojet model were
compared. The comparison of the gross thrust, fuel flow, and inlet mass flow
across the variation of the handle, calculated by Poseidon+ and Turbomatch are
shown in Figure 6-4, Figure 6-5 and Figure 6-6 respectively. As it can be seen
from these figures the overall performance parameters also show a very good

correlation between the results obtained from Poseidon+ and Turbomatch.

Additionally, the results of the working line on the compressor and turbine maps
for the engine are shown from Figure 6-7 to Figure 6-10. It can be seen from
these figures these working lines show a good correlation with the expected

theoretical values.

20000 1

18000 —Poseidon+

O Turbomatch

16000 +
14000 +

12000 +

Gross Thrust [N]

10000 +

8000 1

6000 1

4000 +——"F"—-"t—+—7"—"+-""t+——"—"——+————F+————t————
0.5 0.6 0.7 0.8 0.9 1 1.1

Figure 6-4 Comparison of Gross Thrust for handle (PCN or N,) variation from 0.6

to 1.0 for Turbojet, calculated by Poseidon+ and Turbomatch
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Figure 6-5 Comparison of fuel flow (WF) for handle (PCN or N_.) variation from 0.6
to 1.0 for Turbojet, calculated by Poseidon+ and Turbomatch
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Figure 6-6 Comparison of inlet air mass flow (W) for handle (PCN or N_) variation

from 0.6 to 1.0 for Turbojet, calculated by Poseidon+ and Turbomatch
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Figure 6-7 Computed working line on compressor pressure ratio map for Turbojet
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Figure 6-8 Computed working line on compressor isentropic efficiency map for

Turbojet
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Figure 6-9 Computed working line on turbine enthalpy ratio map for Turbojet
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Figure 6-10 Computed working line on turbine isentropic efficiency map for

Turbojet
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6.1.2 Diesel Engine Modelling

For the present work, a generalized model of state-of-the-art medium-speed
diesel engines has been applied in the ship propulsion plant models. As was
described in section 4.3.9.2, this generalised model is represented by a
normalised map that relates engine speed, fuel flow rate with the brake power
produced by the engine. This normalized map is shown in Figure 6-11, generated
using the third-order polynomials with the calculated coefficients shown in section
4.3.9.2. The validity of this model was checked against the publication by Altosole
et.al. [94], and engine catalogue data which is usually publicly available for a

cubic propeller law.

11 5
1.0 +
0.9 %
0.8 1
0.7 %
0.6 ¥
0.5 %
04 1
0.3 ¥
0.2 %
013 -

0.0 :. LI : LI B : LI : LI : T T : LI : LI . : T—r T
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

PBR

Figure 6-11 Normalised medium-speed diesel engine map derived for present

research work

6.1.3 Resistance Models

The resistance models were implemented in the developed framework, as per
the description in section 4.3.4, based on the application of the published
equations for all three applied methods: H&M, F&L and Hollenbach. After
integrating these models into Poseidon+, validation of the implementation was
checked by comparing the results with individual examples published in the

original papers. Thereafter, the results obtained by all the three implemented
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methods were compared with published results for a well-known hull form of the
US Navy DDG51 design from literature (UoM: University of Michigan) [127]. The
model input file used in Poseidon+ is shown in Appendix R. The results of this
comparison as shown in Figure 6-12 and it can be seen that, for the hull form
considered, all the results calculated from all three implemented models, show a

good correlation with published results.

4000 H
] —Poseidon+, F&L Method
3500 T Poseidon+, H&M Method
Poseidon+, Hollenbach Method
3000 + e UoM, H&M Method /'

2500 1 /

< 2000 }
= /.
< 1500 } /
] /
1000 } /.
500 + A
] _9%"
B 0~ e ’./
0 1 1 9"!' ——— T } —+— T } }
0 5 10 15 20 25 30 35
V; [knots]

Figure 6-12 Comparison of results of implemented resistance model with
published data.

6.1.4 Propeller Model and Optimizer

The propeller optimization module was verified by comparing results from the
developed module with Bernitsas [128] and Radojcic [129]. A comparison of the
results, generated from the same optimization problem is shown in Figure 6-13.
The input model used for the optimization problem is shown in Appendix R.1. The
correctness of the implementation of the Wageningen B Series propeller models
used in the developed modelling framework was verified by comparing the results
with published results as shown by the superposition of calculated results with

the published results from Bernistas [128] as shown in Figure 6-14.
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Figure 6-15 Set of open water results from implemented Wageningen B Series

based propeller model with P/D varied from 0.8 to 1.4

The effect of variation of the P/D on under open water characteristics of the
propeller, as calculated by the implemented model, using the same propeller as

that for validation studies above, is shown in Figure 6-15.

6.2 Gas Turbine Engines and Simulation Analysis

6.2.1 Gas Turbine Engine Performance Simulation Results

For the conceptual design investigations, described later in this chapter, for the
notional frigate and destroyer, four different Marine Gas Turbine (MGT) engines
with rated brake power ranging from 7.5 MW to 36 MW have been modelled.

These engine models, as referred to by these names further in this thesis, are:

e 7.5MW MGT
e 15 MW MGT
e 25 MW MGT
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e 36 MW MGT

In all the engine models described, it would be seen that nozzles have been
included in the models, which are not applicable for marine applications. Here the
nozzle should be seen as a virtual component which is an extension of the free
power turbine, for expanding the gas to the atmosphere or the exhaust system of

the ship.

The engine models have been run in different scenarios to investigate the
behaviour of these engines under various operating conditions. It should be noted
that these investigations were independent of the final investigations taken for
these engines integrated with the propulsion plants as used for the conceptual
design studies presented for the national frigate and destroyer, later in this

chapter.

For each engine, the engine characteristics have been calculated and plotted with
respect to three primary parameters, for the given operating conditions using the

developed modelling tool, Poseidon+:

e Fuel flow (WF)
e Compressor speed ratio (N;)

e Power turbine shaft power or engine brake power (PW;},)

Against each of these primary parameters, the following engine characteristics

have been plotted from the simulation results obtained:

e Combustor outlet temperature (T oyt )

e Power turbine inlet temperature (Tpr ;,,)

e Compressor outlet temperature (TC,Out)

e Compressor outlet pressure (Paout)

e Overall compressor pressure ratio (PR)

e Compressor speed ratio (N.)

e Power turbine shaft power or engine brake power (PWj, 5,,¢)

e Specific fuel consumption (sf¢)
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In this section the modelling and simulation results of the 25 MW gas turbine
engine have been presented. The model description and the simulation results
for the 7.5, 15 and 36 MW gas turbine engines have been included at Appendix
O.

The 25 MW engine has a single spool gas generator with a free power turbine
that is connected to the load or the propeller through the transmission system.
The layout of the engine is shown in Figure 6-16. The primary parameters of the
engine are shown in Table 6-1. The detailed model input file used is shown in
Appendix P.4.

To add some variation to the previous cases, the simulation results presented
below for this engine have been run for air inlet temperature of 35 °C conditions
with the power turbine speed being varied as per the loading by a propeller, with
the load curve shown in Figure 6-37. The OD simulations were undertaken using
the power turbine shaft power as the handle. The generated engine
characteristics for the engine against engine fuel flow (WF) from Figure 6-17 to
Figure 6-23, against compressor speed ratio (N.) from Figure 6-24 to Figure
6-29and against power turbine shaft power or engine brake power (PWg)
fromFigure 6-30 to Figure 6-36.

Table 6-1 Primary design point parameters for 25 MW MGT

Parameter Unit Value
Inlet mass flow kg/s 68
Compressor pressure ratio - 19.25
Compressor isentropic efficiency % 87
Compressor bleed for HP Turbine cooling | % 10
Combustor outlet temperature K 1550
Fuel type - Diesel
Turbine isentropic efficiency % 89

FP Turbine isentropic efficiency % 91

FP: Free Power
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Figure 6-16 Model block diagram for 25 MW MGT

190



1400

Npr varying as per propeller law.
1300 1 Inlet conditions: Ty, = 35°C
1200 +
) ]
<. 1100
] i
> ]
& 1000 +
900 1
800 —/—m—m—m"m"—t+———t—— :
0.5 0.7 0.9 1.1 1.3 1.5
WF [kg/s]

Figure 6-17 Computed variation of combustor outlet temperature (T ,,,) against
fuel flow (WF) for 25 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,;, = 35 °C.
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Figure 6-18 Computed variation of power turbine inlet temperature (T pr;,) against
fuel flow (WF) for 25 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,;, = 35 °C.
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Figure 6-19 Computed variation of compressor outlet temperature (T ,,,) against
fuel flow (WF) for 25 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,;, = 35 °C.
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Figure 6-20 Computed variation of compressor outlet pressure (P ,,;) against fuel
flow (WF) for 25 MW MGT, with power turbine speed (Npr) varying as per propeller

law and ambient temperature at T,,,;, = 35 °C.
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Figure 6-21 Computed variation of overall compressor pressure ratio (PR) against
fuel flow (WF) for 25 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,;, = 35 °C.
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Figure 6-22 Computed variation of compressor speed ratio (N.) against fuel flow
(WF) for 25 MW MGT, with power turbine speed (Npr) varying as per propeller law

and ambient temperature at T,,,,, = 35 °C.
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Figure 6-23 Computed variation of power turbine shaft power or engine brake

power (PW g, ,,,¢) against fuel flow (WF) for 25 MW MGT, with power turbine speed

(Npr) varying as per propeller law and ambient temperature at T,,,;, = 35 °C.
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Figure 6-24 Computed variation of combustor outlet temperature (T ,,,) against

compressor speed ratio (N;) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.
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Figure 6-25 Computed variation of power turbine inlet temperature (T pr;,,) against
compressor speed ratio (N;) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.

480 1

Npr varying as per propeller law.
Inlet conditions: Tymp = 35°C

460 1
440 }
420 }
400 }
380 +
360 +

TC,out [OC]

340 1
320

300:lrrr:-rl-l----l----l----l....

Figure 6-26 Computed variation of compressor outlet temperature (T ,,,) against
compressor speed ratio (N;) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.
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Figure 6-27 Computed variation of compressor outlet pressure (P¢,,;) against
compressor speed ratio (N;) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,, = 35 °C.
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Figure 6-28 Computed variation of compressor pressure ratio (PR) against
compressor speed ratio (N;) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,, = 35 °C.
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Figure 6-29 Computed variation of power turbine shaft power or engine brake
power (PWg;,) against compressor speed ratio (N.) for 25 MW MGT, with power
turbine speed (Npr) varying as per propeller law and ambient temperature at
T amp = 35 °C.
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Figure 6-30 Computed variation of combustor outlet temperature (T ,,,) against
engine shaft power (PW,) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.
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Figure 6-31 Computed variation of power turbine inlet temperature (Tpr;,) against
engine shaft power (PW,) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,, = 35 °C.
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Figure 6-32 Computed variation of combustor outlet temperature (T¢,,,) against
engine shaft power (PW,) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,, = 35 °C.
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Figure 6-33 Computed variation of compressor outlet pressure (P¢,,;) against
engine shaft power (PW,) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.
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Figure 6-34 Computed variation of overall compressor pressure ratio (PR) against
engine shaft power (PW,) for 25 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,, = 35 °C.
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Figure 6-35 Computed variation of compressor speed ratio (N.) against engine

shaft power (PWg;,) for 25 MW MGT, with power turbine speed (Npr) varying as

per propeller law and ambient temperature at T,,, = 35 °C.
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Figure 6-36 Computed variation of specific fuel consumption (sfc) against engine

shaft power (PWg;,) for 25 MW MGT, with power turbine speed (Npr) varying as

per propeller law and ambient temperature at T,,,,;, = 35 °C.
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Figure 6-37 Applied propeller law expressed as the variation of engine shaft power
(PWg,) against power turbine speed ratio (Npr) for 25 MW MGT with ambient

temperature at T,,,,, = 35 °C.

6.2.2 Effect of Variation of Power Turbine Speed on Engine
Performance

Change in the propeller loading conditions causes fluctuation in the power turbine
speed of the engine even when the gas generator is maintained at the same
power setting. This is an important factor required to be considered for modelling
of marine gas turbines integrated with the ship propulsion plants, as this affects
the performance of the marine gas turbine due to the change in the swallowing
capacity of the free power turbine. To investigate this effect, the 25 MW MGT
model was subjected to a constant load of 25 MW while the power turbine speed
ratio was varied from 0.5 to 1. The effect of this change in power turbine speed
even though the gas generator was maintained at the same power setting, has
been shown against the combustor outlet temperature in Figure 6-38 and the
specific fuel consumption in Figure 6-39. While this large range of variation of the
power turbine speed at a steady gas generator power setting is not expected
during the steady-state running of an engine, this large variation has been used

here to primarily model the effects of variation of the power turbine speed.
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Figure 6-38 Computed variation of combustor outlet temperature (Tp,,,;) Wwith
variation of power turbine speed ratio (Npr), when the engine shaft power is
maintained constant PW, = 25 MW, for 25 MW MGT at ISA SLS conditions.
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Figure 6-39 Computed variation of specific fuel combustion (sfc) with variation of
power turbine speed ratio (Npr), when the engine shaft power is maintained
constant PWg;, = 25 MW, for 25 MW MGT at IS4 SLS conditions.
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6.2.3 Effect of Variation of Ambient Air Temperature on Engine
Performance

Another critical factor that affects the performance of the gas turbine is the
change in ambient air temperature, due to differences in the area of operation or
changing weather conditions for the ship. The effect of variation in ambient air on
the parameters of the engine has been well demonstrated in previous studies like
Doulgeris [58], Tsoudis [49], Bonet [50]. A critical effect that the variation in
ambient air temperature causes is the maximum power rating of the engine itself.
These limitations for the engine performance are often described in the suppliers’
catalogues for the engines as the limiting value of the engine brake power
available against the ambient air temperature, sometimes referred to as the ‘tent

curve’.

To investigate this effect, again the 25 MW MGT model was used. It is assumed
that the engine is designed for ISA SLS conditions, at which the specified rated
power of the engine is limited based on the ‘mechanical limit’, which in turn is
based on the maximum allowable gas generator speed, and the ‘material limit’ of
the engine is based on the maximum combustor outlet temperature. Based on
the result of the investigation, as shown in Figure 6-40 the limiting brake power
of the engine can be seen that with the variation of ambient air temperature. In
this figure, the limiting line for ambient air temperature greater than 15 °C is based
on the maximum combustor outlet temperature material limit, for which the
operating points were determined by keeping combustor outlet temperature at
the rated value while varying the ambient air temperature with the power turbine
speed maintained at its rated value. The limiting line for ambient air temperature
lower than 15 °C, is based on the mechanical limit of the engine, for which the
operating points were calculated by maintaining the corrected compressor speed
at its design point value while varying the ambient air temperature from 15 °C to
—5°C, with the power turbine speed maintained at its rated value. When
modelling very low ambient air temperatures where icing may be possible, anti-
icing measures for the engines should be considered where usually a compressor

bleed arrangement is used to for heating the inlet air.
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Figure 6-40 Computed limit of engine operation envelope given as maximum
engine shaft power (PWy,;,) with variation in ambient air temperature (T,,,;), based
on limits imposed by compressor speed limit (N¢corrpp) for Ty, > 15°C and

combustor outlet temperature (Tg (o, pp) fOr T, < 15 °C, for 25 MW MGT.

6.3 Design of Propulsion System Architectures

Before describing the conceptual design studies taken for the notional frigate and
destroyer, this section describes the brief methodology and the considerations
used for the creation of the candidate combined plant architectures that populate
the design space for these studies. The basic description and definitions of the
configurations of combined plants often used in ship applications are given in

Appendix K.

6.3.1 Engine Propeller Matching

For the present work, to undertake a conceptual design study, initially, the hull
resistance calculation was undertaken independently for the defined hull
parameters. This was followed by the optimization of the propeller parameters
and fixing of optimal propeller speed using the procedure that has already been

described earlier. Using the optimized propeller design parameters, the
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approximate overall requirement of delivered power was derived for the
requirements of the surge and cruising speeds. With the requirement of the
delivered power known, various combinations of engines were selected and
configured into candidate combined plant architectures. For each of these
architectures, engine propeller matching exercises were undertaken to determine
the gear ratios required for the geared transmission system or the electric motor
speeds in the electric transmission systems. The process for undertaking such
studies is well described in textbooks and publications like by Plumb [4], Molland
[94] and Stapersma [130] etc. Some primary factors considered for each of the

candidate design architectures are described in the following paragraphs.

Figure 6-41 shows the matching procedure considered for a single diesel engine
driving a propeller, with a ‘propeller curve’ showing the power absorbed by the
propeller with respect to propeller speed. When designing the propeller for clean
hull and calm water, it is usual to keep the actual propeller curve to the right of
the engine operating Line 1 shown in Figure 6-41, to allow for the effects of future
fouling and bad weather. In the case of Line 1, if the design pitch is decreased,
the line will move to Line 1a. As the ship fouls, or encounters heavy weather, the
design curve Line 1 will move to the left, first to the N® line and then say to Line
2]. In the case of Line 2, the maximum available power at B is now not available
due to the torque limit, and the maximum operating point is at C, with a
consequent decrease in power and, hence, ship speed. The upper-speed limit on
Line 1, is point D at about 105% maximum rpm. The basic assumption in the
figure is made that P o N3, which is considered by the engine makers as the
‘Propeller Law’ and they design their engines for best efficiency (e.g. fuel
consumption) about this line. It should be noted, in reality, P« N*, where x will not
necessarily be 3, and it will generally lie between 2.5 and 3.5 [94]. In the present
study, instead of using this approximation, the actual operating line of the
propeller is generated using performance simulation and then used for the

matching exercise.

For combined plant applications, an important decision that needs to be made is

whether an ‘AND plant’ is more advantages compared to an ‘OR plant’. In ‘AND

205



plants’ the power of the cruise engines is added to the power of the boost engines
to achieve the full power of the propulsion plant. For instance, comparing a
CODAG versus a CODOG arrangement, the primary advantage of a CODAG
arrangement over CODOG is that for the given diesel and gas turbine engines, a
higher power is available for propulsion. On the other hand, the advantage of a
CODOCG fit is that the two engines can be matched independently to the propeller
so that each can develop its rated power without resorting to special measures

(like twin speed gears etc.) [4].

With multiple engines driving a single propeller shaft, it is necessary to examine
torque and speed characteristics when not all engines are running [4]. If no
special arrangement for cruise engines is used in an ‘AND’ plant, the operating
lines of the engines will be as shown in Figure 6-42 where the cruise engine (here
diesel engine) power gets limited by the working envelope of the engine. Hence,
in ‘AND plants’ it is required to match the cruising engine to the propeller when it
operates independently and when it operates together with the boost engine. To
achieve this, the application of a two-speed gearbox to the design is often the
applied solution. In such a gearbox there is one reduction ratio for running on the
cruise engine alone and a second ratio for when the cruise engine is driving
together with the boost engine. The introduction of this two-speed gearbox adds
complexity, weight and cost to the gearbox, but it enables maximum power to be
realised in the cruise mode [4]. In the present work, wherever ‘AND plants’ are

used twin speed gearboxes have been considered.
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Figure 6-42 ‘AND’ arrangement in a plant with no special arrangements for cruise

engine[94]

6.3.2 Trailed Propeller Operation

While considering various drive modes of the combined propulsion plants for the

present work, some modes consider running a single engine drive only a single
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propeller, while the other propeller drags due to the motion of the ship. These
modes referred to as the ‘trailed shaft condition’, are usually used to conserve

the operating hours of engines.

The trailing of propeller means leads to additional, assumed to be 7.5% of the
normal ship resistance, in a twin-propeller arrangement. Hence, while originally
that propeller was required to overcome half of the ship resistance (two propellers
operating), with a trailed propeller it has to overcome 1.075 times the original
resistance [130]. This effect of added resistance can be seen in Figure 6-43 in
the propeller open water diagram and Figure 6-44 for a gas turbine operating line
diagram. This added effect of resistance due to the trailing propeller has been
considered in the present work, and an algorithm has been implemented to detect
the operation of a trailing propeller and this effect of resistance due to the drag of

the trailing propeller is automatically added during the calculation.

1.00 - —o— Single shaft operation
Mo _ .
10 Ko == Design condition
10 Kq :
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~
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Figure 6-43 The effect of a trailing propeller (single shaft operation) on an open

water diagram of a propeller [130]
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Figure 6-44 The effect of trailing propeller (single shaft operation) on operating
line of gas turbine [130]

6.4 Determination of Criteria Weights for MCDM Analysis

For the present work, a common set of criteria, as described in Chapter 5, was
applied for both the demonstrated conceptual design studies for the notional
frigate and destroyer. The organisation of the data into the hierarchal, network
structure for evaluation criteria has already been described in Chapter 5. The
terminology used for the defined criteria to present the results has been shown in
Table 6-2. To determine the weights of the criteria involved, the overall procedure
defined in Chapter 5 has been used, and the application of this procedure is

described in the further paragraphs.

First, for the performance criteria, the DANP procedure was used to determine
the weights of the performance-related criteria where the criteria are considered
to have significant interdependence. Thereafter, AHP was used to determine the
local weights of the cost and risk objective metrics related criteria. Finally, global
weights for all the criteria were calculated based on the relative weights assigned

to the performance cost and risk objective metrics.
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Table 6-2 Description of evaluation criteria

Objective Performance Criteria Criteria Criteria
Metric Dimension Abbreviation | Ref. No.
3 Surge speed P-Surg.spd. PC11
I(\/IDo1t;|I|ty Cruise speed P-Cruis.spd. PC12
Endurance P-Endur. PC13
N Op. Profile Sensitivity P-OP.Sens. PC21
g’;)rab"'ty Operation Flexibility P-Opn.Flex. | PC22
Manoeuvrability P-Manuev. PC23
UW Noise P-UW.Noise PC31
(S[;{o?)cepﬁbi"ty IR Signature P-IR Sign. PC32
Performance EM Signature P-EM Sign. PC33
o Redundancy P-Redund. PC41
(S[;JL:\)nvablhty Shock Resistance P-Shock.R. | PC42
Flooding Survivability P-FId.Surv. PC43
Reliability P-Reliab. PC51
'(V'Di.)i;‘tai”abi"ty Availability P-Availab. PC52
Repairability P-Repair. PC53
N Weight P-Weight PC61
I(gtg)g rability Space P-Space PC62
Fuel Capacity P-Fuel.Cap. PC63
Acquisition C-Acq. CC1
Maintenance, Life Cycle C-Maint. CC2
Cost Manpower, Life Cycle C-Man.Pow. CC3
Fuel, Life Cycle C-Fuel. CC4
Support Infrastructure C-Sup.Infr. CC5
Design R-Design RC1
Risk Shipbuilding Schedule R-Sched. RC2
Crew Expertise R-Crw.Expr. RC3
Support Infrastructure R-Support RC4

6.4.1 Using DEMATEL to Determine Local Weights of Objective
Metric ‘Performance’

For the Objective Metric, Performance, the degrees of relationships between the
performance criteria dimensions were determined using various steps, as

detailed in Appendix L. For this, the author used interactions with colleagues
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working in this domain to create the scores for evaluating the Initial Direct
Influence Matrix for the Performance Dimensions. Based on this the calculated
Normalised Direct Influence Matrix was calculated as shown in Table 6-3. The
calculated Direct Influence Matrix for Performance Dimensions is shown in Table
6-4. From the degree of relationship, ‘U+W’ and ‘U-W’ metrics were calculated as
shown in Table 6-5. Based on this the Network Relationship Map (NRM) was
obtained for the ‘Performance Dimensions’, which is shown in Figure 6-45. The

NRM shows the ‘degree of prominence’ vs. the ‘degree of effect’ or ‘degree of

being effected’.

Table 6-3 Normalised Direct Influence Matrix for Performance Dimensions.

D1 D2 D3 D4 D5 D6

> = = = =

N > £ 5 = 3 =
Dimension E a =3 -(:5 g -@
o ) Q = © o

= Q ? = £ L

D1 Mobility 0.0000 | 0.1875 | 0.1250 | 0.0000 | 0.0000 | 0.2500

D2 | Operability 0.0625 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1250
D3 | Susceptibility | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1250 | 0.2500
D4 | Survivability 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1875 | 0.2500
D5 | Maintainability | 0.0625 | 0.0000 | 0.0000 | 0.1875 | 0.0000 | 0.1250
D6 | Integrability 0.1250 | 0.0000 | 0.1250 | 0.0625 | 0.0625 | 0.0000

Table 6-4 Direct Influence Matrix for Performance Dimensions.

D1 D2 D3 D4 D5 D6
> = = = >
i ; = = 3 = 5 =
Dimension E 5 = § g .@
[¢} o Q = S o
= o ? % £ 2
o @ 1) g <
D1 | Mobility 0.0589 0.1985 | 0.1758 | 0.0310 | 0.0495 | 0.3474

D2 | Operability 0.0847 | 0.0159 | 0.0307 | 0.0131 | 0.0164 | 0.1612
D3 | Susceptibility | 0.0488 | 0.0092 | 0.0444 | 0.0490 | 0.1589 | 0.3066
D4 | Survivability 0.0548 | 0.0103 | 0.0469 | 0.0622 | 0.2251 | 0.3204
D5 | Maintainability | 0.0949 | 0.0178 | 0.0395 | 0.2123 | 0.0586 | 0.2212
D6 | Integrability 0.1478 | 0.0277 | 0.1579 | 0.0897 | 0.1063 | 0.1156
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Table 6-5 Degree of relationship values for Performance Dimensions.

Dimension U V u+v u-v
D1 Mobility 0.8612 0.4899 1.3511 0.3713
D2 Operability 0.3220 0.2794 0.6013 0.0426
D3 Susceptibility 0.6168 0.4953 1.1121 0.1215
D4 Survivability 0.7196 0.4573 1.1768 0.2623
D5 Maintainability 0.6444 0.6147 1.2590 0.0297
D6 Integrability 0.6450 1.4724 21174 | -0.8274
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Figure 6-45 Network Relationship Map (NRM) for Performance Dimensions.

As can be observed from Figure 6-45, in terms of ‘degree of prominence’, the
‘Performance Dimension’, ‘D6’ or ‘Integrability’, is the highest while ‘D2’ or
‘Operability’, is the lowest. On the other hand, ‘Performance Dimension’ ‘D1’ or
‘Mobility’ provides the highest ‘degree of cause’, while ‘D6’ or ‘Integrability’ shows

the highest ‘degree of being effected’.
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The Normalized Total Direct Influence Matrix calculated for the Performance

Dimensions, after the removal of minor influences is shown in Table 6-6. The

transpose of this table indicates the applicable relationships between the

Performance Dimensions that need to be further examined.

Table 6-6 Normalized Total Direct Influence Matrix for Performance Dimensions

D1 D2 D3 D4 D5 D6

> 2 > E >

i i = = 3 = o) =

Dimension E 5 = -(E .g @

o o Q = © o

= o3 ? % £ L
D1 | Mobility 0.0000 0.2751 0.2436 0.0000 0.0000 0.4814
D2 | Operability 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000
D3 | Susceptibility 0.0000 0.0000 0.0000 0.0000 0.3414 0.6586
D4 | Survivability 0.0000 0.0000 0.0000 0.0000 0.4126 0.5874
D5 | Maintainability 0.0000 0.0000 0.0000 0.4897 0.0000 0.5103
D6 | Integrability 0.4835 0.0000 0.5165 0.0000 0.0000 0.0000

Threshold value to remove the minor influences: 0.12

The same DEMATEL procedure, as described for Performance Dimensions in

the previous steps, was repeated for the performance criteria under the

respective dimensions with significant relations, The NRM, as well as Normalized

Total Direct Influence Matrix, were obtained, from the comparison of the set of

criteria of a ‘Performance Dimension’ with another. For example, based on the

comparison of the criteria set of Performance Dimension criteria set D1 with that

of Performance Dimension D2, the Normalised Direct Influence Matrix is shown

in Table 6-7 and the calculated Normalized Total Direct Influence Matrix is given

in Table 6-8. Due to the large amount of data involved, all the comparisons of the

criteria set of the Performance Dimensions has not been included in this thesis,

and only the finally derived values are shown in Table 6-9.
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Table 6-7 Normalised Direct Influence Matrix for comparison of criteria set of

Performance Dimension D1 with criteria set of Performance Dimension D2

Performance Criteria g é 3
(Comparing D1 criteria 2 = S % 2
with D2 criteria set) R3] oo =0
o o oL
P-Surg.spd. (PC11) 0.1667 | 0.3333 | 0.2500
P-Cruis.spd. (PC12) 0.3333 0.5000 0.1667
P-Endur. (PC13) 0.3333 0.1667 0.0000

Table 6-8 Normalized Total Direct Influence Matrix for comparison of criteria set of

Performance Dimension D1 with criteria set of Performance Dimension D2

Performance Criteria g é 3
(Comparing D1 criteria 2 - S % )
with D2 criteria) o0 o0 =0
o ol ol
P-Surg.spd. (PC11) 0.3220 | 04576 | 0.2203
P-Cruis.spd. (PC12) | 0.3373 | 0.4699 | 01928
P-Endur. (PC13) 0.3902 0.4390 0.1707

After completion of the DEMATEL procedure for determining the influence
matrices for the performance dimensions as well as the criteria sets belonging to
the performance dimensions with significant relationships, the ANP procedure
was applied. Initially, the Unweighted Supermatrix was set up as shown in Table
6-9. The Weighted Supermatrix calculated from the Unweighted Supermatrix,
after application of the DEMATEL weights calculated for the performance
dimensions is shown in Table 6-10. Thereafter, the Weighted Supermatrix was
raised to the power of five to finally obtain the converged solution which gives the
local weights for the criteria belonging to the Performance Objective Metric, as

shown in Table 6-11. These computed criteria weights have been depicted

graphically in Figure 6-46.
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Table 6-9 Unweighted ANP Supermatrix

D1 D2 D3 D4 D5 D6

PC11 PC12 PC13 | PC21 PC22 PC23 | PC31 PC32 PC33 | PC41 PC42 PC43 | PC51 PC52 PC53 | PC61 PC62 PC63

PC11 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1788 | 0.2105 | 0.1761

D1 | pc12 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2914 | 0.3684 | 0.2264
PC13 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.5298 | 0.4211 | 0.5975

PC21 0.3220 | 0.3373 | 0.3902 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

D2 | pc22 0.4576 | 0.4699 | 0.4390 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC23 0.2203 | 0.1928 | 0.1707 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

PC31 0.3001 | 0.3999 | 0.3478 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.6667 | 0.6667 | 0.5556

D3 | pc32 0.3998 | 0.3251 | 0.3478 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.3333 | 0.3333 | 0.3333
PC33 0.3000 | 0.2751 | 0.3043 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1111

PC41 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.5556 | 0.6667 | 0.6667 | 0.0000 | 0.0000 | 0.0000

D4 | pcaz 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2222 | 0.1667 | 0.1667 | 0.0000 | 0.0000 | 0.0000
PC43 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2222 | 0.1667 | 0.1667 | 0.0000 | 0.0000 | 0.0000

PC51 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.3756 | 0.3357 | 0.5660 | 0.5385 | 0.5760 | 0.6383 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

D5 | pcs2 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1629 | 0.2028 | 0.1132 | 0.3258 | 0.3280 | 0.2553 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC53 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.4615 | 0.4615 | 0.3208 | 0.1357 | 0.0960 | 0.1064 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC61 0.2658 | 0.2414 | 0.0000 | 0.4200 | 0.4545 | 0.4545 | 0.4296 | 0.3889 | 0.3889 | 0.4414 | 0.4918 | 0.4464 | 0.3000 | 0.3000 | 0.2667 | 0.0000 | 0.0000 | 0.0000

D6 | pce2 0.3544 | 0.3218 | 0.0000 | 0.4200 | 0.4545 | 0.4545 | 0.4148 | 0.4556 | 0.4861 | 0.4144 | 0.4098 | 0.4643 | 0.4000 | 0.4000 | 0.4667 | 0.0000 | 0.0000 | 0.0000
PC63 0.3797 | 0.4368 | 1.0000 | 0.1600 | 0.0909 | 0.0909 | 0.1556 | 0.1556 | 0.1250 | 0.1441 | 0.0984 | 0.0893 | 0.3000 | 0.3000 | 0.2667 | 0.0000 | 0.0000 | 0.0000
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Table 6-10 Weighted ANP Supermatrix with Performance Dimensions DEMATEL Weights

D1 D2 D3 D4 D5 D6
PC11 PC12 PC13 PC21 PC22 PC23 PC31 PC32 PC33 PC41 PC42 PC43 PC51 PC52 PC53 PCé61 PC62 PC63
PC11 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0864 | 0.1018 | 0.0851
D1 | pc12 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1409 | 0.1781 | 0.1095
PC13 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2561 | 0.2036 | 0.2889
PC21 0.0886 | 0.0928 | 0.1073 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
D2 | pc22 0.1259 | 0.1293 | 0.1208 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC23 0.0606 | 0.0530 | 0.0470 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC31 0.0731 | 0.0974 | 0.0847 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.3443 | 0.3443 | 0.2870
D3 | pc32 0.0974 | 0.0792 | 0.0847 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1722 | 0.1722 | 0.1722
PC33 0.0731 | 0.0670 | 0.0741 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0574
PC41 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2721 | 0.3265 | 0.3265 | 0.0000 | 0.0000 | 0.0000
D4 | pcaz 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1088 | 0.0816 | 0.0816 | 0.0000 | 0.0000 | 0.0000
PC43 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1088 | 0.0816 | 0.0816 | 0.0000 | 0.0000 | 0.0000
PC51 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1282 | 0.1146 | 0.1932 | 0.2222 | 0.2377 | 0.2634 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
D5 | pcs2 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0556 | 0.0692 | 0.0386 | 0.1344 | 0.1353 | 0.1053 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC53 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1576 | 0.1576 | 0.1095 | 0.0560 | 0.0396 | 0.0439 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
PC61 0.1280 | 0.1162 | 0.0000 | 0.4200 | 0.4545 | 0.4545 | 0.2830 | 0.2561 | 0.2561 | 0.2593 | 0.2889 | 0.2622 | 0.1531 | 0.1531 | 0.1361 | 0.0000 | 0.0000 | 0.0000
D6 | pce2 0.1706 | 0.1549 | 0.0000 | 0.4200 | 0.4545 | 0.4545 | 0.2732 | 0.3000 | 0.3202 | 0.2434 | 0.2407 | 0.2727 | 0.2041 | 0.2041 | 0.2381 | 0.0000 | 0.0000 | 0.0000
PC63 0.1828 | 0.2102 | 0.4814 | 0.1600 | 0.0909 | 0.0909 | 0.1025 | 0.1025 | 0.0823 | 0.0847 | 0.0578 | 0.0524 | 0.1531 | 0.1531 | 0.1361 | 0.0000 | 0.0000 | 0.0000

216




Table 6-11 Converged Supermatrix

D1 D2 D3 D4 D5 D6

PC11 PC12 PC13 PC21 PC22 PC23 PC31 PC32 PC33 PC41 PC42 PC43 PC51 PC52 PC53 PC61 PC62 PC63

PC11 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346 | 0.0346

D1 | pc12 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548 | 0.0548
PC13 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928 | 0.0928
PC21 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181 | 0.0181

D2 | pc22 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226 | 0.0226
PC23 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094 | 0.0094
PC31 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390 | 0.1390
D3 | pc32 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804 | 0.0804
PC33 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194 | 0.0194
PC41 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311 | 0.0311
D4 | pcaz 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095
PC43 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095 | 0.0095
PC51 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425 | 0.0425
D5 | pcs2 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205
PC53 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392 | 0.0392
PC61 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261 | 0.1261
D6 | pce2 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395 | 0.1395
PC63 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110 | 0.1110
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Figure 6-46 Computed local weights for the criteria set belonging to the
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6.4.2 Using AHP to Determine Local Weights of Cost and Risk
Criteria

For the criteria set belonging to Objective Metric, Cost and Risk, the process of
AHP was used to determine the local weights for the respective criteria sets,
following the procedure detailed in Appendix M. Again, for this procedure, the
author used interactions with colleagues working in this domain to undertake the
pairwise comparison for the respective criteria sets. The Normalised Pair-Wise
Comparison Matrices for cost and risk criteria sets is shown in Table 6-12 and
Table 6-13, respectively. Consistency checks for these Comparison Matrices
were also undertaken but have not been shown here for the sake of brevity. The
calculated local weights of the ‘Objective Metrics’ of ‘Cost’ and ‘Risk’, calculated

using the AHP procedure are graphically depicted in Figure 6-47.
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Table 6-12 Normalized Pairwise Comparison Matrix of criteria set for Objective

Metric Cost

- 3 _. £
) 5 > &) 0 £
%) O oS

cc1 cc2 cc3 cc4 ccs
C-Acq. CC1| 0.3871| 04138 | 0.3529 | 04138 | 0.3077 | 0.3751
C-Maint. CC2| 0.1935| 02069 | 0.2353 | 0.2069 | 0.2308 | 0.2147
C-Man.Pow. | CC3 | 0.1290 | 0.1034 | 0.1176 | 0.1034 0.1538 | 0.1215
C-Fuel. CC4 | 0.1935| 02069 | 0.2353 | 0.2069 | 0.2308 | 0.2147
C-Sup.Infr. | CC5 | 0.0968 | 0.0690 | 0.0588 | 0.0690 0.0769 | 0.0741

Table 6-13 Normalized Pairwise Comparison Matrix of criteria set for Objective

Metric Risk

c : S €
2 J: i g | =g
a ? g 3 g2
s | ¢ | S > | £2
o o oS
RC1 RC2 RC3 RC4
R-Design RC1 0.3750 0.3956 0.3333 0.3636 0.3669
R-Sched. RC2 0.3125 0.3297 0.3333 0.3636 0.3348
R-Crw.Expr. RC3 0.1250 0.1099 0.1111 0.0909 0.1092
R-Support RC4 0.1875 0.1648 0.2222 0.1818 0.1891
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Figure 6-47 Computed local weights for the criteria set belonging to the Objective
Metrics Cost and Risk

6.4.3 Calculation of Global Weights for Set of Criteria

For calculating the global weights for the criteria considered, different ‘application
cases’ with overall weights attached to the ‘Objective Metrics’ of ‘Performance’
‘Cost’ and ‘Risk’ were considered, as shown in Table 6-14. The relative weights
of the ‘Objective Metrics’, were derived for these ‘application cases’ by varying
the relative weights of ‘Performance’, ‘Cost’ and ‘Risk’. A comparison of the
relative weights used for the ‘Objective Metrics’ of ‘Performance’, ‘Cost’ and ‘Risk’
across the various test cases is shown in Figure 6-48. In a practical application,
the shipowner, designer, or builder would attach these weights based on the
considerations of the role of the ship along with the perspective of the analysis.
Based on each of these application cases, the overall computed global weights
for the entire set of criteria have been graphically compared from Figure 6-49 to
Figure 6-54.
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Table 6-14 Cases considered for analysis of alternatives or candidate

architectures

Case Description

Case 1 ‘Performance’ ‘Cost’ and ‘Risk’ equally weighted

Case 2A ‘Performance’ weighted moderately higher than ‘Cost’
and ‘Risk’; ‘Cost’ and ‘Risk’ equally weighted

Case 2B ‘Performance’ weighted significantly higher than ‘Cost’
and ‘Risk’; ‘Cost’ and ‘Risk’ equally weighted

Case 3 ‘Risk’ weighted moderately higher than ‘Performance’
and ‘Cost’; 'Performance' and 'Cost' equally weighted

Case 4 ‘Cost’ weighted moderately higher than ‘Performance’
and ‘Risk’; 'Performance’ and 'Risk' equally weighted

Case 5 Distributed weights: ‘Performance’ with the highest
weight, ‘Risk’ weighted moderately higher than ‘Cost’

1.0
0.9 m Performance
0.8 m Cost

B Risk

Relative Weights

Figure 6-48 Relative weights applied for Objective Metrics of Performance, Cost

and Risk across the various application cases
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Figure 6-49 Computed global weights of the set of criteria for Application Case 1
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Figure 6-50 Computed global weights of set of criteria for Application Case 2A
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Figure 6-51 Computed global weights of set of criteria for Application Case 2B
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Figure 6-52 Computed global weights of set of criteria for Application Case 3
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Figure 6-53 Computed global weights of set of criteria for Application Case 4
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Figure 6-54 Computed global weights of set of criteria for Application Case 5
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6.5 Notional Destroyer Conceptual Design Study

6.5.1 Input Data for Design

The primary speed requirements for the propulsion system design were
considered as >30 knots for surge speed and >18 knots for cruise speed. The
minimum endurance required for the ship at >15 knots of speed is 5000 nm. The
considered operational profile of the ship derived based on the data published by
Anderson [66] for such applications, is shown in Figure 6-55. The propulsor
configuration considered was twin FPP or CPP. The overall average ship
electrical load is considered to be 4.2 MWe. The primary parameters of the

notional destroyer design considered are summarized in Table 6-15.

Table 6-15 Primary parameters of the considered notional destroyer

Parameter Value

Displacement 9500 metric tons approx.
Length 150 m approx.

Surge speed >30 knots

Cruise speed >18 knots

Ship operation per year 3500 hours

Endurance >5000 nm @ >15 knots speed
Fuel tank capacity < 1000 metric ton
Propeller diameter 5 m approx.

Auxiliary electrical load 4.2 MWe
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Figure 6-55 Considered operating profile for conceptual design of propulsion

system for notional destroyer

6.5.2 Hull Resistance Estimation

The hull model considered for this application was based on the published data
by Hlavin [127]. The primary parameters used as the input for the application of
the resistance module is given in Table 6-16. The resistance curve was
determined computed using Poseidon+ by the application of the F&L method.
The input file used for the same is shown in Appendix Q. The computed calm
water resistance from the applied model is shown in Figure 6-56, without the

application of any additional margins.
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Table 6-16 Primary hull parameters of the notional destroyer

Parameter Unit Value
Length between perpendiculars m 154
Length on waterline m 144.68
Beam on waterline m 18.5
Draft Fwd m 6.5
Draft Aft m 7.5
Displacement Metric Ton | 9585
Coeff Midship Area - 0.8280
Coeff Waterplane - 0.7910
Area transverse transom immersed m? 12
Beam at transom m 12
Half angle of entrance iE degrees 10.9
Surface area of appendages m? 300
Air frontal area m? 420
Method for calculation - F&L
4000 -
3500 f
3000 f
2500 f
=z ]
2%, 2000 ]
e ]
= 1500 ]
1000 f
500
oH ............................................

5 7 9 11 1315171921 2325272931 3335
Vs [knots]

Figure 6-56 Calculated calm water resistance for the considered hull form for

notional destroyer
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6.5.3 Propeller Design

The propeller parameters were optimised using the input data as shown in Table
6-17. The basic parameters of the diameter and the operating point were obtained
based on the work of Kravitz [131]. The B-series based optimization routine was
run in Poseidon+ to obtain the final propeller parameters used as shown in Table
6-18. The open water characteristics of the optimised propeller design are shown
in Figure 6-57. The characteristic of the delivered power of the propeller versus
ship speed is shown in Figure 6-59. This figure also shows the effect of added
resistance when a propeller is trailed. The added resistance due to the drag of
the trailed propeller can be seen from the comparison of the line ‘Trailing
Propeller Mode’ with the line ‘“2XPropeller which shows the hypothetical
operation of a single propeller in a twin-screw arrangement if there were no added
resistance due to a trailed propeller. If a ‘feathering' arrangement is available on
the trailed propeller, as used for some fast naval crafts, the added resistance due
the trailed propeller reduces. However, for the present work such an arrangement

has not been considered.

Table 6-17 Input data for propeller parameters optimization

Parameter Unit Value
Ship speed knots 20
Resistance for Propeller kN 396.96
Thrust deduction factor - 0.076
Wake fraction - 0.059
Propeller diameter m 5.18
Propeller centre depth from the waterline m 4.91
Number of blades - 5
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Table 6-18 Final parameters for the propeller design optimised for notional

destroyer based on Wageningen B Series

Parameter Unit Value
Propeller diameter m 5.18
P/D Design - 0.704
EAR - 0.5957
Number of blades - 5

KT, 10. KQ’ No

Figure 6-57 Calculated open water characteristic for the propeller design

optimised based on Wageningen B Series for notional destroyer
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Figure 6-58 Calculated delivered power for each propeller varying with ship speed

for the notional destroyer

6.5.4 Candidate Propulsion System Architectures

Based on the given design requirements, as a first step, the delivered power
needed across the operating profile was calculated, as shown in Figure 6-59.
Based on the already modelled hull resistance and propeller design, candidate
propulsion system architectures were created. The five feasible candidate
propulsion system architectures considered for the final TERA-MCDM are shown
from Figure 6-60 to Figure 6-64, which are specific configurations of COGAG,
CODAG, CODAG-E (Combination of Diesel engine, Gas Turbine and Electric),
CODELAG and IFEP. For all designs except IFEP, a common CPP design was
selected for the propulsor configurations for reversing of the propellers, while an
FPP design was considered for the IFEP since the reversing of the propeller can
be executed using the electric motors. Both the CPP design and FPP were

considered to have the same design parameters except for the hub size.
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Figure 6-59 Operating profile superimposed with propeller delivered power

required for notional destroyer

The COGAG architecture applied, as shown in Figure 6-60, uses two 25 MW gas
turbine engines on each shaft line combining the torque from both these engines
in a common reduction gearbox. In terms of the terminology used for this
architecture, in some textbooks this is not considered to be a COGAG
architecture as both engines are rated for equal power [3]. For the sake of
simplicity, in the present work, this term is being used to refer to this architecture.
This architecture has been executed on several ship designs like the US Navy
DDG51, Italian Navy ‘Cavour’ etc. No ‘cross connection’ of propulsion power from
one shaft line to the other is possible with this design. Hence, when only a single
engine needs to be operated for very low ship speeds, one propeller would be
trailing. The power generation system considered here is completely separated
from the propulsion system, powered by three gas turbine-powered generator
sets each rated at 3.5 MWe each. In all operating modes, two generator sets are
considered to be in operation, with the third generator set being available for

redundancy and transient loading conditions.

231



In Figure 6-61, the applied CODAG configuration is shown where each propeller
is powered by a 7 MW medium-speed diesel engine as the cruise engine and 36
MW gas turbines as the boost engine. Each engine has its individual reduction
gear. When the plant is operated in the combined mode, where the gas turbine
and diesel engine are operated together, the torque for the gas turbine is added
to the diesel engine torque using a twin speed gearing arrangement in the diesel
engine gearboxes. No ‘cross connection’ of propulsion power from one shaft line
to the other is possible in this design. The power generation system considered
here is independent of the propulsion system, powered by three medium-speed
diesel generator sets each rated at 2.8 MWe each. In all operating modes, two
generator sets are considered to be in operation, with the third generator set

being available for redundancy and transient loading conditions.

The CODAG-E configuration shown in Figure 6-62 has a very similar
arrangement to the CODAG arrangement, with the primary difference being that
a 1.25 MW electric motor is arranged on each shaft, for operation at very low
speeds or when the ship needs to operate for low underwater radiated noise
regimes. The electric motors also provide an ‘electric cross connection’ which

avoids the need for trailing propellers at low speeds of operation.

The CODELAG arrangement, as shown in Figure 6-63, uses electric motors
powered by a diesel-electric grid powered by three 6.7 MW medium-speed diesel
engine generator sets. On each shaft, a 36 MW gas turbine engine is arranged
as the boost engine powering the shaft line through individual reduction gears.
The electric motors and the gas turbines are designed for combined operation to
achieve the rated power of the plant. Due to the very large torque envelope of the
electric motors, twin speed gearing is not required to combine their torque with
the gas turbines. In this design, ‘electric cross connection’ is arranged, where a
single diesel generator set or set of generator sets can power both the propellers
through the electric motors connected by a common grid. The electric motors also
serve as generators in Power Take-Off (PTO) mode, in a specific range of speed

when powered by the gas turbines.
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Figure 6-64 shows the IFEP arrangement considered, where the entire range of
ship speed is achieved using large propulsion motors. These motors are powered
by the electric grid system which is powered by two 36 MW gas turbine
generators, two 6.7 MW medium-speed diesel engine generator sets and two 3.9
MW diesel engine generator sets. The number of engines that need to be running
is determined based on the total power required by the propulsion and auxiliary

load.

Gr-GT2 )
g :r—[l]
PortTrdn T
CPP-Port  Sh-PrPort m 25 MW

\J/

Hull-Destroyer = 3“[]]
() Gr-GT4
A " GT-4
L .
Gr-GT1

El. Power Gen. Sys:
3X3.5MWe GTG

"\

C

TN
CPP.Sthd  Sh-Prstbd U 25 MW
StbdTrdn -
O }4[1]
Gr-GT3

Figure 6-60 Candidate propulsion system architecture alternative A1, COGAG, for

notional destroyer.
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Figure 6-61 Candidate propulsion system architecture alternative A2, CODAG, for

notional destroyer.
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Figure 6-62 Candidate propulsion system architecture alternative A3, CODAG-E,

for notional destroyer.
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Figure 6-63 Candidate propulsion system architecture

for notional destroyer.
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Figure 6-64 Candidate propulsion system architecture alternative A5, IFEP, for

notional destroyer.
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6.5.5 Performance modelling of candidate architectures

The performance modelling of the above-described candidate architectures was
undertaken by using Poseidon+. The input model files were created for each of
the candidate architectures, as shown in Appendix Q. Thereafter the models were
used to run the propulsion and power generation system in various modes of
operation to capture the performance characteristics of the system. These
performance characteristics consist of engine, transmission system and propeller

performance data.

The primary characteristics of the engines and transmission systems have
already been discussed earlier in this thesis and are not repeated here for various
operation modes for brevity. For each of the candidate architectures, basic
engine-propeller matching, and feasibility analysis were undertaken using
Poseidon+, based on the already described considerations of the engine
operating envelopes etc. An example of the performance envelope analysis for
various operating drive modes for the COGAG system is shown in Figure 6-65,
where based on the nominal torque envelopes of the engines, the ship speed

limits at the respective drive modes have been identified.

One of the primary characteristics of interest in such trade-off studies is the
overall consumption of fuel by the ship energy system, with all the off-design
efficiencies of the system considered in the simulation. These characteristics are
presented here for each candidate architecture from Figure 6-66 to Figure 6-71.
These operation drive modes also consider the engine envelope limitations so
that only feasible operating points are considered for the analysis. The data from
these characteristics was used to calculate the overall operating costs due to fuel
consumption based on the defined operating profile. The comparative bar graphs
for the candidate architectures with respect to maximum surge speed, cruising
speed, endurance (range) based on tank capacity, required fuel tank capacity
based on range requirement are shown from Figure 6-72 to Figure 6-75,

respectively.
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Figure 6-65 Derivation of ship speed at various operating drive modes limits based

on nominal torque envelopes of the engines in the COGAG arrangement.
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Figure 6-66 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A1 COGAG for conceptual design

analysis of notional destroyer.
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Figure 6-67 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A2 CODAG for conceptual design

analysis of notional destroyer.
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Figure 6-68 Computed overall fuel consumption curves at defined operating drive
mode (full operating range) for the candidate architecture alternative A3

CODAG-E for conceptual design analysis of notional destroyer.
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Figure 6-69 Computed overall fuel consumption curves at defined operating drive
modes (low speed operating range) the candidate architecture alternative A3

CODAG-E for conceptual design analysis of notional destroyer.
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Figure 6-70 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A4 CODELAG for conceptual

design analysis of notional destroyer.
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Figure 6-71 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A5 IFEP for conceptual design

analysis of notional destroyer.
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Figure 6-72 Computed maximum surge speed for candidate architecture
propulsion system alternatives towards conceptual design analysis of notional

destroyer.
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Figure 6-73 Computed maximum cruising speed for candidate architecture

propulsion system alternatives towards conceptual design analysis of notional

destroyer.
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Figure 6-74 Computed endurance (range) based on tank capacity of 500 tons with
ship speed of 14 knots for candidate architecture propulsion system alternatives

towards conceptual design analysis of notional destroyer.
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Figure 6-75 Computed required fuel tank capacity based on range requirement of
5000 nm with ship speed of 16 knots for candidate architecture propulsion system

alternatives towards conceptual design analysis of notional destroyer.
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6.5.6 Mass and Dimensional Estimations

The dimensioning models, as described in Appendix |, were used for calculating
the overall mass and occupied deck area for each of the candidate architectures.
The computed values include the propulsion equipment as well as the power
generation equipment, so as to have a homogeneous comparison of the
architectures where the ship electric system and propulsion system are
connected (like CODLAG, CODAG-E, IFEP) with the ones where these systems
are independent (like COGAG, CODAG). These dimensioning estimations
include the primary equipment but not the auxiliary systems related to this main
equipment as well as low voltage switchboards. Since the final architecture
selection would be based on a relative analysis, this estimation was considered
unnecessary for the present work. The comparative bar graphs of the various
architectures in terms of mass and occupied deck area are shown in Figure 6-76

and Figure 6-77, respectively.
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Figure 6-76 Computed mass of the main propulsion and power generation

equipment for the candidate architecture alternatives for conceptual design

analysis of notional destroyer.
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Figure 6-77 Computed occupied deck area of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional destroyer.

6.5.7 Estimation of Costs

The costing models for acquisition, as described in Appendix J, were used to
calculate the overall acquisition and maintenance costs for each of the candidate
architectures. Again, as for dimensioning calculation, the computed values
include the propulsion equipment as well as the power generation equipment, to
have a homogeneous comparison of the architectures where the ship electric
system and propulsion system are connected. These estimations include the

primary equipment but not the auxiliary systems related to this main equipment.

The acquisition costs from the models have been adapted to the year 2021 for
inflation, considered to be at an average rate of 2% per year. The maintenance
costs have been calculated as follows. The overall operating hours of the
propulsion equipment were first calculated based on the drive modes required to
achieve certain speeds, which basically defines which equipment is running. The
operating times at various speeds were calculated based on the defined

operating profile, which defines the time bands for operation at various speeds,
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and the overall operating hours of the ship per year. Based on the overall
operating hours of the propulsion equipment, the maintenance costs were then
estimated based on the defined operation-based maintenance models. Similarly,
the costs of fuel over the life cycle of the ship was calculated by using the
operating hours at various speed bands, the applicable operating drive mode and
the corresponding overall fuel rates previously computed, and then applying the
overall operating hours of the ship per year. The average cost of fuel has been
derived based on US Defense Logistics Agency (DLA) Energy publication for
2020.

The comparative bar graphs of the various architectures in terms of acquisition
and maintenance costs are shown in Figure 6-78 and Figure 6-79, respectively.
The lifetime costs for fuel are shown in Figure 6-80. The overall distribution of

considered costs over the entire life cycle is shown in Figure 6-81.

An interesting observation that can be made from this analysis is the overall
influence of the operating profile and engine operating envelopes on the through
life overall fuel consumption by the ship propulsion plant. While it can be seen
from comparison of Figure 6-66 and Figure 6-67 that the CODAG architecture
provides an overall lower fuel consumption compared to the CODAG plant, the
overall lifetime fuel consumption costs for both these architectures, as seen in
Figure 6-80 and Figure 6-81, are nearly the same. This can be explained by the
way these plants are considered for operation in the low-speed range of 6-8 knots
that dominates the considered operating profile, as shown in Figure 6-59. The
COGAG plant is considered for operation in this speed range in the 'trailed shaft'
mode by the operation of a single engine, which can be easily handled by gas
turbines due to the large engine operating envelope. On the other hand, for the
CODAG plant, the entire low speed of operation is considered to be undertaken
using two diesel engines due to the rather limited engine operation envelope of

the diesel engines which makes ship operations rather restrictive.
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Figure 6-78 Computed acquisition cost of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional destroyer.
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Figure 6-79 Computed lifetime maintenance cost for the main propulsion and

power generation equipment for the candidate architecture alternatives for

conceptual design analysis of notional destroyer.
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Figure 6-80 Computed lifetime fuel costs of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual
design analysis of notional destroyer. Average fuel price considered 480.3 Euro

per ton based on US Defense Logistics Agency (DLA) Energy publication for 2020.
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Figure 6-81 Computed occupied deck area of the main propulsion and power

generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional destroyer.
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6.5.8 Calculation of Relative Scores for Qualitative Criteria

For the evaluation of the candidate architectures against the qualitative criteria
(P4-P15, C3, C5, R1-R4), the author again used discussions with experienced
colleagues from the domain, to undertake an AHP based pairwise comparison
method to arrive at the relative evaluation scores for the candidate architectures.
The computed relative scores for the candidate architectures against the

qualitative criteria are shown from Figure 6-82 to Figure 6-84.
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Figure 6-82 Computed relative scores of candidate architecture against qualitative

criteria (P4-P9) for conceptual design analysis of notional destroyer.
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Figure 6-83 Computed relative scores of candidate architecture against qualitative

criteria (P10-P15) for conceptual design analysis of notional destroyer.
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Figure 6-84 Computed relative scores of candidate architecture against qualitative

criteria (C3, C5, R1-R4) for conceptual design analysis of notional destroyer.
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6.5.9 Objective Comparison of Candidate Propulsion System
Designs using VIKOR

To objectively undertake a techno-economic comparison of the candidate
architectures, the VIKOR method, as described in Appendix N, was used to arrive
at the final ranking in terms of preference based on the defined criteria. The set
of metrics obtained from both the quantitative and qualitative criteria, for each of
the candidate design architecture alternatives, were arranged as shown in Table

6-19. This serves as the input data for the VIKOR analysis.

The VIKOR analysis was undertaken for the application cases, as described in
section 6.4.3, with the value of the ‘strategy coefficient’ as v = 0.5, to have a
balance between minimizing individual differences from ideal solution (for v <
0.5) and satisfying most of the criteria (for v > 0.5). The candidate design
architectures were rated by calculating the VIKOR parameters S,R,Q and the
best-suited architectures were identified based on the alternative with the lowest
score of Q, for all the application cases. For each application case tables for
Ranks as well as ‘Q’ values were calculated for the ‘strategy coefficient’ v varying
between 0 and 1. For the sake of brevity, as an example, the tables created for

Application Case 1 are shown in Table 6-20 and Table 6-21.

The results of the determined values of S,R,Q and the ranking for each of the
application cases, with the balanced v = 0.5 ‘strategy coefficient’, are shown in
Table 6-22. For the best-suited alternative identified, further verification for
meeting the conditions of ‘acceptable advantage’ and ‘stability in decision

making’. The results of this analysis are shown in Table 6-23.

For each of the application cases, a sensitivity analysis was undertaken for
variation of the ranks to the ‘strategy coefficient’ v by varying it between 0 and 1
at increments of 0.1 to evaluate the robustness and steadiness of the solution.
Further, since the final ranks of the candidate architectures are primarily based
on the VIKOR metric ‘Q’, sensitivity of the metric ‘Q’ to variation in the ‘strategy
coefficient’ v was also undertaken. The results of this analysis are shown from
Figure 6-85 to Figure 6-96.
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Table 6-19 Combined table of qualitative and quantitative metrics for all candidate

design architectures alternatives for conceptual design analysis of notional

destroyer, against the complete set of design criteria.

Criteria COGAG CODAG | CODAG-E | CODELAG IFEP
A1 A2 A3 A4 A5

PC11 | P-Surg.spd. | B 33.1 31.7 31.7 31.3 31.5
PC12 | P-Cruis.spd. | B 22.5 20.4 20.4 18.1 19
PC13 | P-Endur. B 4311 8262 8262 9509 6520
PC21 | P-OP.Sens. | B 0.193 0.071 0.071 0.071 0.117
PC22 | P-Opn.Flex. | B 0.484 0.229 0.095 0.095 0.147
PC23 | P-Manuev. B 0.441 0.083 0.054 0.054 0.131
PC31 | P-UW.Noise | B 0.084 0.042 0.425 0.425 0.273
PC32 | P-IR Sign. B 0.053 0.118 0.118 0.118 0.206
PC33 | P-EM Sign. | B 0.337 0.337 0.179 0.179 0.099
PC41 | P-Redund. B 0.049 0.076 0.119 0.119 0.254
PC42 | P-Shock.R. | B 0.057 0.089 0.143 0.143 0.227
PC43 | P-FId.Surv. | B 0.264 0.418 0.165 0.165 0.104
PC51 | P-Reliab. B 0.404 0.306 0.149 0.149 0.096
PC52 | P-Availab. B 0.485 0.227 0.143 0.143 0.089
PC53 | P-Repair. B 0.069 0.412 0.234 0.234 0.161
PC61 | P-Weight NB 497.7 652.5 747.4 916.3 1012.0
PC62 | P-Space NB 195.3 210.3 235.2 238.3 247.6
PC63 | P-Fuel.Cap. | NB 960.5 656.7 656.7 577.2 790.3
CC1 | C-Acq. NB 62.74 59.03 66.22 77.14 84.39
CC2 | C-Maint. NB 28.95 12.75 8.34 14.68 14.72
CC3 | C-Man.Pow. | B 0.352 0.264 0.197 0.197 0.116
CC4 | C-Fuel. NB 121.25 122.62 96.44 91.57 133.34
CC5 | C-Sup.Infr. | B 0.413 0.257 0.175 0.175 0.102
RC1 | R-Design B 0.334 0.334 0.204 0.204 0.088
RC2 | R-Sched. B 0.284 0.284 0.284 0.284 0.104
RC3 | R-Crw.Expr. | B 0.436 0.222 0.207 0.207 0.090
RC4 | R-Support B 0.332 0.332 0.202 0.202 0.095

B: Benefit Criteria, NB: Non-Benefit Criteria; Shaded Criteria: Quantitative Criteria
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Table 6-20 Ranking determined by VIKOR method, for varying values of v, for all
candidate design architectures alternatives for conceptual design analysis of

notional destroyer, for Application Case 1.

COGAG CODAG CODAG-E | CODELAG IFEP

v A1 A2 A3 A4 A5
0 3 1 2 4 5
0.1 2 1 3 5 4
0.2 2 1 3 5 4
0.3 2 1 3 5 4
0.4 2 1 3 5 4
0.5 2 1 3 5 4
0.6 2 1 3 5 4
0.7 2 1 3 5 4
0.8 2 1 3 5 4
0.9 2 1 4 5 3
1 2 1 4 5 3

Table 6-21 Computed VIKOR ‘Q’ values, for varying values of v, for all candidate
design architectures alternatives for conceptual design analysis of notional

destroyer, for Application Case 1.

COGAG CODAG CODAG-E | CODELAG IFEP
A1 A2 A3 A4 A5
0 0.2557 0.0000 0.1585 0.5027 1.0000
0.1 0.2384 0.0000 0.4845 1.0000 0.9239
0.2 0.2211 0.0000 0.4663 1.0000 0.8477
0.3 0.2038 0.0000 0.4481 1.0000 0.7716
0.4 0.1865 0.0000 0.4299 1.0000 0.6955
0.5 0.1692 0.0000 0.4118 1.0000 0.6193
0.6 0.1519 0.0000 0.3936 1.0000 0.5432
0.7 0.1346 0.0000 0.3754 1.0000 0.4671
0.8 0.1173 0.0000 0.3572 1.0000 0.3909
0.9 0.1000 0.0000 0.3390 1.0000 0.3148
1 0.0827 0.0000 0.3208 1.0000 0.2387
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Table 6-22 Computed VIKOR metrics S, R, Q and determined ranks as per for all candidate design architectures alternatives for

conceptual design analysis of notional destroyer, with v = 0.5.

COGAG CODAG CODAG-E CODELAG IFEP COGAG CODAG CODAG-E CODELAG IFEP
A1 A2 A3 A4 A5 A1 A2 A3 A4 A5
S 0.30 0.26 0.44 0.83 0.39 S 2 1 4 5 3
Case 1 R 0.07 0.05 0.09 0.13 0.13 | | Case1 R 2 1 3 4 4
Q 0.17 0.00 0.41 1.00 0.62 Q 2 1 3 5 4
S 0.33 0.29 0.45 0.80 0.39 S 2 1 4 5 3
Case2A | R 0.06 0.06 0.08 0.11 0.11 Case2A | R 2 1 3 4 4
Q 0.06 0.00 0.34 1.00 0.60 Q 2 1 3 5 4
S 0.40 0.36 0.48 0.75 0.39 S 3 1 4 5 2
Case2B | R 0.08 0.09 0.08 0.09 0.09| | Case2B | R 2 3 1 4 4
Q 0.23 0.49 0.16 1.00 0.53 Q 2 3 1 5 4
S 0.26 0.23 0.43 0.85 0.34 S 2 1 4 5 3
Case 3 R 0.06 0.05 0.08 0.16 0.11 Case 3 R 2 1 3 5 4
Q 0.10 0.00 0.33 1.00 0.36 Q 2 1 3 5 4
S 0.32 0.26 0.44 0.82 0.45 S 2 1 3 5 4
Case 4 R 0.09 0.07 0.11 0.16 0.16 Case 4 R 2 1 3 4 4
Q 0.19 0.00 0.41 1.00 0.67 Q 2 1 3 5 4
S 0.36 0.31 0.46 0.79 0.43 S 2 1 4 5 3
Case 5 R 0.07 0.06 0.09 0.12 0.12 Case 5 R 2 1 3 4 4
Q 0.10 0.00 0.35 1.00 0.63 Q 2 1 3 5 4
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Table 6-23 Selection of best suited candidate architecture and test of ‘acceptable

advantage’ and ‘stability of decision’ for conceptual design analysis of notional

destroyer, with v = 0.5.

Best | Accoptable | piih® | Sensitvty
Alternative | (dQ) ffi’t'ﬁ ga;::k) tov

Case 1 CODAG | -0.08 S&R L

Case 2A CODAG | -0.18 S&R L

Case 2B CODAG-E | -0.17 R L

Case 3 CODAG | -0.15 S&R L

Case 4 CODAG | -0.06 S&R L

Case 5 CODAG | -0.15 S&R L

dQ = [0(a3) - Q(a3)] - DO
Sensitivity to v: L: Low, M: Medium H: High
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Figure 6-85 Sensitivity analysis of VIKOR v values for Application Case 1 of

conceptual design analysis of notional destroyer.
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Figure 6-86 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 1 of
conceptual design analysis of notional destroyer.
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Figure 6-87 Sensitivity analysis of VIKOR v values for Application Case 2A of
conceptual design analysis of notional destroyer.
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Figure 6-88 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 2A of

conceptual design analysis of notional destroyer.
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Figure 6-89 Sensitivity analysis of VIKOR v values for Application Case 2B of
conceptual design analysis of notional destroyer.
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Figure 6-90 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 2B of
conceptual design analysis of notional destroyer.
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Figure 6-91 Sensitivity analysis of VIKOR v values for Application Case 3 of

conceptual design analysis of notional destroyer.
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Figure 6-92 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 3 of
conceptual design analysis of notional destroyer.
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Figure 6-93 Sensitivity analysis of VIKOR v values for Application Case 4 of

conceptual design analysis of notional destroyer.
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Figure 6-94 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 4 of

conceptual design analysis of notional destroyer.
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Figure 6-95 Sensitivity analysis of VIKOR v values for Application Case 5 of

conceptual design analysis of notional destroyer.
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Figure 6-96 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 5 of

conceptual design analysis of notional destroyer.

6.5.10 Conclusions of the Propulsion System Conceptual Design
Study for the Notional Destroyer

For the strategy coefficient, v, values higher than 0.5 indicate that the decision-
maker is more focussed on satisfying most of the criteria, while values lower than
0.5 indicate that the decision-maker is more focussed on minimizing individual
differences from the ideal solution. For the final decision making, the strategy
coefficient v = 0.5 was primarily considered to have a ‘balanced’ decision across
all the application cases, also bearing in mind the sensitivity analysis undertaken

for v.

For v = 0.5, it can be seen from Table 6-22 that for this condition for all the
application cases except Case 2B, the defined CODAG candidate architecture
emerges as the architecture that is ranked first or the best-suited architecture. In
Case 2B, CODAG-E emerges as the best-suited architecture. For all the
application cases, COGAG emerges as the architecture ranked in second place.
CODAG-E was ranked third in all cases, except Case 2B where CODAG was
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ranked third. The IFEP candidate architecture was consistently ranked fourth

across all the application cases.

In addition to the above analysis, it is important to also test if the preferred
architecture as per the ranking from the VIKOR analysis also qualifies for the
criteria for acceptable advantage and stability in decision making. The results of
these tests across all the application cases are summarized in Table 6-23. It can
be observed from this investigation that even though the CODAG architecture is
ranked first in all the application cases except Case 2B, it does not satisfy the
criteria of acceptable advantage in any of these application cases. This basically
means that the degree of preference of the CODAG architecture is very close to
the second-rated COGAG architecture in all the application cases except Case
2B. Hence, in these cases, the decision-makers could also select the COGAG
architecture as the preferred architecture, based on certain compromises across
some of the criteria. The criterion of stability of the decision-making is satisfied
for both the CODAG and the COGAG architectures in all these cases. For
application Case 2B even though CODAG-E emerges as the most preferred
architecture based on the ranking, it does not satisfy both the criteria of criteria
for acceptable advantage and stability in decision making. Hence, here too
COGAG which is the second-rated architecture could be selected with certain

compromises.

The sensitivity analysis undertaken with respect to the value of the strategy
coefficient, v, shows that the ranking as well as the VIKOR metric, Q, are stable
in the vicinity of the selected strategy coefficient of v = 0.5. Further, the plots for
the sensitivity analysis of Q also provide a good insight into the degree of
acceptable advantage that one solution provides over the other across the values
of the strategy coefficient. The higher the distance between the Q lines for each

of the candidate architectures, the better is the degree of acceptable advantage.

The CODAG design emerges as the preferred design due to the low acquisition
as well as life cycle costs and the relative simplicity of the design. The COGAG
architecture provides advantages in terms of performance criteria like low mass,

and occupied deck area, but has disadvantages of lowest overall plant efficiency
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across the operating profile and high life cycle costs. The CODAG-E architecture
provides advantages of low underwater noise and low life cycle costs, but has
the disadvantages of high mass and occupied deck area. The CODELAG
architecture provides relatively high plant efficiency, advantages towards some
of the performance criteria, but has the disadvantages of high mass and occupied
deck area. The IFEP architecture has disadvantages of high mass, occupied deck
area as well as very high acquisition costs. Hence, the overall analysis

undertaken using VIKOR provides fairly intuitive results.

Overall, the more traditional architectures CODAG or COGAG architecture
emerge as the preferred architectures and either could be selected by the
decision-makers with certain compromises. The more electric architectures were
rated lower due to penalties of higher mass and occupied deck area despite some
advantages they offer. From this analysis, it can be inferred that to have more
electric architectures selected there have to be more specific drivers for
justification of such designs than the ones that have been considered for the
present analysis. On the other hand, it should also be noted that these
conclusions are not general conclusions for such combined architectures, but the
specific architectures considered for this analysis under the design criteria

considered along with their global weights.

6.6 Notional Light Frigate Conceptual Design Study

6.6.1 Input Data for Design

The primary speed requirements for the propulsion system design were
considered as >28 knots for surge speed and >18 knots for cruise speed. The
minimum endurance required for the ship at speed >16 knots is 5000 nm. The
considered operational profile of the ship is shown in Figure 6-97. The propulsor
configuration considered was a ‘twin screw’ arrangement with FPP or CPP
designs based on reversing requirements of the considered propulsion plant. The
overall average ship auxiliary electrical load (loads other than propulsion) is
considered to be 1.2 MWe. The primary parameters of the notional light frigate

design considered are summarized in Table 6-24.
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Table 6-24 Primary parameters of the considered notional light frigate.

Parameter Value

Displacement 3800 metric tons approx.
Length 124 m approx.

Surge speed >28 knots

Cruise speed >18 knots

Ship operation per year 3200 hours

Endurance >5000 nm @ >16 knots speed
Fuel tank capacity < 500 metric ton
Propeller diameter 3.5 m approx.

Auxiliary electrical load 2.1 MWe
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Figure 6-97 Considered operating profile for conceptual design of propulsion
system for notional light frigate.
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6.6.2 Hull Resistance Estimation

The primary parameters considered for the hull model, used as the input for the
application of the resistance module, are given in Table 6-25. The total calm
water-resistance characteristic curve was determined computed using
Poseidon+. F&L method was selected for the calculation due to its suitability for
high hull forms with a transom stern. The input file used for the same is shown in

Appendix Q. The computed calm water resistance from the applied model is

shown in Figure 6-98 without the application of any additional margins.

Table 6-25 Primary hull parameters of the notional light frigate.

Parameter Unit Value
Length between perpendiculars m 123.5
Length on waterline m 116.92
Beam on waterline m 14.2
Draft Fwd m 4.7
Draft Aft m 4.7
Displacement Metric Ton | 3900
Coefficient Midship Area - 0.82
Coefficient Waterplane - 0.774
Area transverse transom immersed m? 6
Beam at transom m 10
Half angle of entrance iE degrees 10
Surface area of appendages m? 200
Air frontal area m? 195
Method for calculation - F&L
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Figure 6-98 Calculated calm water resistance for the considered hull form for

notional light frigate.

Table 6-26 Input data for propeller parameters optimization for the notional light

frigate.
Parameter Unit Value
Ship speed knots 30
Resistance for Propeller kN 655
Thrust deduction factor - 0.1
Wake fraction - 0.2
Propeller diameter m 3.52
Propeller centre depth from waterline m 2.94
Number of blades - 5
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Table 6-27 Final parameters for the propeller design optimised for notional light

frigate based on Wageningen B Series.

Parameter Unit Value
Propeller diameter m 3.52
P/D Design - 0.966
EAR - 0.98
Number of blades - 5

KT, 10. KQ’ No

Figure 6-99 Calculated open water characteristic for the propeller design

optimised for notional light frigate based on Wageningen B Series.
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Figure 6-100 Calculated propeller delivered power (for each propeller) for ship

speed for the notional light frigate in twin-propeller modes of operation.

6.6.3 Candidate Propulsion System Architectures

The given operating profile was superimposed with propeller delivered power
required across the operating speed range, as shown in Figure 6-101 to
determine the range of speed to be covered by specific combinations of engines.
Based on this, four specific candidate propulsion system architectures were
developed based on the design requirements for further MCDM analysis viz.
COGAG arrangement with cruise engines connected through a ‘Cross Connect
Gearing’ (CCG), CODAG, CODELAG and IFEP as shown from Figure 6-102 to
Figure 6-105 respectively. For each of these architectures, basic engine-propeller
matching and feasibility analysis were undertaken based on considerations of the

engine operating envelopes etc.
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Figure 6-101 Operating profile superimposed with propeller delivered power
required for the notional light frigate.

A common FPP design was selected for the propulsor configuration for COGAG,
CODELAG, and IFEP designs. In the COGAG and the CODELAG arrangements,
when operating on gas turbines the reversing is executed using a reversing power
turbine arrangement in the gas turbines. In the IFEP arrangement and the
CODELAG arrangement when operating on electric motors, the reversing is
executed using the electric motors. The application of the reversing power turbine
leads to the application of a simpler FPP arrangement, also allowing for a simpler
propulsion control system. However, the application of a reversing power turbine
arrangement leads to a relatively lower overall engine efficiency, which was
considered in the respective engine models. A CPP design was selected for the
CODAG architecture to enable reversing when operating with the diesel engines.
Both the CPP design and FPP were considered to have the same design

parameters except for the hub size.

Figure 6-102 shows the COGAG architecture applied, with each propeller is
powered by a 15 MW boost gas turbine engine and a 7 MW cruise gas turbine
engine with their individual reduction gearboxes. This 7MW cruise gas turbine

engine is the same engine as the 7.5 MW MGT described in Appendix O.1 which
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has been derated to 7MW for this application. A mechanical ‘cross connect’
system is arranged through CCG that enables the operation of a single ‘cruise
engine’ to power both the propellers for increased system efficiency compared to
‘trailing’ a propeller while operating the ship at low speeds. The power generation
system considered with this arrangement is completely separated from the
propulsion system, powered by three diesel gensets each rated at 1.2 MW each.
In all operating modes, two gensets are considered to be in operation, with the

third genset being available for redundancy and transient loading conditions.

The applied CODAG configuration is shown in Figure 6-103, where each
propeller is powered by a 15 MW boost gas turbine and a 5.5 MW cruise medium-
speed diesel engine through the individual reduction gearboxes of the engines.
No ‘cross connection’ of propulsion power from one shaft line to the other is
arranged as the initial investigations, described later, proved that the benefits
would be negligible compared to the added mass and complexity of a cross-
connect gearing system. The power generation system considered with this
arrangement is identical to the one considered for the COGAG arrangement

described earlier.

Both the COGAG and CODAG architectures have been arranged with ‘twin
speed’ gearing systems to enable the combined operation of the lower-powered
‘cruise engines’ together with the higher powered ‘boost engines’ to achieve the

rated power of the propulsion plant.

The CODELAG arrangement, as shown in Figure 6-104, uses electric motors
powered by a diesel-electric grid powered by four 2.7 MW medium-speed diesel
engine gensets. On each shaft, a 15 MW gas turbine engine is arranged as the
boost engine powering the shaft line through individual reduction gears. The
electric motors and the gas turbines are designed for combined operation for
achieving the rated power of the plant. Due to the large torque envelope of the
electric motors, twin speed gearing is not required to combine their torque with
the gas turbines. In this design, ‘electric cross connection’ is arranged, where a
single diesel genset or set of gensets can power both the propellers through the

electric motors connected by a common grid. The electric motors also serve as
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generators in Power Take-Off (PTO) mode, in a specific range of speed when
powered by the gas turbines. Instead of the application of two or three larger
diesel engine gensets, four gensets have been used in this design to have more

flexibility in managing load.

Figure 6-105 shows the IFEP arrangement considered, where the entire range of
ship speed is achieved using large propulsion motors. These motors are powered
by the electric grid system which is powered by a single 25 MW gas turbine
gensets and a set of two 5.2 MW medium-speed diesel engine gensets. The
number of engines that need to be running is determined based on the total power
required by the propulsion and auxiliary shipload. To reduce the overall mass of

the system to a practical value, a three genset arrangement has been applied.
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Figure 6-102 Candidate propulsion system architecture alternative A1, COGAG, for
the notional light frigate.
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Figure 6-103 Candidate propulsion system architecture alternative A2, CODAG, for
the notional light frigate.
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Figure 6-104 Candidate propulsion system architecture alternative A4, CODELAG,
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for the notional light frigate.
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Figure 6-105 Candidate propulsion system architecture alternative A5, IFEP, for

the notional light frigate.

6.6.4 Performance Modelling of Candidate Architectures

As for the analysis undertaken for the case of notional destroyer, the performance
modelling of the above-described candidate architectures for the notional light
frigate was undertaken by using Poseidon+. The input model files describing the
models created for each of the candidate architectures are shown in Appendix Q.
The primary characteristics of total fuel flow for the propulsion and power
generation systems against ships speed for the candidate architectures are
shown from Figure 6-106 to Figure 6-112. The comparative bar graphs for the
candidate architectures with respect to maximum surge speed, cruising speed,
endurance (range) based on tank capacity, required fuel tank capacity based on

range requirement are shown from Figure 6-113 to Figure 6-116, respectively.
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Figure 6-106 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A1 COGAG for conceptual design

analysis of notional light frigate.
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Figure 6-107 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A1 COGAG (low-speed

operations) for conceptual design analysis of notional light frigate.
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Figure 6-108 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A2 CODAG for conceptual design

analysis of notional light frigate.
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Figure 6-109 Computed overall fuel consumption curves at defined operating drive
modes [overall] for the candidate architecture alternative A2 CODAG for

conceptual design analysis of notional light frigate.
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Figure 6-110 Computed overall fuel consumption curves at defined operating drive
modes for [low speed range] the candidate architecture alternative A4 CODELAG

for conceptual design analysis of notional light frigate.
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Figure 6-111 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A4 CODELAG for conceptual

design analysis of notional light frigate.
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Figure 6-112 Computed overall fuel consumption curves at defined operating drive
modes for the candidate architecture alternative A5 IFEP for conceptual design

analysis of notional light frigate.
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Figure 6-113 Computed maximum surge speed of propulsion system candidate

architectures for conceptual design analysis of notional light frigate.
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Figure 6-114 Computed maximum cruising speed of propulsion system candidate

architectures for conceptual design analysis of notional light frigate.
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Figure 6-115 Computed endurance (range) based on tank capacity of 500 tons with
ship speed of 14 knots for propulsion system candidate architectures for

conceptual design analysis of notional light frigate.
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Figure 6-116 Computed required fuel tank capacity based on range requirement of
5000 nm with ship speed of 16 knots of propulsion system candidate architectures

for conceptual design analysis of notional light frigate.

6.6.5 Mass and Dimensional estimations

The dimensioning models as described in Appendix | were used to calculate
though overall mass and occupied deck area for each of the candidate
architectures, using the same methodology and conditions as described for the
case of analysis for the notional destroyer. The comparative bar graphs of the
various architectures in terms of mass and occupied deck area are shown in

Figure 6-117 and Figure 6-118, respectively.

6.6.6 Estimation of Costs

Using the same methodology as described for the case of analysis for notional
destroyer, the costing models as described in Appendix J, adapted for the year
2021, were used to calculate the overall acquisition and maintenance costs for
each of the candidate architectures. The comparative bar graphs of the various
architectures in terms of acquisition and maintenance costs are shown in Figure
6-119 and Figure 6-120, respectively. The lifetime costs for fuel are shown in
Figure 6-121. The overall distribution of considered costs over the entire life cycle

is shown in Figure 6-122.
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6.6.7 Calculation of Relative Scores for Qualitative Criteria

For the evaluation of the candidate architectures against the qualitative criteria
(P4-P15, C3, C5, R1-R4), the author again used discussions with experienced
colleagues from the domain, to undertake an AHP based pairwise comparison
method to arrive at the relative evaluation scores for the candidate architectures.
The computed relative scores for the candidate architectures against the

qualitative criteria are shown from Figure 6-123 to Figure 6-125.
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Figure 6-117 Computed mass of the main propulsion and power generation
equipment for the candidate architecture alternatives for conceptual design

analysis of notional light frigate
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Figure 6-118 Computed occupied deck area of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional light frigate
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Figure 6-119 Computed acquisition cost of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional light frigate
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Figure 6-120 Computed lifetime maintenance cost for the main propulsion and
power generation equipment for the candidate architecture alternatives for

conceptual design analysis of notional light frigate
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Figure 6-121 Computed lifetime fuel costs of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual
design analysis of notional light frigate. Average fuel price considered 480.3 Euro

per ton based on US Defense Logistics Agency (DLA) Energy publication for 2020.
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Figure 6-122 Computed life cycle costs of the main propulsion and power
generation equipment for the candidate architecture alternatives for conceptual

design analysis of notional light frigate
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Figure 6-123 Computed relative scores of candidate architecture against

qualitative criteria (P4-P9) for conceptual design analysis of notional light frigate
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Figure 6-124 Computed relative scores of candidate architecture against
qualitative criteria (P10-P15) for conceptual design analysis of notional light

frigate
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Figure 6-125 Computed relative scores of candidate architecture against
qualitative criteria (C3, C5, R1-R4) for conceptual design analysis of notional light

frigate
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6.6.8 Objective Comparison of Candidate Propulsion System
Designs using VIKOR

The techno-economic comparative analysis of the candidate architectures was
undertaken the VIKOR method, as described in Appendix N, again following the
same process as that described for the case of notional destroyer analysis. The
set of metrics obtained against the combined set of quantitative and qualitative
criteria, for each of the candidate design architecture alternatives, serving as the

input data for the VIKOR analysis is shown in Table 6-28.

As for the notional destroyer analysis, the VIKOR analysis was commenced by
setting the value of the ‘strategy coefficient’ as v = 0.5 and the candidate design
architectures were rated by calculating the VIKOR parameters S, R, Q. The results
of the determined values of S,R,Q and the ranking for each of the application

cases are shown in Table 6-29.

For the best-suited alternative identified, further verification was undertaken to
check if the conditions of ‘acceptable advantage’ and ‘stability in decision making’
were met. In addition, a sensitivity analysis of the ranking and values of Q to the
‘strategy coefficient’, was undertaken by varying the ‘strategy coefficient’ v
between 0 and 1 at increments of 0.1 to evaluate the robustness and steadiness
of the solution. The results of this analysis are shown from Figure 6-126 to Figure
6-137.
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Table 6-28 Combined table of qualitative and quantitative metrics for all candidate
design architectures alternatives for conceptual design analysis of notional light

frigate, against the complete set of design criteria

Criteria COGAG CODAG | CODELAG IFEP
A1 A2 A3 A4

PC11 | P-Surg.spd. | B 31.3 30 29.5 28.4
PC12 | P-Cruis.spd. | B 225 21.5 19.5 19.2
PC13 | P-Endur. B 5553 8484 8172 6249
PC21 | P-OP.Sens. | B 0.225 0.090 0.053 0.631
PC22 | P-Opn.Flex. | B 0.543 0.291 0.112 0.054
PC23 | P-Manuev. | B 0.466 0.161 0.096 0.277
PC31 | P-UW.Noise | B 0.100 0.045 0.284 0.571
PC32 | P-IR Sign. B 0.044 0.117 0.235 0.604
PC33 | P-EM Sign. | B 0.507 0.328 0.125 0.040
PC41 | P-Redund. B 0.259 0.112 0.558 0.071
PC42 | P-Shock.R. | B 0.136 0.214 0.064 0.586
PC43 | P-FId.Surv. | B 0.150 0.240 0.066 0.544
PC51 | P-Reliab. B 0.558 0.266 0.128 0.048
PC52 | P-Availab. B 0.534 0.065 0.137 0.264
PCS53 | P-Repair. B 0.050 0.567 0.279 0.104
PC61 | P-Weight NB 204.8 251.7 297.4 459.7
PC62 | P-Space NB 74.9 79.7 111.5 114.1
PC63 | P-Fuel.Cap. | NB 481.6 308.8 325.4 414.9
CC1 | C-Acq. NB 37.41 28.54 35.95 52.26
CC2 | C-Maint. NB 8.35 6.65 5.32 5.78
CC3 | C-Man.Pow. |B 0.466 0.277 0.161 0.096
CC4 | C-Fuel. NB 73.50 64.80 59.90 62.20
CC5 | C-Sup.Infr. B 0.525 0.301 0.110 0.063
RC1 | R-Design B 0.520 0.302 0.136 0.042
RC2 | R-Sched. B 0.427 0.383 0.134 0.056
RC3 | R-Crw.Expr. | B 0.525 0.304 0.120 0.052
RC4 | R-Support B 0.427 0.385 0.140 0.048

B: Benefit Criteria, NB: Non-Benefit Criteria; Shaded Criteria: Quantitative Criteria
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Table 6-29 Computed VIKOR metrics S, R, Q and determined ranks as per for all candidate design architectures alternatives for

conceptual design analysis of notional light frigate, with v = 0.5

COGAG | CODAG CODELAG | IFEP
A1 A2 A3 A4
S 0.36 0.32 0.54 0.77
Case 1 R 0.07 0.06 0.10 0.13
Q 0.15 0.00 0.56 1.00
S 0.38 0.33 0.55 0.75
Case 2A | R 0.06 0.06 0.08 0.1
Q 0.07 0.00 0.51 1.00
s 0.43 0.37 0.55 0.71
Case 2B | R 0.08 0.09 0.09 0.09
Q 0.09 0.48 0.45 1.00
S 0.30 0.31 0.58 0.80
Case 3 R 0.06 0.07 0.13 0.16
Q 0.00 0.06 0.62 1.00
S 0.39 0.31 0.51 0.75
Case 4 R 0.09 0.05 0.08 0.16
Q 0.28 0.00 0.38 1.00
s 0.41 0.34 0.53 0.73
Case b R 0.06 0.07 0.07 0.11
Q 0.09 0.03 0.27 1.00

COGAG | CODAG | CODELAG | IFEP
A1 A2 A3 A4

S 2 1 3 4

Case 1 R 2 1 3 4
Q 2 1 3 4

S 2 1 3 4

Case2A | R 2 1 3 4
Q 2 1 3 4

S 2 1 3 4

Case2B | R 1 3 2 4
Q 1 3 2 4

S 1 2 3 4

Case 3 R 1 2 3 4
Q 1 2 3 4

S 2 1 3 4

Case 4 R 3 1 2 4
Q 2 1 3 4

S 2 1 3 4

Case 5 R 1 3 2 4
Q 2 1 3 4
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Table 6-30 Selection of best-suited candidate architecture and test of ‘acceptable

advantage’ and ‘stability of decision’, for v = 0.5.

Stability of
Be§t Acceptable Decision Sensitivity
Suited Advantage
Alternative | (dQ) (S;Rmatch | tov
with Q Rank)
Case 1 CODAG -0.18 S &R L
Case 2A CODAG -0.26 S&R L
Case 2B COGAG +0.03 R L
Case 3 COGAG -0.26 S&R L
Case 4 CODAG -0.05 S L
Case 5 CODAG -0.28 S L
dQ = [0(a3) - Q(a3)] - DQ
Sensitivity to v: L: Low, M: Medium H: High
4 Q
3 &
4
G52 d o o o o o o o o o ¢
1
14 o o o o o o o o o ¢
o-COGAG o-CODAG -e-CODELAG -o-|FEP
0 : : : : : : : : :

0 0.1 02 03 04 05 06 07 08 09 1
1%

Figure 6-126 Sensitivity analysis of VIKOR v values for Application Case 1 of

conceptual design analysis of notional light frigate
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V=05
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-6-CODELAG =-e-IFEP

Figure 6-127 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 1 of
conceptual design analysis of notional light frigate
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Figure 6-128 Sensitivity analysis of VIKOR v values for Application Case 2A of
conceptual design analysis of notional light frigate
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Figure 6-129 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 2A of
conceptual design analysis of notional light frigate
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Figure 6-130 Sensitivity analysis of VIKOR v values for Application Case 2B of
conceptual design analysis of notional light frigate
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Figure 6-131 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 2B of
conceptual design analysis of notional light frigate
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Figure 6-132 Sensitivity analysis of VIKOR v values for Application Case 3 of
conceptual design analysis of notional light frigate
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v=10.6
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Figure 6-133 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 3 of

conceptual design analysis of notional light frigate
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Figure 6-134 Sensitivity analysis of VIKOR v values for Application Case 4 of

conceptual design analysis of notional light frigate
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Figure 6-135 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 4 of
conceptual design analysis of notional light frigate
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Figure 6-136 Sensitivity analysis of VIKOR v values for Application Case 5 of
conceptual design analysis of notional light frigate
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Figure 6-137 Sensitivity analysis of VIKOR ‘Q’ values for Application Case 5 of

conceptual design analysis of notional light frigate.

6.6.9 Conclusions of the Propulsion System Conceptual Design
Study for the Notional Light Frigate

Across all the application cases where different relative weights for ‘Objective
Metrics’ of ‘Performance’ ‘Cost’ and ‘Risk’ were applied, with the ‘strategy
coefficient’ set as v = 0.5, the following conclusions can be drawn based on the

results from the VIKOR analysis.

As seen in Table 6-30, in all application cases except Cases 2B and 3, the
candidate architecture CODAG is ranked as the most preferred architecture. In
Cases 2B and 3, COGAG is ranked as the most preferred architecture. In all the
application cases, the CODELAG candidate architecture is ranked in third place,
while the IFEP candidate architecture is consistently ranked in fourth place.
Hence the final primary candidates could be narrowed down to the candidate
architectures CODAG and COGAG. However, it is important to also test if the
preferred architecture as per the ranking from the VIKOR analysis also qualifies
for the criteria for acceptable advantage and stability in decision making. The
results of these tests across all the application cases are summarized in Table

6-30. It can be observed from this investigation that even though the CODAG
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architecture is ranked first in most application cases, it does not satisfy the criteria
of acceptable advantage in any of these application cases. This basically means
that the degree of preference of the CODAG architecture is very close to the
COGAG architecture in all these application cases. Hence, the decision-makers
could also select the COGAG architecture, based on certain compromises across
some of the criteria. The criterion of stability of the decision-making is satisfied
for both the CODAG and the COGAG architectures. The sensitivity analysis
undertaken with respect to the value of the strategy coefficient, v, shows that the
ranking as well as the VIKOR metric, Q, are stable in the vicinity of the selected

strategy coefficient of v = 0.5.

Like the results for the notional destroyer, the CODAG or COGAG architecture
emerge as the preferred architectures and either could be selected by the
decision-makers with certain compromises. Again, the more electric architectures
were rated lower due to penalties of higher mass and occupied deck area. The
drivers for these results are similar to the case for the destroyer. The primary
difference in the results in the results of the light frigate and destroyer analysis is
that for Case 2B, where higher performance is the focus, the COGAG plant was
the preferred design while for the destroyer the CODAG-E architecture was the
preferred design. Again, it should also be noted that these conclusions are not
general conclusions for such combined architectures, but the specific
architectures considered for this analysis under the design criteria considered

along with their global weights.
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7 CONCLUSIONS AND FUTURE WORK

7.1 Achievements

7.1.1 Model-Based Design Space Exploration for Conceptual Design

A model-based design process has been proposed for the exploration of design
space towards undertaking the concept design of a propulsion system during the
early design stages of a ship. The method combines the ‘quantitative’ results
generated from model-based performance studies, with subject expert opinions
based on ‘qualitative’ results for those aspects of designs where exact
performance analysis is not possible during the early stages of ship design, to
select the ‘best suited’ propulsion system architecture for an application. The
novel process for undertaking the TERA analysis for the same has been
demonstrated using a hybrid DANP-AHP-VIKOR based MCDM method.

7.1.2 Analysis of Degree of Relationships between Performance
Criteria for Propulsion System Design

A novel approach of the derivation of weights for design criteria using a
combination of hierarchal, network structure for evaluating the global weights of
the design criteria for a propulsion system design, considering the mutual
influence of design criteria on each other, has been demonstrated. The degree
of influence between the performance criteria considered has been demonstrated
using the DEMATEL method.

7.1.3 Development of an Agile Steady State 0-D Component-Based
Modelling Framework for Combined Ship Propulsion Plants

A generalized ship performance modelling procedure based on a 0-D
component-based approach, extended from the gas turbine modelling approach
has been demonstrated. This agile modelling method is a key enabler required

for executing the proposed model-based design procedure.

The development of the framework included the creation of a novel algorithm to

model the multiple operating drive modes possible in a combined propulsion plant
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by analysis of the direction of ‘torque flow’ based on the states of engines and

clutches.

7.1.4 Application of Model-Based Design Space Exploration to Ship
Designs

The developed model-based design space exploration approach has been
demonstrated by application to two ship designs: notional destroyer and light
frigate designs. The analysis included the creation of specific combined plant
architectures to populate the design space, when were then been objectively
compared against the defined design criteria for a ship by using a combination of
performance simulation analysis using the developed modelling framework,
model-based dimensioning and cost models as well as relative expert opinion-

based comparisons of architectures.

7.2 Conclusions

The design process of ships, traditionally approached using the ship design
spiral, is being replaced with the integrated ‘systems approach’ for design
synthesis. However, the adhoc process for design using ‘design lanes’, rules of
thumb etc. is still prevalent. Irrespective of the approach taken during the initial
design of a ship, the propulsion system design is embedded into the process as
one of the systems being addressed in the overall process. This often masks the
considerations required to address all the aspects of the design of the propulsion
system, especially in the context of combined propulsion plants which have
added design complexity. The application of the proposed model-based design
space exploration for the ship has the potential to develop designs with lower

cost, risk and better-predicted performance

The application of the proposed model-based design space exploration needs
agile modelling methods for steady-state performance, dimensioning and costing.
Performance modelling of combined plants used for off-design analysis could
provide valuable insights into the plant designs, before the decision on the final
configuration, instead of focusing simulation studies on the dynamic performance

of propulsion plants towards the development or tuning of the ship propulsion
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control system as is the common present approach. The concept of the 0-D gas
turbine modelling method in the aero industry can be effectively extended for the
agile performance modelling of ship propulsion systems, as has been

demonstrated in this work.

Multiple criteria decision-making (MCDM) is an effective tool operations research,
concerned with designing computational and mathematical tools for supporting
the subjective evaluation of performance criteria by decision-makers, and can be
applied effectively for design space exploration of ship propulsion systems. When
MCDM is applied, the mutual relationships between the design criteria for the

ship propulsion system should be considered towards a more accurate analysis.

In the early stages of design, combining the ‘quantitative’ data based on models
with the ‘qualitative’ data based on expert opinion can make a very useful tool for

practically making design decisions with lower risks.

Different types of combined propulsion system architectures suit different types
of hull designs, even when similar design requirements are defined. The final
selection of the ‘best suited’ architecture is dependent on the evaluated scores of
the individual designs as well as the relative weights assigned to the design
criteria. The perspective from which the decision-maker is undertaking the
analysis, and what is the relative importance of performance cost and risks, are

important factors that influence the criteria weights.

With the analysis demonstrated for the notional frigate and destroyer, the more
traditional architectures like CODAG and COGAG were the preferred designs.
The more electric architectures were rated lower due to penalties of higher mass
and occupied deck area despite some of the advantages they offer in the flexibility
of operation and performance. From this analysis, it can be inferred that with the
present technological levels, to have more electric architectures selected for such
ship designs, there must be more specific drivers for justification of such designs
than the ones that have been considered for the present analysis. These drivers
could be requirements such as extremely high energy requirements for ship
weapon systems, specific low underwater noise requirements etc. On the other

hand, it should also be noted that these conclusions are not general conclusions
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for such combined architectures, but the specific architectures considered for the
presented analysis under considered the design criteria along with their defined

and derived weights.

7.3 Impact

The proposed generalized method for undertaking the design space exploration
of a ship propulsion plant has the potential to offer advantages like lower cost of
design and hardware with improved overall system performance with lower risks
for design, cost and time overruns. Though the proposed method has been
demonstrated by application to warship propulsion architectures, the method
could also easily be applied towards the concept design of propulsion plants for

commercial vessels.

As the ship design process evolves and more accurate data is available, the
model-based approach could be used to ascertain the validity of the data initially
assumed during the early stages of design and make corrections for the future.
This evolution of the performance modelling could potentially lead to having an

improved process for design validation before the sea trials of a ship.

The introduces TERA based on MCDM could be extended for TERA analysis
applied for investigations in other domains like aviation and power generation

industries etc.

The integrated 0-D component-based plant level modelling methodology could
be expanded to aero and industrial plants with the addition of the requisite models
of specific components. This common modelling base could also trigger an

exchange of ideas between the various disciplines.

The developed component-based modelling process is based on ‘stitching’ of
incremental component models, which is well suited for students for undertaking
research work and to enhance the capabilities of the modelling framework over

time.

298



7.4 Future Work

Since the present work involved the creation of an overall framework to undertake

the conceptual design of a system, while many aspects of the framework were

developed to a high level of detail, there were others for which suitable

simplifications were used to limit the overall scope of work. Some of these

aspects which could be used for future work are described below.

Dimensioning models for propulsion system equipment. Improved
regression models are especially required for dimensioning of the
electrical system machinery. The simple cycle gas turbines could be
subdivided into categories of aero-derivative and heavy frame for better
accuracy of the models.
Maintenance cost models. Improvement of maintenance cost models, to
include the considerations of conditions under which the engine are
exploited, rather than averaged operating hour-based models presently
used.
MCDM methods. Experts often found it difficult to use the DEMATEL or
AHP Saaty’s scale for relatively rating the candidate design architectures.
Application of fuzzy scales could improve the data gathered for expert
opinion.
Diesel engine modelling:

o Extension of the gas turbine engine component-based modelling

process for diesel engine modelling and simulation.
o Addition of diesel engine related components like engine cylinders.
o Extension of compressor and turbine modelling used in the gas
turbine engines for application to diesel engine turbochargers.

Gas turbine engine modelling:

o Effect of water ingestion, humidity effects.

o Application of variable geometry in compressors and turbines.

o Additional components required for complex cycle gas turbines.

o Ability to model compressor bleeds without the application of the

splitter component.
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o Addition of engine components like intercoolers, recuperators,
other heat exchangers for modelling of advanced cycle gas turbines
as well as applications with heat recovery.

e Propulsor

o Extension of the propulsor model to include water jet models for
integration with ship propulsion systems.

o Addition of 4 quadrant behaviour to the implemented propeller
model to model trailing or watermilling propeller behaviour.

o Addition of more modern propeller series models to the component

library.

The developed steady-state modelling framework could be extended for transient
analysis so that the same models used for the analysis as presented in the
present work, could be extended for dynamic simulation studies for the propulsion

system.

Additional improvements could be made to the developed modelling framework,
Poseidon+ by the addition of the ability to graphically create models than use the

text-based modelling system currently implemented.
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APPENDICES

Appendix A Poseidon+ Software Design

A.1 Development Language and Environment

C# was selected as the development language for Poseidon+ considering the
features it offers as a modern programming language for Object-Oriented
Programming (OOP). C# code is ‘Compiled to an Intermediate Language’ (CIL)
making it independent of the target architecture and operating system. C# forms
as part of the .NET framework which allows for a tightly integrated input/ output
interface with or without graphics, with the main application. A brief trade-off study
was undertaken for the selection of the development language before the
commencement of the coding for Poseidon+. The primary drivers for the selection

of C# as the development language are explained in the next paragraph.

It is planned to develop a graphical web-based user interface for Poseidon+ on
the lines of ‘WebEngine’ in the future. A web-based user interface means that a
web browser is used as the client computer software, sometimes called a ‘thin
client’, providing the ability to update and maintain the software without the need
of distributing and installing software on individual client computers. It also
provides the advantage of cross-platform compatibility with multiple operating
systems and hardware, with the inherent support available for web browsers. The
‘WebEngine’ interface for Turbomatch was also developed using C# [37].
However, since Turbomatch is developed in FORTRAN, there is a need for
software ‘wrappers’ required to interface the two applications. C# can be
effectively used to build the core application with the requisite mathematical
requirements, and it can also seamlessly integrate with the web-based user
interface in a selected development framework like the .NET framework. Based
on these factors, C# was selected as the development language in the .NET
Framework. Though C# and .NET Framework have been developed by Microsoft,
they are based on open ECMA (European Computer Manufacturers Association)

and ISO (International Organization for Standardization) standards, and thus the
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.NET platform is also supported by the open-source ASP.NET (Active Server

Pages.NET) implementations.

One of the primary requirements of a good web application framework is the
separation of the data content from the presentation to the user. The data model
should be open-ended so that it is usable by a variety of views, and that some
controlling mechanism that interfaces the retrieved content with the appropriate
presentation format. Towards this, the ‘Model-View-Controller’ or MVC design
method is popular for .NET based applications. The MVC works on the basic
principle that the ‘Controller’ receives a user request via the ‘View’, constructs the
data ‘Model’ that fulfils this request, and selects a ‘View’ to present the results.
The ‘View’ communicates with the ‘Model’ to update the content in the desired
format. For Poseidon+, the MVC design method has been implemented, as
shown in Figure A-1, using Visual Studio 2013 (VS2013) as the Integrated
Development Environment (IDE). VS2013 also offers a wide array of features for

development, including ‘intellisense’ and project management.

View
\ User
request
Data interface .
for View Sglechon of
View for user
/ interface \
Constructs
Model —— the Data Controller
Model

Input  Output
Data Data

N
I

: Core Application |

Figure A-1 ‘Model-View-Controller’ (MVC) design implementation in Poseidon+
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A.2 Overall software architecture in Poseidon+

The overall design of Poseidon+ has been developed as a collection of classes,
which are instantiated and used in the paradigm of OOP. The data across various
methods in the classes are transmitted in a structured format as per created
classes instead of arrays, allowing for a more readable code that allows for ease
of expansion when required. In general, global variables are not used to avoid
errors and optimal usage of memory resources in the computing environment.
The following paragraphs give a brief overview of the software architecture of

Poseidon+.

The overall software architecture of Poseidon+ consists of the following software
modules, which consists of their own classes and the classes their respective

methods:

e Core Module

e User Interface

e MVC Controller

e Model Parser

e Output Data Handler

e Mathematical Solvers

e Optimization Functions

¢ Map Interpolation Functions

e Fluid (Thermodynamic) Models

A.2.1 Core Module

The ‘Core Module’ is designed to undertake the performance simulations
calculations for gas turbine engines as well as the ship propulsion system, each
executed through an individual software module. the sub-modules receive the
input model data from the model parser. Both the sub-modules communicate with
each other in the scenario when the propulsion system simulation involves gas
turbine engine simulation. both the sub-modules use the math layer functions i.e.

non-linear equation solving optimization. The core module interacts with the
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system and user-defined maps through the map interpolation functions. The

overall block diagram of the ‘Core Architecture’ is shown in Figure A-2.

Web Page

Selected Simulation

MVC Controller

I
Simulation Settings

+ —Data Addressp
Results Formatted _ | Output Data Model Parser Model Data
Output OQutput Data Handler 4-Model Data—

Output Plant, Engine Model
Data Plant, Engine Simulation Settings
Core Module
la
Engine Maps T Gas Turbine Engine |« Ship Propulsion [
9 P | Core Sub-Module P Core Sub-Module Plant Maps
A A A A
A Y Y Y
Fluid Models Map Interpolatlon Mathematical Optlmlgatlon
Functions Solvers Functions

Figure A-2 Simplified overview of overall software architecture in Poseidon+.
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Figure A-3 Simplified overview of gas turbine engine core sub-module architecture in Poseidon+.
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Figure A-4 Simplified overview of ship propulsion system core sub-module architecture in Poseidon+
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A.2.2 Gas Turbine Engine Core Sub-module

A simplified overview of the gas turbine engine core software architecture in
Poseidon+ is shown in Figure A-3. The gas turbine core submodule receives the
engine model data from the model parser module. The ‘Engine Master Controller’
is responsible for the overall coordination and sequencing function of the sub-
module. Separate sequencing routines are used for design point (DP) and off-
design (OD) performance calculations. Each OD calculation involves an initial run
of a design point calculation to obtain the various scaling factors required for

running an OD simulation.

The ‘Engine Master Controller’ uses the ‘Engine Module’ for running both the DP
and OD calculations. For the OD calculations, the solution needs to be iteratively
found using the ‘Engine Module’ along with the nonlinear solver. For either DP or
OD the ‘Engine Module’ uses the overall input and derived data is constructed
into a structured engine model and interact with specific engine component
processor modules to calculate the function plant performance for each iteration.
The ‘Engine Component Processer’ interacts with the specific internal and user-
defined component maps through the map interpolation functions. After the final
solution is found, the data is output to an output file using the ‘Output Data

Handler'.

A.2.3 Ship Propulsion System Core Sub-module

A simplified overview of the software architecture of the ship propulsion system
core sub-module in Poseidon+ is shown in Figure A-4. The ship propulsion core
submodule receives the plant model data from the model parser module. The
ship propulsion master controller interacts with various methods to obtain the
water properties, the hull resistance data, propeller open water data, engine-
propeller interface data, switchboard-genset interface data, switchboard electric
motor data from the relevant methods as shown in Figure A-4. The ship
propulsion master controller uses the propulsion module along with the nonlinear
solver to find the ship propulsion performance simulation solution. For this, the

overall input and derived data is constructed into a structured plant model which
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is used by the propulsion module to interact with specific propulsion component

processor modules to calculate the function plant performance for each iteration.

The propulsion component process interacts with any user-defined plant maps
through the map interpolation functions. When the plant model involves a gas
turbine engine, the gas turbine engine sub module is called to undertake the
engine performance calculations and feedback to the propulsion system. After
the final solution is found the data is output to an output file using the output data

handler.

A.2.4 Fluid Properties

The fluid properties module is used to calculate the thermodynamic properties of
the working gas in the gas turbine engine and properties of water used in ship

propulsion system modelling, using individual methods.

The ‘Thermodynamic Fluid Functions’ are used to calculate the thermodynamic
fluid calculations to calculate enthalpy, entropy and specific heat ratio from the
given temperature and fuel-air ratio or iterative calculations of temperature from

the enthalpy, entropy for the given fuel-air ratio pressure etc.

For calculating the properties of water like density, dynamic viscosity and vapour
pressure based on the given temperature and salinity of water, the ‘Water

Properties’ functions are used.

A.2.5 Model Parser

The ‘Model Parser’ is used to process the input data from the model file into a
defined structure of an input model that is used by the ‘Core Module’ to undertake
the performance calculations. The model parser has sub modules for reading the
input data, and individual modules for processing the input data for the ship

propulsion plant and gas turbine engine.

A.2.6 User Interface

The current implementation in Poseidon+ uses a web page-based interface

(Figure A-5) to capture user commands for controlling the simulation or
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calculations, while the details of the model are provided through a referenced text
file. As described earlier in this chapter, it is planned to eventually migrate to a
complete graphical user interface which would be also used for the creation of
the model itself and post-processing the results into graphics. However, this
would need a large amount of effort and was hence not included in the present

scope of work.

Poseidon  Help  About v
Poseidon Run Options

Gas Turbine Engine Performance

Simulation Run »

Ship Propulsion System Performance
Hull Resistance

Resistance Curve »

Propeller

Open Water Curves » Optimization Run »

Integrated Propulsion Plant

Simulation Run »

Test Function

Integrated Modelling and Performance Simulation for Gas Turbine Engines and Ship Propulsion System

Test Function Launch »

© 2021: Cranfield University

Figure A-5 Currently implemented web-based user interface for Poseidon+

A.2.7 MVC Controller

The MVC controller is used to capture the user commands from the user interface
web page and call out the model parser function to initiate the simulation process.
This implementation is in line with a standard MVC design implementation. While
currently, the implementation of this controller is fairly simple, it would grow as

the complexity of the user interface increases in the future.

A.2.8 Output Data Handler

The ‘Output Data Handler’ Is designed to process the output data based on the
mode of execution defined by the user. The current implementation of Poseidon+
allows the output data to be exported to text files for individual runs of the

simulations.
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In addition, Poseidon+ also includes a module to export the simulation data
incrementally for each simulation run to an excel sheet. This feature is very useful
to post-process and analyse the data from simulations since Poseidon+
organises the data automatically into worksheets, rather than the user having to
manually undertake this exercise using text files for individual runs of the

simulations.

A.2.9 Mathematical Solvers

Non-Linear Solvers

The ‘Non-Linear Solvers’ are used for iteratively solving the set of simultaneous
equations for both the gas turbine engine and propulsion system simulations. In

Poseidon+, the following two methods for solving nonlinear equations have been

implemented:

¢ Newton Raphson with Backtracking

e Broyden’s Method
Polynomial Equation Root Finder

For calculation of thermodynamic properties of the gas turbine engine working

fluid, polynomial equations, given in the form are often used:
fn(X) = ag + ayx + ax? + -+ apx™
where n = the order of the polynomial and the a’s = constant coefficients.

For root finding of such equations, includes, Mueller's Method has been
implemented in Poseidon+. The method is based on the principle of finding the
root estimate by projecting a parabola through three points of the given function
[115].

A.2.10 Optimization Function

The Nelder-Mead (NM) of optimization has been implemented in Poseidon+ for
numeric optimization of the propeller parameters as a part of the preliminary
design of the propeller. The implementation of this method is described in
Chapter 4.2.
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A.2.11 Map Interpolation Functions

The component maps are designed to be stored as external text files. Poseidon+
has been designed to accept standard maps as well as user-defined custom
maps. standard maps. The standard maps are a library of predefined maps used
for gas turbine engine performance calculations from which the user selects the
applicable map for a particular model by defining it in the input model file. The
user can define custom maps instead of these maps if needed by following the
map formats as defined in Chapter 4.2. For ship propulsion system modelling, the
user can define, custom maps to define the resistance and propeller open water

characteristics, if required.

The ‘Math Interpolate’ functions have been designed to read, interpret, and
perform interpolation for the maps defined for any model. These functions have
been designed to read and interpolate for the following two types of maps with

their modes of parsing: -

e ‘Turbomatch style’ maps for compressor and turbines are defined in
Chapter 4.2.

e Standard 1D maps

e Standard 2D maps

The interpolation methods used for the maps are:

e Custom methods for interpolation of ‘Turbomatch style® maps for
compressor and turbines as defined in Chapter 4.2.

e 1D and 2D interpolation using linear interpolation method.

e 1D and 2D interpolation using Lagrange’s method of interpolation [91].

e 1D and 2D interpolation using cubic splines [91].
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Appendix B Symbolic Representation of Poseidon+ Model Components
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Figure B-1 Symbolic representation of Poseidon+ gas turbine model components.
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Figure B-2 Symbolic representation of Poseidon+ propulsion plant model components.
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Appendix C Poseidon+ Input File Format

The input file format for Poseidon+ is based on a modern programming style
interface using curly braces as the separators. This is completely different from
the style of the Turbomatch input file, which is based on using line numbers and
station numbers for the user inputs as shown in Figure C-1. Based on discussions
with many users of Turbomatch at Cranfield University, it was decided to
completely change the input file format, in order to have a more flexible format

for providing model inputs.

L

0D SI KE VA FP
1

-1

INTAKE 51,2 D1-6 R100

COMPRE S2,3 D7-18 R102 v7
PREMAS 53,10,4 D19-22

PREMAS S4,11,5 D69-72

BURNER 55,6 D23-30 R104 w6,6
MIXEES $6,11,7

TURBIN 57,8 D31-45 v3i2
NOZCON S8,9,1 046,47 R110

PERFOR 51,0,0 p48-51,110,100,104,0,0,0,0,0
CODEND

DATA ITEMS ////
11000. ! INTAKE: Altitude [m]
. ! peviation from ISA temperature [K)
0.8 ! Mach number
! Pressure recovery, according to USAF
| peviation from ISA pressure [atm]
! Relative humidity [%]

-1 ) ! COMPRESSOR I: Z = (R-R[choke])/(R[surge]-R[choke]) (if =-1. the default value
.85 is invoked) .
! Relative rotational speed PCN

Do~ SV B W N
o o

|

25. | DP Pressure ratio
10 0.85 ! isentropic efficiency
11 1. ! Error selection
12 3. ! Compressor Map Number
13 1. ! shaft number
14 1. ! Scaling factor of Pressure Ratio - Degradation factor
15 1. ! scaling factor of Non-D Mass Flow - Degradation factor
}6 1. ! Scaling factor of ETAc is (Compressor isentropic efficiency) - Degradation
actor
17 0.5 | Effective component volume [mA3]
18 0. ! Stator angle (VSV) relative to DP

Figure C-1 Sample Turbomatch model input file [93]

In general, the input file format of Poseidon+ does not require the user to keep
track of line numbers or any particular sequence for providing the input data. To
create a model file, the user needs to use the right keywords to define the
parameters or the group of parameters. The parameter groups are separated by
curly braces ({ }), while the individual parameters are separated by semicolons

(;). User comments are added by preceding the statement with double slashes

().
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Separate formats for the input files have been defined for the gas turbine engine

and the ship propulsion plant models as shown in Figure C-2 and Figure C-3.

The Poseidon+ gas turbine engine input file, as shown in Figure C-2 is divided
into two primary parts, the first part being the model definition and the second

part of the file being the simulation run definition.

e The model definition consists of the basic defining parameters of the
engine under the ‘EngineDefinition section, the definition of the ambient
conditions under the section ‘Ambient’, and the various parameters of the
‘EngineComponents’ of the engine in the section engine components. The
interconnections between the various defined components in the model
file, are defined using the ‘in’ and ‘out’ ports of the components in the
sections ‘FluidConnections’ and ‘MechConnections’, for defining the flow
of the working fluid in the engine and the mechanical connections for
torque transfer, respectively.

e The definition of the simulation run is used to define the selection of
parameters for the OD simulation in the section ‘SimulationODParameters’
and the values of parameters required for a particular simulation run in the
section ‘SimulationRun’. In ‘SimulationODParameters’, the parameters
that are to be used as the handles or the power setting parameters of the
engine are identified in the section ‘Handle’, while the variables that are
used by the nonlinear equation solver, are identified in the section
‘Variables’. In ‘SimulationRun’, the type of simulation to be run, OD or DP,
is defined using the ‘RunType’ parameter. The ambient conditions for the
OD run are specified in the section ‘Ambient’ and the values of the
parameters defined as the handles are defined using the parameter/s
‘ODHandleValue’.

The propulsion system model input file in Poseidon+, like the gas turbine engine
input file, is divided into two primary parts, the first part being of the model

definition and the second part of the file being the simulation run definition.

e The model definition consists of the basic defining parameters of the

propulsion plant under the ‘PlantDefinition’ section, the definition of the
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ambient air as well as water conditions under the section ‘Ambient’, and
the various parameters of the propulsion plant components including the
hull in the section ‘PlantComponents’. The interconnections between the
various defined components in the model file, are defined using the ‘in’ and
‘out’ ports of the components in the sections ‘PlantConnections’ and
‘PlantEIConnections’, for defining the mechanical connections for torque
transfer, as well as electrical connections between the electrical system
components respectively. In addition, the various combinations of engines
and clutches which define a particular propulsion system ‘drive mode’ is
defined in the section ‘PlantDriveModes’. The definition of propulsion
system drive modes in this manner allows referencing the simulation run
conditions more consistently and concisely.

e The definition of the simulation run is used to define the selection of
parameters for the section ‘PlantSimulationRun’. The propulsion system
drive mode for the simulation run is defined by the parameter ‘DriveMode’.
The ambient conditions for the OD run are specified in the section
‘Ambient’ and the set of values of the parameters of various components
that set the overall operation point parameter setting (like fuel flow for
engines, pitch setting for CPP) are defined by the parameter

‘ParameterSetting’ for the respective components.

It should be noted that for both the engine and propulsion system model file, the
listing of components in the components section also does not need to follow any
particular sequence. Similarly, parameters for each component listed in the

section for components do not need to follow any defined sequence
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Engine:Name

EngineDefinition

EngineComponents

{

Component Type: CompName

Map {}

}

1
FluidConnections
{ Connection: ConnName{ CompName(Ot
}
MechConnections
{

Connection: ConnName{ CompName(Ot
}

SimulationODParameters

{
Handle
{ ComponentType: CompName
{
}
}
Variables
{ ComponentType: CompName
{
}
}
}
SimulationRun: RunName
{
RunType: Val;
ODHandleValue: Val;
Ambient
{
}
}

Figure C-2 Input file format for a gas turbine engine model.
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Plant: PlantName

PlantDefinition

PlantComponents

{

Component Type: CompName

{
}Map{}

}

PlantConnections

PlantElConnections

}
PlantDriveModes

PlantSimulationRun: SimRunName
DriveMode= ModeName;

Ambient

PlantComponents

{

Component Type: CompName

ParameterSetting= Parameter Value;

Connection: ConnName { CompName(Out); Com

ElConnection: ConnName{ CompName(Out); Cor

{
DriveMode: ModeName { CompName(On); Comp

Figure C-3 Input file format for ship propulsion system model.
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Appendix D Thermodynamic Calculation Models

The following sections describe the theoretical background, considerations for
the thermodynamic calculation models and procedures implemented in

Poseidon+, across the performance calculations.

D.1 Thermodynamic Property Models

The thermodynamic properties of interest that are extensively used across gas
turbine calculations are specific heat at constant pressure, specific enthalpy and

entropy, gas constant and ratio of specific heats. These may be defined as [90]:

e Specific heat at constant pressure c, can be defined as the amount of
energy required to raise the temperature of one kilogram of the gas by 1
deg C, at constant pressure.

e Specific enthalpy h can be defined as the energy per kilogram of gas
relative to a stipulated zero datum.

e Specific entropy s. Entropy may be defined as thermal energy not available
for doing work in a process. During compression or expansion, the
increase in entropy is a measure of the thermal energy lost to friction,
which becomes unavailable as useful work.

e Gas constant R numerically equal to the difference between c,, and specific
heat at constant volume c,,.

e The ratio of specific heats, y, is defined as the ratio of the specific heat at

constant pressure ¢, to that at constant volume c,.

The performance calculations in Poseidon+, like Turbomatch, are executed using
the method of fully rigorous calculations for changes in enthalpy and entropy
across components are evaluated using ¢, and h. The method used, based on

the theoretical assumptions for the same, is described below.

All gases employed as the working fluid in gas turbine engines, except for water
vapour, may be considered as perfect gases without compromising calculation
accuracy. When the mass fraction of water vapour is less than 10%, which is

usually the case when it results from the combination of ambient humidity and

332



products of combustion, then for performance calculations the gas mixture may
still be considered perfect. When water vapour content exceeds 10%, the
assumption of a perfect gas is no longer valid. A perfect gas has its enthalpy as

only a function of temperature and not pressure and adheres to [67]:

Pv =RT (D-1)

which is a relation derived from the equation of state:

RdAT = Pdv + vdP (D-2)

The thermodynamic concept of an ideal mixture of semi-perfect gases is widely
used for gas turbine engine performance calculations. The mixtures of semi-
perfect gases are characterized by their extensive and intensive properties. The
extensive properties of a mixture are the sum of all contributions made by every
component like total mass or moles of a mixture; while intensive properties are
approximated by a weighted average of the properties of the components which
characterize the primary thermodynamic properties. Based on the above,
considerations, Poseidon+ considers the working fluid of the gas as a mixture of

semi-perfect gases having the following properties:

e The specific heats of the individual components of the gas are only a
function of temperature.
e The pressure of the mixture is the sum of the partial pressures of the

individual gas components.

Hence, to calculate the thermodynamic properties of the working fluid, calculation
of the mass fraction of each gas component is necessary, based on which the
thermodynamic properties can be further calculated. This concept of a mixture of
semi-perfect gases has been implemented in the Poseidon+, based on a similar
implementation as in Turbomatch. The mass fraction of the components of the

working fluid is calculated as follows.

The mass m of a substance is expressed in terms of moles N and molecular

weight M as:
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m=NM (D-3)

The average molecular weight of the mixture M,, with k elements is then

expressed as:

k D-4
M. = mm, _ ;(=1 NiMi _ Z oM ( )
m Nm Nm l l

i=1
where x; is the mole fraction of each component of the mixture given by:

N; (D-5)
X; = N_
m

D.2 Calculation of Mass Fraction of Gas Components

When a hydrocarbon fuel is burnt in air, combustion products change the
composition significantly. The degree of change in air composition depends both
on the fuel-air ratio and fuel chemistry. The amount of fuel in the air can be
expressed in a dimensionless number called the Fuel-to-Air ratio (FAR). The FAR
for which all the oxygen is consumed is termed stoichiometric and the products
resulting thereof are called stoichiometric combustion products. Any additional air
present during the combustion process is called excess air. Theoretically, the
excess air does not react during the combustion process and hence it can be

considered to be unchanged as a part of the combustion products.

Gas turbine engines always operate with a large amount of excess air (100% to
250%), to maintain the flame temperature below the mechanical limits of the
materials. The combustion process can be considered completed at the exit of
the combustor of the gas turbine engine. Consequently, the gas mixtures can be
considered to be in thermodynamic equilibrium and the unburned products can
be neglected. Therefore, for gas turbines (without water or steam injection), it can
be assumed that the expanding gas is composed of only two components:
stoichiometric combustion products and excess air. The stoichiometric
combustion products and excess air can be treated as mixtures with constant

compositions. This consideration greatly reduces the number of variables
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required to determine the composition of gas composition [126]. On the other
hand, very complex combustion kinetics analyses are required to model
incomplete combustion and to include the dissociation effects, but this is not
considered necessary for most models used for gas turbine performance

simulation.

Since complete combustion has been assumed, the mass balance between
reactants and products is used in Poseidon+ to determine the composition of the
combustion products. The actual composition of the combustion gas is

determined based on the fraction of stoichiometric products as follows.

Total working medium flow W,,.,; is expressed as a sum of airflow W,;,- and fuel
flow WF:

Wiotat = Wair + WF (D-6)

where airflow W,;, is expressed as a sum of stoichiometric air low Wy, ;c qir

and excess airflow W, s qir» @S follows:

Wair = Wstoic air + Wexcess air (D'7)

The fuel-air ratio FAR is defined as:

D-8
FAR = (b-8)
air
The stoichiometric fuel-air ratio FAR,;,;. is defined as:
FAR _ WF (D-9)
stote Wstoic air
Equivalence ratio ¢ is defined as:
FAR (D-10)
d=——
FARstoic

The following general relationship is used for hydrocarbon-based fuels to
estimate the stoichiometric mole numbers of air and the main combustion

products, assuming complete combustion with no dissociation:

335



v w -
CullyOuNeSy + (u+5 == +) (0, +3.76N) — (b-11)
CO, +2H,0 +vS0, + 376 (u+ 2 =¥ al By
uCO, +5H,0 +y 2+ 3. (u+Z—E+y)+§] ,

where C, H,,0,,N,S, is the known composition of the fuel.

Air is found in the atmosphere as a mix of different elements including water
vapour. Air containing no water vapour is called dry air. The concentration of the
other elements in air such as N2, Oz, Ar, Ne show no variation under different
conditions, therefore, the atmospheric air is considered as a mixture of dry air

and water vapour.

Hence by knowing the FAR, the fuel type with defined composition, the entire gas
or working fluid composition can be calculated. Poseidon+ calculates the molar
gas composition using FAR and fuel type as the input. Since the stoichiometric
combustion products are solely dependent on the fuel type with defined
composition, these have been predetermined in the module, based on the fuel

composition.

D.3 Thermodynamic properties of the working fluids

For gas turbine performance calculations, the following basic thermodynamic

relationships are used:

From the Second Law of Thermodynamics and Gibbs equation, change in

entropy ds is given by:

s = dT r dP (D-12)
S—Cp T P
sz dT R P, (D-13)
S;— 81 = ¢ —Rin—
2 r, 0T P,

where specific heat capacity at constant pressure c, is defined as:
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Defining entropy function ¢:

4T (D-15)
¢ = Cp ?

Tref
Change in entropy and enthalpy are given by:

P (D-16)
S2 751 =(],’)2—¢1—Rlnp—2
1

T (D-17)
h = cp dT

Tre f

Knowing the pressure or temperature difference across the process the

thermodynamic gas parameters can be calculated by an iterative process.

For isentropic process ds = 0

b= ¢ = Rint (0-18)
P1
Based on definitions:
R=c,—c, (D-19)
_9 (D-20)
Yy = c,
The (specific) gas constant for an individual gas R is given by:
R Ry (D-21)
m

where R,, is the universal gas constant and m is the molecular weight of

the gas.

For gas turbine engines, with a steady flow of gas, only the specific heat at

constant pressure c,, is used directly and often referred to simply as specific heat.
For the gases of interest, ¢, is considered as a function of only gas composition

and static temperature, with the consideration as described earlier in this chapter.

For calculations of c,, total temperature can normally be used up to Mach
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numbers of 0.4 with negligible loss in accuracy since dynamic temperature

remains a low proportion of the total.

Changes in enthalpy, rather than absolute values, are important for gas turbine
performance calculations. Total or static enthalpy may be calculated, depending
on which of the respective temperatures is used. Total enthalpy, like total
temperature, is most common in performance calculations. Changes in entropy,
rather than absolute values are of interest. The ideal work would be required or
produced if entropy did not change, i.e., if the process were isentropic. Isentropic
efficiency, defined as the appropriate ratio of actual and ideal work, is used to

account for the effects of entropy.

The ratio of specific heats y is considered to be a function of gas composition and
static temperature. However, the total temperature may be used when the Mach

number is less than 0.4.

The thermodynamic properties of the gas c,, h and R are considered to be
intensive properties of a mixture and are thus calculated using a weighted
average of the properties of the components of the mixture. The weighting factor
is either the mass fraction or mole fraction of each component x;, calculated by
dividing the component mass or the number of moles over the mixture total mass

or moles. Thus, ¢,, h for the working fluid can be calculated as:

k
hm = Z xihi

i=1

k
Cpm = Z XiCp,i

i=

(D-22)

(D-23)

=

The thermodynamic properties of the individual elements are evaluated as a
function of temperature using defined polynomial laws. There are many sets of
polynomials for the calculation of properties of the common elements in air and
combustion products. Poseidon+ uses the set of equations developed by Bucker
et.al. [118] to characterize the thermodynamic properties of interest for the main

components of combustion gases. These equations have been developed
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specifically for gas turbine engine applications, with a high degree of accuracy for
gas mixtures at temperatures from 200 to 3300 K. The thermodynamic properties

for the mixtures are calculated as per the equations [118]:

10 T\ Di (D-24)
S JPCs
i=1
10 T, T\ Di+1 (D-25)
i=1
10 -
mix .0 r Am,i r b (D-26)
Sm = Qmup— Ryln 2 + A" % + Ay In T +Z UA
0 0 i Mo

where:

an,;: coefficients for the mixture, calculated for i =1,11,1,2, ...,10 according

to:

(D-27)

where:

ay,; are substance-specific coefficients a,; given in Table
D-1

k denotes the component of the mixture,
xi is the mole fraction (mole/ concentration in mol/g).
b;: exponents, not substance-specific and given in Table D-2.

The definitions of the constants, reference temperature T, , reference pressure

P, and the universal gas constant R,, used in the above equations are:
T, = 273.15K

P, = 101.325 kPa
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R, =8.314472]/mol/ K

Table D-1 Values of substance-specific coefficients a, ;.

i Nitrogen Oxygen Argon Neon

I 4.305300363% 10% 5.295253592% 107 —5.677745067x 10° —5.677745067X 10°
1 —4.085709350% 10° —7.353805669 10°

1 2.475830346% 10° 6.408242565% 10° 2.078618000% 10" 2.078618000% 10’
2 —2.815239891x 10* —1.599937045% 10°

3 1.116401165x% 10° 9.984801256% 10°

4 —8.147644187% 10° —1.280873444 % 10°

5 2.185120405% 10° 4.186599156 %X 10°

6 —2.978031305x 10° —6.720142804 % 10°

7 ~1.308008001x 10° ~3.799977202x 10°

8 4.305948510% 10° 1.378691801 % 10°

9 —8.082302563% 10* —2.806954185% 10*

10 6.622545214% 10° 2.459943097x 10°

i Water Carbon Dioxide Carbon Monoxide Sulfur Dioxide

I —7.574888563% 108 2.042361458% 10° 4306836224 10° —3.845730250% 10°
11 7.373724814% 10° —1.912121053% 10° —4.203685809% 10° 3.543224735% 10°
1 —4.747782033% 10° 1.103695150% 10° 2.670755728 % 10° —2.076653674x 10°
2 4.799919289 10* —1.365096910x 10* —2.715629936% 10* 2.589571253% 10*
3 —1.931588954% 10° 5357704944 % 10* 1.096509012% 10° —1.012523438% 10°
4 1.460728340x 10° —3.816063864 % 10° —8.303525865% 10° 7.161863952% 10°
5 —4.000075762% 10° 1.008950325% 10° 2.269213594% 10° —1.889754780% 10°
6 5.576209858 % 10° —1.352938737x 10° —3.151865706x 10° 2.535020356 10°
7 2.570488297% 10° —5.701809626% 10° —1.438126165% 10° 1.082842148% 10°
8 —8.670521019% 10° 1.828513133% 10° 4.824833432x 10° —3.524395911% 10°
9 1.666429390% 10° —3.329618224% 10* —9.227524508 % 10* 6.552035769% 10*
10 —1.396634620% 10* 2.635366727X 10° 7.701550175% 10* —5.325634796 X 10°

Table D-2 Values of exponent b;.

=

0.00
—1.50
—1.25
—0.75
—0.50
—0.25

0.25

0.50

0.75

1.00

SOOI N W —
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D.4 Additional Thermodynamic Relations Used

Stagnation properties:

VZ
T=TS+ —
2¢,
VZ
H=HS+7

‘Corrected form’ of non-dimensional parameters:

Corrected speed:

N/N
o — V/Nop)
Vo
Corrected mass flow:
w6
CMF = T\/_

where 8 and § are defined as:

T.
9 = in
Tstd
P:
S = in
P std

with the following constants:
Tyq = 288.149 K

P,y = 101.325kPa
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Appendix E Gas Turbine Component Models

E.1 Ambient Air Model

The ambient air model is designed to calculate the air temperature and pressure
based on user-specified altitude, as needed primarily needed for aero
applications. For ship propulsion system applications, the user can define the

deviation in a temperature and pressure from the standard (ISA SLS) conditions.
Model Input:

For ship propulsion: Deviation from ISA temperature and pressure dT,s,, dP;s4
For flight calculations: Flight altitude Alt in m, defined as user input.
Calculations (common for DP and OD Calculations):

Based on Alt, TS,.,, and PS,,,, are calculated.

For Alt < 11000

TS;sa = 288.15 — 0.0065 Alt (E-1)

288.15\ >25588 (E-2)
TSamb

PSISA = 101325 (

For 11000 < Alt < 24994

TS;sa = 216.65 (E-3)

22.63253 (E-4)

PSisa = £0.000157689 (Alt — 10998.1)

For 24994 < Alt < 30000

TS;sa = 216.65 — 0.0065 Alt (E-5)

216.65)11'8 (E-6)

am

Users can also define the deviation from ISA temperature and pressure
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Based on dT;s,, dP;s, Using which the TS,,,,, and PS,,,;, are calculated as:

TSamp = TSisat dTsa (E-7)
PSamp = PSisat dPisq (E-8)
It can be seen that for ship calculations, Alt = 0, giving:
T;sq = 288.15
PS;s4 = 101.325

E.2 Intake

Intakes or Inlets are designed to guide required airflow into the front face of the
engine with minimum loss and distortion. The intake drag and pressure losses
are modelled to calculate accurate average total pressures for the compressor
inlet face. Intake interfaces with the ambient air model component to read TS,
PS.mp @S TS, PS;, respectively. Different ambient blocks may be specified for

DP and OD calculations.

Model Design Input Data:

Ram Recovery Factor (for flight) or Pressure Loss (for ship): dP;,cake
Flight Mach Number M,. Not used for ship calculations

Calculations (common for DP and OD Calculations):

Ry = frpr(FAR =0) (E-9)
Cp, = frp,cp(TSamp, FAR = 0) (E-10)
Vo = p, (E-11)
Cp, ~ R,
Vin = Mo/Ya Ra TSamp (E-12)
HS, = frou(TSamp, FAR = 0) (E-13)
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Vin? (E-14)

Hi?’l = HSa + 2

T;, is calculated iteratively from H;,, starting with a guessed Ti, gyess and Hyy,.

P;,, is calculated from the relation:

Pin (E-15)
PSamb

¢Tm - ¢Tsamb =Ry In

For flight applications, if the user does not define Ram Recovery Factor, it is

calculated as per MIL-E-5008B based on given M, as follows:

For M, <1
dPintake = 1 (E-16)
For1 <M, <5
APineake = 1 —0.075 (My — 1)%35 (E-17)
For M, <1
P,,: is calculated as:
Pour = Pin APintake (E-19)
T,.: remains unchanged:
Tout = Tin (E-20)

Momentum Drag XR is calculated as (only needed for flight applications):

XR = Wy Vi, (E-21)
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E.3 Compressor

The compressor model utilizes compressor performance maps for the calculation
of off-design performance parameters. The design point run is used to calculate
the scaling factors for the compressor maps which are then utilised during off-
design runs. Air bleeds from the compressor used in the engine for turbine cooling
etc. are modelled separately by using a combination of splitters and mixers.

hence there are no separate quotes on the compressor for bleeds.
Model Design Input Data:
Operating Point Definition, Speed Ratio: N, pp
where N, is defined as:

n -
N, ¢ (E-22)

where:
n. : actual compressor speed
N nom- NOMINal compressor speed
Operating Point Definition, Surge Margin: Z_ p

where Z, pp is defined as:

5 PRe= PRepin (E-23)
‘ PRCmax - PRCmin
where PR, is defined as:
pR, = Pout (E-24)

Pin
Calculations:

DP Calculations:

Corrected speed ratio and inlet mass flow for the compressor are calculated as:
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_ Neps (E-25)

NCDP,corr - 9
V YDP

(E-26)
W,

Cin,DP,corr ~

At the DP, defined N, pp, Z. pp is used to calculate

PR W,

¢ map,pP * from the specified map by the user, using the

map,DP ’ T'Cmap,DP

function:

PR N, ZC,DP) (E-27)

¢map,DP’ VVCmap,DP’ 77Cmap,DP = finterpTM,C( ¢DP,corr’
where interpTM: interpolation function for TM style map

Using the map outputs, the DP scaling factors for the compressor map are

calculated as:

SF. = N pp (E-28)
N, = ————
¢ NCDP,corr
op — _PRepp—1 (E-29)
PR, —
‘ PRCmap,DP -1
g = _Meor (E-30)
e 77Cmap,DP

VVCin,DP,corr (E-31)

SFWC =
¢map,DP

The model design values are updated into the variables for further

thermodynamic calculations, as:

PR. = PR, (E-32)
Ne = TNepp (E-33)
VVCout = VVCin (E-34)
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OD Calculations:

Corrected speed ratio and inlet mass flow for the compressor are calculated as:

N _ Neop (E-35)
CoD,corr ~ 9
oD
E-
Wenon VP00 (E-30)

W,

Cin,0D,corr

To input the speed ratio in the map, a scaling factor is applied to the corrected

speed ratio:

N, =N SFy, (E-37)

¢oD,corr,sc CoD,corr
where the suffix sc stands for scaled value.

Using the defined compressor map, PR W, are calculated

Cmap,0D’ map,0D’ 77Cmap,OD

from the map using N, Zcop 8s:

oD,corr,sc’

PRc ano0' Wemap,op’ Nemapop = finterprm,c (NCOD,Corr,sc ch,on) (E-38)
Application of scaling factors on the map out gives:

PR. = 1+ SFpr, (PRc, 0 —1) (E-39)

Wermaponse = Wemap,op SFw. (E-40)

Since map output is in terms of corrected form, the mass flow at compressor

outlet is calculated as:

VVCmap,OD,sc ' SOD (E-41)
I/l/coul: - 9
oD
Application of scaling factors on map out for efficiency gives:
Ne = 77Cmap,OD SF??C (E-42)

Error term for OD calculations is calculated as:
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b = st M (&4
where W, is the station vector input for mass flow.
Common thermodynamic calculations:
Further calculations undertaken are as follows:
Pout = Pin PRc (E-44)
Hiy = frpu(Tin, FAR = 0) (E-45)
Tout isen i calculated iteratively for pi,, Do, Tin-
Houtisen = frou (Tout,isen'F AR = 0) (E-46)
AHisen = Houtjisen — Hin (E-47)
dH = dH;sen (E-48)
MNec
where dH is defined as:
dH = H,,; — H, (E-49)
PW, =W dH (E-50)
where W = W,,; = W;
H,,; = dH + Hj, (E-51)

T,y: is calculated using the function:
Tour = fTD,T (Hoye, dp) with initial guess = Tout,isen

E.4 Combustor (Burner)

The combustor is typically used between the compressor and turbine
components, as the primary heat addition component. The combustor is

modelled to represent the energy rise and pressure drop across it, based on the
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operating conditions. The combustion is considered as a heat addition at quasi-
constant pressure (since there are pressure losses). To model the changes of
burning efficiencies according to the combustor inlet conditions, combustor

efficiency is calculated based on a generic combustor map.
Model Design Input Data:

Combustion chamber pressure loss dPRp, defined as:

P, — P, dP E-52
dPRy» =< in out) _ (_) (E-52)
Pip DP Py, DP
Combustion efficiency, given by: n, pp
Calculations:
DP Calculation:
Pressure Loss Constant CB is defined as:
dP Wi/ Tor\ (E-53)
() (Yl Tn
Pin/ pp P; DP

For DP conditions, pressure loss across the combustor, dP is calculated using
CB, as:

dP = CB ( Win Tin ) (E-54)
in
Poue = Pin — dP (E-55)

The combustor map is used to calculate the scaling factor for n,, :

Pin (E-56)
Nbmap = finterp,ZD P_r Tour — Tin, mapy
ref
Mb,pP (E-57)
Sk, =

nb,map
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OD Calculations:

1, IS calculated as:

Pin (E-58)
Nbmap = finterp,ZD (P_rTout — Tin, mapb)
ref
M = NMpmap SEy, (E-59)
W,.+ is calculated as:
Wour = Win + WFy (E-60)
FAR is defined as:
FAR = Wkin _ WEF; (E-61)
Win — Woue — WFip
W, = (14 FAR) W;, (E-62)
To calculate FAR, the relationship required is derived as:
From the energy balance equation:
Wout Hout = Win Hip = 1y WEy LHV + WFEy, Hy (E-63)

Using the definition of FAR to replace W,,;, W;,, WF;,, terms in the above

equation:

(14 FAR)H,y, = Hy + FAR 7, LHV + Hy (E-64)

Rearranging terms to calculate h,,;:

Hy, + FARn, LHV + H (E-65)
H,, = !
out (1 + FAR)

Rearranging terms to calculate FAR:

FAR = Hout - Hin (E'66)
Ny, LHV + Hf — H,yue
Hip = fTD,h(TianAR =0) (E-67)
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For OD simulation either T,,; or FAR would be a known quantity. For each of

these scenarios, calculations proceed as:
If COT (T,:) is given:
Hoye = fTD,h(ToutvFAR =0) (E-68)

Hour — Hin (E-69)

FAR =
Ny LHV + He — Hpyyt

If FAR is given:

The solution is found iteratively using Muller's Method by guessing Tyt gyess and
using the same method as above to calculate FAR ,,.s; and comparing with the

given FAR for convergence.

E.5 Turbine and Free Power Turbine

Turbine modelling is executed in a very similar way to compressor modelling. As
mentioned earlier, the modelling of turbine cooling is undertaken separately using
the splitter and mixer components. Hence there is no port for turbine cooling is
included in the turbine model. As far as the user interface is concerned, the
turbine and free power turbine are considered as separate engine model
components. However, since the calculations required in both these component
models are very similar, a common calculation procedure is used for both these

components.

Model Design Input Data:

Operating Point, Speed Ratio: N, pp
where:

n (E-70)

nt,nom

where:

n, : actual turbine speed
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N¢ nom+ NOMINal turbine speed
Operating Point, turbine enthalpy ratio point: Z, pp
where Z, pp is defined as:

, _ _AH/T, (E-71)
Y7 dH/T,

max

where dH /T, is defined as the enthalpy ratio for the turbine

as:

H,, — H E-72
dH /T, = in . out ( )

mn
Calculations:
DP Calculations:

The corrected speed ratio, N, .. and corrected flow W;, . . at DP is

calculated as:

_ Nipp (E-73)

NtDP,corr - \/’m
t,
B Wtin,DP /Ot pp (E-74)

Wy in,DP,corr —

5t,DP

At the DP, defined N, pp, Z pp is used to calculatedH/Ttmap‘DP, thap‘DP ,

Ntmap.op from the specified map by the user, given by:
— E-75
dH/Ttmap,DP ’ thap,DP » Neymappp = finterpTM,t ( NtDP,corr’ Zt'DP) ( )

where interpTM: interpolation function for TM style map.
The scaling factors are calculated as:
N E-76
SFy, = t,DP ( )
NtDP,corr
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_ dH/Ty,, (E-77)
SFan/r, = dH/T,

map,DP
SE = ntDp (E'78)
" 77tmap,DP
SFWt _ Wt in,DP,corr (E-79)

thap,DP

The model design data is assigned to the respective variables for further

thermodynamic calculations as:

PR. = PR, (E-80)
Ne = MNtpp (E-81)
Weour = Wern (E-82)
FAR., . = FAR,, (E-83)

OD Calculations:

The corrected speed ratio, N;,, ... and corrected flow W;, . ... at OD point

is calculated as:

Neop (E-84)

NtOD,corr = 0
VvV Yt,0D

Wy in,0D,corr

5t,0D

To input the speed ratio in the map, a scaling factor is applied to Ntop corr @S-

SFy, (E-86)

N oD,corr,sc N oD,corr

dH/Ttmap,OD’ thap‘OD, Ntmap.op with Ntop corrsc»Zt are calculated using the

defined turbine map as:
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— E-87

dH/Ttmap,OD’ thap,OD’ Ntmapop = finterpTM,t ( NtOD,corr,sc ’ Zt) ( )
dH/Tfmap,OD,sc = dH/Ttmap,OD SFdH/Tt (E-88)

meap,OD,sc = thap,OD SFWt (E-89)

Since map output is in terms of corrected form, the turbine inlet flow is calculated

as:

thap oD,sc 5’5‘013 (E-90)

Turbine efficiency is calculated as:

Nt = MNemap,op SE,, (E-91)
Common Thermodynamic Calculations:
Total turbine power based on map is calculated as:
PWepiao = QH/Teno 0p.5cTin (E-92)
Hin = frpu(Tin, FAR) (E-93)
Based on how the turbine component is modelled, two cases can arise:
Case 1: p,.: is given, PW,, T,,. to be calculated
Houeisen 1S Calculated iteratively for p,,,. as:
AHisen = Houtjisen — Hin (E-94)
A - dHisen (E-95)
Nt
where dH is defined as:
dH = Hyye — Hip (E-96)
PW, =W dH (E-97)
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where W = W,,; = W;
H,,: is calculated as:
H,,; = dH + Hj, (E-98)
T,y¢ I1s calculated as:
Tout = frpr(Houe, dp) with initial guess = Tyt isen
Output power from turbine shaft is calculated as:
PW, op = PW, — PW, — PW_ (E-99)

where PW,,,, are any additional auxiliary loads on the turbine shaft (input

to the model).
Case 2: PW, op is given, PWy, pout, Toys to be calculated:
Turbine power PW, is calculated as:
PW, = PW,op + PW, + PWy,, (E-100)
H,,. is calculated using the definition of PWW,:

U PW, (E-101)
out mn Wt
where W, = W,,; = W;

Hyyt isen 1S calculated as:

dH (E-102)
dHisen = —
N

Hout,isen = Hip — dHjgen
Tout isen » Pour 1S Calculated iteratively for Hyyt isen » FAR | Din-

T,y is calculated iteratively for H,,,; , FAR.

OD Error functions are calculated as:

355



Err. . = tin,0D,corr thap,OD,sc (E-103)
1,t —
Wtin,OD,corr
PWi oy — PWe (E-104)
Err,, =

Pthap

E.6 Nozzle

The exhaust nozzle component contains the exit throttling area (throat) of the
engine. It meters flow and sets the turbine back-pressure, thereby controlling
turbine work. It is one of the primary metering areas in the engine, regulating the
cycle. The characteristic for a nozzle is very similar to that for a turbine and is
usually plotted as a non-dimensional mass flow against nozzle pressure ratio, as
shown in Figure E-1. It can be seen that the nozzle non-dimensional mass flow
rises with the pressure ratio up to a certain point (critical nozzle pressure ratio)
and then remains constant as soon as choking conditions are reached. Up to the
critical pressure ratio, the nozzle exit static pressure is equal to the ambient
pressure and beyond this point, the nozzle exit static pressure becomes greater
than the ambient pressure. As soon as the critical nozzle pressure ratio is
reached, the Mach number becomes equal to one (choking conditions) and the

nozzle exit velocity becomes equal to the sonic velocity [60].

Choking mass flow

WAT, Choking region
Pill _____________________

— ——- ] Prozzle exit=pamb _ o _Peritical= Pnozzle exit=Pamb

Critical nozzle
pressure ratio Piy/pe

\4

D
/m

/)I.l”]/7

Figure E-1 Typical convergent nozzle characteristic [60]
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It is important to note that the nozzle is not a component in marine gas turbines,
with its functionality being performed by the power turbine. However, for
modelling purposes in Poseidon+, the nozzle is added in the engine models to
maintain a common method of modelling with aero engines. The nozzle, in this
scenario, should be thought of as an extension to the power turbine in the model
to which it is connected providing the turbine backpressure. The area of the

nozzle is obtained from the DP calculations and remains fixed in OD calculations.
Model Design Input Data:

No specific parameters are required.

Calculations

DP calculation

At DP: Exit Area A is calculated:

R = frpr(FAR) (E-105)
Hiyp = fTD,H(Tin’FAR) (E-106)

Sonic velocity Vg, is calculated, for the given conditions:

TSsonic 1S calculated iteratively, starting with a guessed TS, ,ic

Cpsonic - fTD'H (T'Ssonic: FAR) (E-107)
Cpsonic (E-1 08)
Ysonic = —
Psonic

Vsonic = \/Vsonic R TSsonic (E-109)
Vsonic (E-110)

HSsonic,vel =H;, — so;uc
HSsonic,TS = fTD,H (TSsonic: FAR) (E-111)

HSsonicver @and HSsonic s @re compared to check for convergence.

Exit velocity V¢ ¢k for TS,y ok i calculated as:
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TS,ueck is calculated iteratively, starting with a guessed TS,,,; o, and using

known Ty, Din-

HS = fTD,H (T'Sout,ck: FAR) (E'112)
dH = H;, — HS (E-113)
Vout,ek = V2 dH (E-114)

IfVrs, .. = Vsonic » flow is choked, and hence:

Vout = Vsonic (E-115)
TSout = TSsonic (E-116)

PS,.: is calculated iteratively using TS,,¢, Tin, Pin
My, =1 (E-117)

IfVour < Vsonic » flow is unchoked, and hence:
Vour = Vout,ck (E-118)
TSout = TSout,ck (E-119)
PSoue = PSatm (E-120)
M, is calculated as:

prsoue = fro (TSoues FAR) (E-121)
yo o CPrsow (E-122)

Prsout

The velocity of sound at TS, is calculated as:

VaTSout = /Yout RTSout (E-123)

Mach number:
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Vout (E-124)

M J—
out VaTsout
Exit Area A4 is calculated as:
_ PS¢ (E-125)
P=RTs,,,
4 w; (E-126)
P Vour

Unchanged parameters are updated as:

Pout = Pin (E-127)
Toue = Tin (E-128)
Wour = Wi (E-129)
OD Calculation:
Exit Area A is taken from DP.
R and H;, as calculated as:
R = frpr(FAR) (E-130)
Hin = frpu(Tin, FAR) (E-131)

TS,onic is calculated, for the given conditions, similar to DP calculations. Vi,

Ysonic @re also calculated by the same function.

Critical Exit Area A, is calculated as:

¥Ysoni -
Ti Vs;;:icfl (E 132)
Pin,c = PSatm (TS—>
sonic
PSatm (E-133)

Pc =5 7c
¢ R TSsonic
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w; (E-134)
Ac = V—
Pc Vsonic

If Exit Area <= Critical Exit Area A < A., flow is choked, and hence:

Vout = Vsonic (E-135)
TSout = TSsonic (E-136)
A, (E-137)
PSout = PSatmI
¥Ysonic -
P = P T T e
in,0D out T'sout A
My, =1 (E-139)

If Exit Area > Critical Exit Area (A > A,), flow is unchoked, and hence:

TS,,: is calculated iteratively using T;,, PSaim, Win, Ac- Vour » ¥ are also

calculated by the same function.

Y -
T, \7 (E-140)
Pinop = PSatm (Tout)
PSoue = PSatm (E-141)
Further thermodynamic parameters are calculated as:
Vout (E-142)
Moy = Vou
sonic
Nozzle Pressure Ratio PR,, is calculated as:
Pyye = Py (E-143)
Tour = Tin (E-144)
Wour = Win (E-145)
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_ Pou (E-146)
PSatm

PR,

Nozzle coefficient C,, is calculated from the nozzle map using:
Cn = finterpzon(1, PRy) (E-147)
Nozzle thrust F, is calculated using
Fy = Gy Wour Vour + (PSour — PSarm)A (E-148)
Nozzle OD error is defined as:

Pinop — Pin (E-149)

Err, = P
in,0D

E.7 Splitter

The splitter component is used to model the splitting of fluid flows from
components. The model requires simple tracking of flow (and pressure, if needed)
of the main flow and the ‘split flow’, by ‘Fluid Out’ and ‘Fluid Out2’ ports
respectively. The compressed air extracted for turbine cooling is modelled using
a splitter. In aero engines, the flow from a fan into the core engine and the bypass

stream can also be modelled using a splitter.

Model Design Input Data:

Flow fraction: dW

Flow offset: cW

Pressure fraction: dP

Pressure offset: cP

Calculations (common for DP and OD cases):

The flow outputs to the flow outlet ports are calculated as:

Wouer = Wi dW + cW (E-150)
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Wout,z = Win — Wout,l (E-151)

If pressure change parameters are defined, the pressure of the outlet flow is

calculated as:

Pout1 = P dP + cP (E-152)
Pout,Z = Py — Pout,l (E-153)

If no pressure change is specified (usually the case), the pressure of the outlet

flow is calculated as:

Pout,l = Py (E-154)
Pout,z = Py (E-155)

Other parameters that remain unchanged are updated as:

Tout1 = Tin (E-156)
Toutz = Tin (E-157)
FARgyu.. = FAR, (E-158)
FARyy., = FAR, (E-159)

E.8 Mixer

The mixer implemented currently in Poseidon+ is modelled as a simple mixing
model (not complete mixing), considering a large flow mixing with the small flow
without pressure changes of the mixing steams. This is a safe assumption for

flows used to model bleed air from compressors used for turbine cooling.
Model Design Input Data:

Flow fraction, given by: dW

Flow offset, given by: cW

Pressure, fraction given by: dP
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Pressure, offset given by: cP
Calculations (common for DP and OD cases):
The flow of the mixed stream is calculated as:

Wour = Win,l + VVin,Z (E-160)

where the subscript in,1 denotes the flow at port ‘Fluid In’ and the
subscript in, 2 denotes the flow at port ‘Fluid In 2’ as shown in the used

symbol.

The final pressure of the mixed stream is based on the pressure of the larger

stream, calculated as:
If Win,l = I/Vin,z

Pout = Pin,l (E-161)

If Win,l < I/Vin,z

Pour = Pin,z (E-162)

FAR for the mixed stream FAR,,; is calculated as:
Airflow at the outlet, without fuel is given by:

Win1 Win2 (E-163)
Wairour = +
’ 1+ FARin,l 1+ FARin,z

FAR,,; is calculated as:

Wout - Wair,out (E'1 64)

Wair,out

FAR,y: =

T,y: for the mixed stream is calculated as:

Hypy = fTD,H(Tin,pFARm,l) (E-165)

Hinz = frou (Tin,Z’ FARin,z) (E-166)
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Hin,l Win,l + Hin,z VVin,Z (E'1 67)

out —
Wout

Toy: is calculated iteratively starting with a T, 5,55 @nd using the calculated H,,,;

and FAR ;-

E.9 Ducts

The connecting ducts in the engine are modelled using this component. The duct
is modelled as a pressure loss causing component modelled, which is modelled

in a similar way as for pressure loss in a combustor.
Model Design Input Data:

Duct pressure loss dPR, pp, defined as:

P; _Pout> =<d_P> (E-168)

Py DP Pin DP

dPRgpp = (
where the subscript d stands for duct.
Calculations:
DP Calculation:
Press Loss Constant CD is calculated using the definition:

(7,)

in’ pp

) (169)
DP

l

Press Loss Constant CD is updated as a ‘scaling factor’ (though technically it is

not), for application in OD calculations:
P,,: is calculated as:

Py = Py —dP (E-170)

Other parameters that remain unchanged are updated as:

Tout = Tin (E-171)
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Wour = Wi
FAR,,; = FAR;,

OD Calculation:

dP is calculated using CD obtained from DP calculations:

dP = CD (Wii T”‘)
P

in

P, is calculated as:

Poyt = Py —dP

Other parameters that remain unchanged are updated as:

Tour = Tin

Wour = Win

FAR,, = FAR,

E.10 Shaft

(E-172)

(E-173)

(E-174)

(E-175)

(E-176)

(E-177)

(E-178)

The shaft is a simple component that is used to make the connections between

the mechanical or torque ports of components like compressor, turbine, free

power turbine. Since presently Poseidon+ only has steady-state modelling

implemented, the shaft element has limited functionality serving as a connection

element, but when its functionality is extended to transient modelling, additional

calculations would be necessary for determining angular acceleration etc.
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Appendix F Hull Resistance Model

F.1 Model Input Data in Poseidon+

The hull resistance model component in Poseidon+ is designed to calculate the
predicted resistance based on the defined basic hull parameters as per the user-
selected method. If the user so desires the resistance data along with the
propulsive coefficients can be fed as a map to Poseidon+ in the form of an
external file. While utilising the three methods for deriving resistance, it is
important that the range of parameters for the applicability of these methods is

considered. This data is included in Appendix F.8 for reference.
Model Design Input Data:

General Inputs (non-method-specific)

Method of resistance calculation: H&M, F&L or Hollenbach.

Length between Loy Water Area Cwp

perpendiculars Coefficient:

Length on waterline L Wetted Surface S
Area*:

Beam: B Half angle of ip
entrance™:

Draft Fwd Tr Area transverse Ar
transom immersed:

Draft Aft T, Wetted Surface Area Sapp
of Appendages:

Displacement \Y Appendage (1

volumetric in metric resistance factor: + k3)eq

ton:

Midship Area Cy Air frontal area: Ap

Coefficient:

Coefficient of air drag



Appendage resistance factor (1 + k,): applied as follows:

Rudder behind skeg 1.5-2.0
Rudder behind stern 1.3-1.5
Rudder behind stern 2.8
Shaft brackets 3.0
Skeg 1.5-2.0
Strut bossings 3.0
Hull bossings 2.0
Shafts 2.0-4.0
Stabilizers fins 2.8
Dome 2.7
Bilge keels 1.4

Additional inputs specific to H&M Method

Longitudinal position lch Stern Coefficient: Cstern
of centre of
buoyance forward of

0.5Lin%

Coefficient for bow Csro Bow thruster tunnel d
thruster openings. diameter:

(0.003 .. 0.012)

Transverse sectional Agr Height of centre of hg
area of the bulb at transverse bulb area

the position where from keel plane:

the still water surface
intersects the stern:

Csiern 1S Selected by the user based on the guideline:

for V-shaped sections | -10

for normal sections 0

for U shaped sections | 10

Additional inputs specific to F&L Method

Beam at transom: Br
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Additional inputs specific to Hollenbach Method

Length over surface: Los Propeller diameter Dp or D

Draft Config =design draft,
2=ballast draft,
3=with bulbous bow,
4= without bulbuos

bow
Number of rudders: Nrud Number of bossings: Nposs
(1..2) (0..2)
Number of brackets: Ngrac Number of side Nthe
(0..2) thrusters (0..4)
Additional definitions used:
Block Coefficient Cg Prismatic Coefficient Cp
(based on waterline
length L)
Ship speed V or Vs Density of air Pair

Density of water Pw OT P

F.2 Derived Hull Parameters

The derived hull parameters as calculated as follows [100,101]:

Form factor of the hull, for H&M method

093 + C1z (B/LR)0'92497. (095 _ CP)—O.52144-8} (F_1)

1 —
*+ha C“’{ (1 = Cp + 0.0225 Ich)®6906

where:
Ly reflects the length of the run, given by:
Ly =L{1—Cp+0.06Cplch/(4Cp—1)} (F-2)
c13: coefficient to account for the shape of the afterbody, given by:

c13 = 1+ 0.003. Cyern (F-3)

Coefficient ¢, is calculated as:

for T/L > 0.05
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Cip = (T/L)0.2228446 (F_4)
for 0.02 < T/L < 0.05
c1p = 48.20(T /L — 0.02)2°78 + 0.479948 (F-5)
forT/L < 0.02

c1, = 0.479948 (F-6)

Wetted Surface Area

Wetted surface area S is calculated using the published equation in [76]:

S = L(2T + B){/Cy (0.453 + 0.4425 C5 —0.2862C,, — 0.003467 B/T  (F-7)
+0.3696 Cyp) + 2.38 Apr/Cp

Half angle of entrance

Half angle of entrance iy is defined as the angle of the waterline at the bow with
reference to the centre plane, neglecting the local shape of the hull, in degrees
ranging from 1 to 90 degrees. If the user does not enter the value, the value is

calculated based on [76], as:
—(L/B)O'80856 (1 _ CWP)0.30484 (F-S)

ir = 14+89expy (1—Cp—0.0225 Ich)-6367
(LR/B)0.34574-(100 V/L3)0.16302

F.3 Model correlation allowance coefficient

Correlation allowance coefficient C, is given by [76]:

C, = 0.006 (L + 100)~%16 — 0.00205 + 0.003 \/L/7.5 C% ¢, (0.04 —c,) (F-9)

where c, is given by:
for T /L < 0.04

c, =Tf/L (F-10)
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for Tz /L > 0.04

¢, = 0.04 (F-11)

If hull roughness is greater than the standard k; > 150 um (mean apparent

amplitude), ITTC-1978 formation is used to calculate the increase in C,, AC, as:

AC, = (0.105 k./* — 0.005579)/L1/3 (F-12)

F.4 Appendage Resistance Factor

Appendage Resistance Factor (1 + k;)q is given by:

(1 + ky)Supp (F-13)

A

where (1 + k,) is given a value by the user based on:

F.5 Residual Resistance: H&M Method

rudder behind skeg 1.5-2.0
rudder behind stern 1.3-1.5
rudder behind stern 2.8
shaft brackets 3.0
skeg 1.5-2.0
strut bossings 3.0
hull bossings 2.0
shafts 2.0-4.0
stabilizers fins 2.8
dome 2.7
bilge keels 1.4

The implementation is based on the publication in 1984 by Holtrop and Mennen

[77].

where:

RR=RW+RB+RTR

Ry,: Wave Making Resistance
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Ry Resistance due to Bulbous Bow,

Ry Resistance based on Transom.

F.5.1 Wave Making Resistance

Wave Making Resistance Ry, is given by:
Ry = c¢; ¢, cs Vpg exp {m,ES + m,cos (AE;2)}
where:
c,is calculated as:

¢, = 2223105 C_f7'3.78613 (T/B)1.07961(90 _ l'E)—l.37565

where c, is calculated as:
for B/L < 0.11

¢, = 0.229577(B/L)°33333

for 0.11 < B/L < 0.25

¢; =B/L

for B/L > 0.25

c; = 0.5—0.0625L/B when

(F-15)

(F-16)

(F-17)

(F-18)

(F-19)

¢, accounts for the reduction of wave resistance due to bulbous bow,

calculated as:

c, = exp (—1.89c,)

(F-20)

cs accounts for the influence of transom stern on wave resistance,

calculated as:

cs =1—08A7/(B.T.Cy)
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Ais calculated as:

for L/B < 12
A=1446C,—0.03L/B (F-22)
for L/B > 12
A=1.446 Cp — 0.36 (F-23)
m, is calculated as:

m; = 0.0140407 L/T — 1.75254 V*/3 /L — 4.79323 B/L — c;¢ (F-24)

where c;¢ is calculated as:

for C, < 0.80
c16 = 8.07981 Cp — 13.8673 C2 + 6.984388 C3 (F-25)
for C, > 0.80

¢16 = 1.73014 — 0.7067 C, (F-26)

m, is calculated as:
m, = ¢y5 C5 exp (—0.1 E;?) (F-27)
where c;s is calculated as:
for L3/V < 512
c;5 = — 1.69385 (F-28)
for 512 < L3/V < 1727

15 = —1.69385 + (L/VY/3 —8)/ 2.36 (F-29)
for L3/V > 1727
€15 =0 (F-30)
where F,: Froude number,
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d is a constant given by:
d=-09 (F-31)
c; determines the influence of the bulbous bow, calculated as:
c; = 0.56 A3 / {BT(0.31 /Apr + Tr — hp)} (F-32)
F.5.2 Resistance due to bulbous bow
Resistance due to bulbous bow is given by:
Rp = 0.11exp(=3 Pz?) Fyy; A pg /(1 + F%) (F-33)
where:

Py is the coefficient for the emergence of the bow, given by:

Py = 0.56 \/Agr/(Tr — 1.5 hg) (F-34)

F,; is the Froude number based on the immersion, given by:

(F-35)
Fpi=V/|g (Te — hg — 0.25\/Agr) + 0.15 V2
F.5.3 Resistance due to immersed transom
Resistance (pressure resistance) due to immersed transom is given by:
RTR = 05 p VZ AT C6 (F-36)

where ¢, is based on the Froude number based on the immersed transom, given
by:

forF,r <5
e =02(1-02F,;) (F-37)
forF,r =5

o =0 (F-38)

where F,r is given by:

373



For =V/\J2gAr / (B + B Cyp) (F-39)

where Cy,p is the coefficient of water plane.

F.6 Residual Resistance: Fung & Leibman Method

Residuary resistance coefficient Cy is given by:

69 9 (F-40)
Cr = exp Z Bil_[ (chij)
i=0 j=1
where:
B;: coefficients of regression terms, given in the Table F-1.
c;j- exponents of regression terms.
X; are regression terms, given as:
X, =E¢ (F-41)
(F-42)

a
X, = cos(AEf) exp (ﬁ)
n

where Model Scale Ratio 1 is defined as the ratio of the length of the full-scale

ship in comparison to the length of the model, is given by:

A= a,Cp + 0.034977a, Cp Ayy (Lyyy e/100)° (F-43)
05 (F-44)
A
X3 =10.034977 |——
(Lwl,ft>

100
Xy = Ar/Au (F-45)
Xs = CE (F-46)
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X¢ = Br/B (F-47)

X, =B/T (F-48)
Xg = In(90 — ip) (F-49)
Xy = Cy (F-50)

where:
A, Displacement in Long Tons
Ly, f¢: Length on waterline in feet
Ar: Projected transom area
A,,: Section area at station of maximum area
By: Transom Breadth
B: Beam at station of maximum area
ir: Half Entrance Angle
Cp: Prismatic Coefficient
Cy: Midship's Coefficient

F,: Froude number

Constants:
a= —0.2000
a, = 0.7500
a, = 0.0350
d = —0.7000
e = —1.9300

Coefficients: as per Table F-1
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Table F-1 Coefficients for F&L Method
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F.7 Residual Resistance: Hollenbach Method

4 lLWLrL -|A
Lo T e

Figure F-1 Definition of lengths L, L,,;, L, [106].
For the calculation to proceed the following definitions of length are defined:

L = L,, Length between perpendiculars
L,,;: Length over waterline

L,s: Length over surface, defined as shown in Figure F-1, defined as:

o for the design draught, the length between the aft end of the design
waterline and the most forward point of the ship below the design
waterline, for example, the fore-end of a bulbous bow.

e for the ballast draught, the length between the aft end and the forward
end of the hull at the ballast waterline, for example, the fore-end of a
bulbous bow would be taken into account but a rudder is not taken into

account.

The Froude number in the following formulae is based on the length L¢,:

Los for L,s/L <1 (F-51)
Lin={L+2/3(Les—L) for1<Ly/L<11
1.0667 L for 1.1 < L,g/L
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The residual resistance is given by:
Rr = 0.5p CrV?(BT) (F-52)
It should be noted that (B T)is being used in this equation instead of wetted

surface area S.

The coefficient Cr is expressed for ‘mean’ and ‘minimum’ values as follows,
calculated by using the respective coefficients for ‘mean’ and ‘minimum’ from the
Table F-2:

Cr = CR, Standard ° CR, Fnkrit * ki - (T/B)al ’ (B/L)az (F-53)
L a3 T _ T as

: (£> (Lt /LD)* - (Dp [T - (14 —( 2~ Te)
Ly L

: (1 + NRud)a7 : (1 + NBrac)a8
: (1 + NBoss)a9 ' (1 + NThr)a10

where:

T, draft at AP

T draft at FP

Dp: Propeller diameter

Ngua: Number of rudders (1..2)

Ngrac: Number of brackets (0..2)

Npgoss: Number of bossings (0..2)

Ntnr: Number of side thrusters (0..4)
and Cr standard » Cr, Frkrit » k1. @re calculated as:

Cr, standard = D11 + b12F, + bisFZ + Cg (byy + byyFy + bysFY) (F-54)
+ C§ (bsy + b3y Fy + b33F2)

Cr, nric = max[1.0, (Fu/Frrir) '] (F-55)

Fn,krit = dl + dZCB + d3 Cl% (F'56)
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k, = e L (F-57)

The above formulae are valid for Froude number intervals as follows:
Fomin = min(f1;f1 + £ (fs — CB)) (F-58)
Fymax = 91+ 92Cp + g5C3 (F-59)

The maximum total resistance is given by:
RT,max =hy - RT, mean (F-60)

where the values for the coefficients/ variables

a6 bll...33 ; C15 dl..3 ; 61._3;f1_.3 y 1.3 h1 are Obtalned from Table F'2
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Table F-2 Hollenbach resistance coefficients [94].

Mean

Minimum

Single-screw

Single-screw

Design draught  Ballast draught Twin-screw  Design draught  Twin-screw
al —0.3382 —0.7139 —0.2748 —0.3382 —0.2748
a2 0.8086 0.2558 0.5747 0.8086 0.5747
a3 ~6.0258 1.1606 -6.7610 -6.0258 ~6.7610
a4 ~3.5632 0.4534 ~4.3834 —~3.5632 ~4.3834
as 9.4405 11.222 8.8158 0 0
ab 0.0146 0.4524 —0.1418 0 0
a7 0 0 —0.1258 0 0
as 0 0 (.0481 0 0
a9 0 0 0.1699 0 0
all 0 0 0.0728 0 0
by —0.57424 —1.50162 —5.34750 —0.91424 3.27279
b2 13.3893 12.9678 55.6532 13.38930 ~44.1138
b3 90.5960 ~36.7985 ~114.905 90.59600 171.692
b3 4.6614 5.55536 19.2714 4.6614 -11.5012
b2 —-39.721 —45.8815 —192.388 —-39.7210 166.559
ba3 —351.483 121.820 388.333 —351.483 —644.456
b3 ~1.14215 ~4.33571 ~14.35710 ~1.14215 12.4626
b3 —12.3296 36.0782 14273800  —12.3296 —-179.505
b3 459.254 —85.3741 —254.76200 459.25400 680.921
Cy Fr/Fr-krit 10Cg(Fr/Fr-krit =1)  Fr/Fr-krit - -
dy 0.854 0.032 0.8970 - -
d> ~1.228 0.803 ~1.4570 - -
ds 0.497 —0.739 0.7670 - -
e 2.1701 1.9994 1.8319 - -
e —0.1602 —0.1446 —0.1237 - -
f) 0.17 0.15 0.16 0.17 0.14
f; 0.20 0.10 0.24 0.20 0
f3 0.60 0.50 0.60 0.60 0
£ 0.642 0.42 0.50 0.614 0.952
o —0.635 —0.20 (.66 -0.717 —1.406
23 0.150 0 0.50 0.261 0.643
hy 1.204 1.194 1.206 - -
Ship length L(m)  42.0-205.0 50.2-224.8 30.6-206.8  42.0-205.0 30.6-206.8
LIV1A 4.49-6.01 5.45-7.05 4.41-7.27 4.49-6.01 441-7.27
Cy 0.60-0.83 0.56-0.79 0.51-0.78 0.60-0.83 0.51-0.78
L/B 4.71-7.11 4.95-6.62 3.96-7.13 4.71-7.11 3.96-7.13
B/T 1.99-4.00 2.97-6.12 2.31-6.11 1.99-4.00 2.31-6.11
Los/Lwi, 1.00-1.05 1.00-1.05 1.00-1.05 1.00-1.05 1.00-1.05
Lwe/L 1.OO-1.06 0.95-1.00 1.0-1.07 1.00-1.06 1L.O0O-1.07
Dp/T (.43-0.84 0.66-1.05 0.50-0.86 0.43-0.84 0.50-0.86

Note: Table of coefficients in the original paper, there was a sign error in
coefficient a3 ballast which should be +1.1606, not -1.1606 [94], hence this table

has been used.



F.8 Application Range for Resistance CalculationModels

Table F-3 H&M Method: Range of Application [98,106].

Fn Cp L/B B/T
Ship Type ; ; .
max. | min. max. | min. max. | min. max.
Tankers, bulk carriers (ocean) | 0.24 0.73 0.85 5.1 71 2.4 3.2
Trawlers, coasters, tugs 0.38 0.55 0.65 3.9 6.3 2.1 3.0
Container ships, destroyers 0.45 0.55 0.67 6.0 9.5 3.0 4.0
Cargo liners 0.30 0.56 0.75 5.3 8.0 2.4 4.0
Ro-Ro's, car ferries 0.35 0.55 0.67 5.3 8.0 3.2 4.0
Table F-4 F&L method: Range of Application [132].
Minimum Maximum
Fn 0.15 0.90
DLR 16.239 359.180
iE 2.600 31.730
L/B 2.520 17.935
B/T 1.696 10.204
Cp 0.526 0.774
Cm 0.556 0.994
Cwp 0.662 0.841
TA 0 0.740
B 0 1.000
TT 0 0.770
Table F-5 Hollenbach method: Range of Application [106].
‘mean’ ‘minimum’
single-screw twin-screw | single-screw | twin-screw
design draft ballast draft design draft
ship length L [m] | 42.0...205.0 50.2...224.8 30.6...206.8 | 42.0...205.0 | 30.6..206.8
L3 4.49...6.01 5.45...7.05 441..7.27 | 4.49..601 | 4.41.727
Cs 0.60...0.83 0.56...0.79 0.51...0.78 0.60...0.83 0.51...0.78
L/B 4.71..7.11 4.95...6.62 3.96...7.13 4.71..7.11 3.96...7.13
B|T 1.99..4.00 2.97..6.12 2.31..6.11 1.99...4.00 2.31...6.11
Los/Lwi 1.00...1.05 1.00...1.05 1.00...1.05 1.00...1.05 1.00...1.05
Let/L 1.00...1.06 0.95...1.00 1.00...1.07 1.00...1.06 1.00...1.07
Dp/T 0.43...0.84 0.66...1.05 0.50...0.86 0.43...0.84 0.50...0.86
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F.9 Propulsive coefficients calculation

The propulsive coefficients are calculated, applicable for twin-screw ships, as
follows [100,101]:

Wake fraction w is calculated as:
w = 0.3095 Cz + 10 C, Cy — 0.23D/VBT (F-61)
where Cy: viscous resistance coefficient, given by:
Cy =1+ k)Cr+Cy (F-62)
Thrust deduction t is calculated as:
t =0.325Cz — 0.1885D/VBT (F-63)

Relative rotative efficiency ny is calculated as:

ng = 0.9737 + 0.111 (Cp, — 0.0225 Icb) — 0.06325 P/D (F-64)
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Appendix G Propeller Model

G.1 Wageningen B- Series Propeller Coefficients

Coefficients for the K and K, polynomials representing the Wageningen B-

propeller series for a Reynolds number of 2x10° [108]

Table G-1 Coefficients for the K; and K, polynomials representing the

Wageningen B-propeller series for a Reynolds number of 2x10°[108].

Thrust (Kt) Torque (Kq)

n Cosuw s(J) (P/D) wu(Agido) v(Z) n Cs.taw s(J) t(P/D) u(Ag/Ao) v(Z)
1 +0.00880496 0 0 0 0 I +0.00379368 0 0 0 0
2 —0.204554 1 0 0 0 2 +40.00886523 2 0 0 0
3 +0.166351 0 1 0 0 3 —0.032241 1 1 0 0
4 +40.158114 0 2 0 0 4 +40.00344778 0 2 0 0
5  —0.147581 2 0 1 0 5  —0.0408811 0 1 1 0
6 —0.481497 1 1 1 0 6 —0.108009 1 1 1 0
7 +0.415437 0 2 1 0 7 —0.0885381 2 1 1 0
8  +0.0144043 0 0 0 | 8 +0.188561 0 2 1 0
9  —0.0530054 2 0 0 1 9 —0.00370871 1 0 0 1

10 +0.0143481 0 1 0 1 10 +40.00513696 0 1 0 1

11 +0.0606826 1 1 0 1 11 +0.0209449 1 1 0 1

12 —0.012589%4 0 0 1 1 12 +40.00474319 2 1 0 1

13 +0.0109689 1 0 1 1 13 —0.00723408 2 0 1 1

14  —0.133698 0 3 0 0 14  +40.00438388 1 | 1 1

15 +0.00638407 0 6 0 0 15  —0.0269403 0 2 1 1

16 —0.00132718 2 6 0 0 16  +40.0558082 3 0 1 0

17 +0.168496 3 0 1 0 17 +0.0161886 0 3 1 0

18 —0.0507214 0 0 2 0 18  +40.00318086 1 3 1 0

19  +0.0854559 2 0 2 0 19  +0.015896 0 0 2 0

20 —0.0504475 3 0 2 0 20 +40.0471729 1 0 2 0

21 +0.010465 1 6 2 0 21 +0.0196283 3 0 2 0

22 —0.00648272 2 6 2 0 22 —0.0502782 0 1 2 0

23 —0.00841728 0 3 0 1 23 —0.030055 3 1 2 0

24 40.0168424 1 3 0 1 24 40.0417122 2 2 2 0

25 —0.00102296 3 3 0 1 25 —0.0397722 0 3 2 0

26 —0.0317791 0 3 1 1 26 —0.00350024 0 6 2 0

27 +0.018604 1 0 2 1 27  —0.0106854 3 0 0 1

28 —0.00410798 0 2 2 1 28 +40.00110903 3 3 0 1

29 —0.000606848 0 0 0 2 29 —0.000313912 0 6 0 1

30 —0.0049819 1 0 0 2 30 +40.0035985 3 0 1 1

31 +0.0025983 2 0 0 2 31 —0.00142121 0 6 1 1

32 —0.000560528 3 0 0 2 32 —0.00383637 1 0 2 1

33 —0.00163652 1 2 0 2 33 40.0126803 0 2 2 1

34 —0.000328787 1 6 0 2 34 —-0.00318278 2 3 2 |

35 +0.000116502 2 6 0 2 35 +40.00334268 0 6 2 1

36 +40.000690904 0 0 | 2 36 —0.00183491 1 1 0 2

37 +0.00421749 0 3 1 2 37 +0.000112451 3 2 0 2

38 +40.0000565229 3 6 1 2 38 —0.0000297228 3 6 0 2

39 —0.00146564 0 3 2 2 39 40.000269551 1 0 1 2

40 +40.00083265 2 0 1 2
41 +0.00155334 0 2 1 2
42 +40.000302683 0 6 1 2
43 —0.0001843 0 0 2 2
44 —0.000425399 0 3 2 2
45 +0.0000869243 3 3 2 2
46 —0.0004659 0 6 2 2
47 +0.0000554194 1 6 2 2
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G.2 Wageningen B- Series Reynolds Number Corrections

Corrections applied for Wageningen B- Series Propeller characteristics for
Reynolds numbers within the range 2x10° to 2x10°[84]:

Kr(Re)) _ (Kr(Re =2 x 10°) AKr(Re) (G-1)
{KQ(Re)} ~ |Kq(Re = 2 x10°) {AKQ(Re)}
where:
AKy = 0.000353485 (G-2)
—0.00333758(Ag/A0)]?

—0.00478125(Ag/Ao)(P/D)]
+0.000257792(log Re — 0.301)2 - (Ag/Ao))>
+0.0000643192(log Re — 0.301)(P/D)%)?
—0.0000110636(log Re — 0.301)2(P/D)®J?
—0.0000276305(log Re — 0.301)2Z(Ag/Ao))>
+0.0000954(log Re — 0.301)Z(Ag/Ao)(P/D)]
+0.0000032049(log Re — 0.301)Z2(Ag/Ao)

X (P/D)*]

AKq = —0.000591412 (G-3)
+0.00696898(P/D)
—0.0000666654Z(P/D)®
+0.0160818(Ag/Ao)?
—0.000938091(log Re — 0.301)(P/D)
—0.00059593(log Re — 0.301)(P/D)>?
+0.0000782099(log Re — 0.301)2(P/D)?
+0.0000052199(log Re — 0.301)Z(Ag/Ao))?
—0.00000088528(log Re — 0.301)2Z(Ag/A,)
x (P/D)J
+0.0000230171(log Re — 0.301)Z(P/D)®
—0.00000184341(log Re — 0.301)2Z(P/D)°®
—0.00400252(log Re — 0.301)(Ag/Ao)?
+0.000220915(log Re — 0.301)%(Ag/Ag)?

where the Reynolds number Re is given by:

_ pnypD? (G-4)
u

Re

where u: dynamic coefficient of viscosity of the water
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G.3 Wageningen B- Series Extent of Parameters

Table G-2 Extent of B-Series propeller parameters.

Z 2 3 4 5 6 7
(Ag/A,) lower bound 0.30 | 035 | 040 |045 |0,50 | 0,55
(4g/A,) upper bound 0.38 | 080 |1.00 |1.05 |0.8 0.85
P /D lower bound 0.5 0.5 0.5 0.5 0.6 0.6
P /D upper bound 1.4 1.4 1.4 1.4 1.4 1.4

Blade thickness ratio (t/D) | 0.055 | 0.050 | 0.045 | 0.040 | 0.035 | 0.035

Boss diameter ratio (d/D) 0.180 | 0.180 | 0.167 | 0.167 | 0.167 | 0.180

Pitch reduction at blade root | 0 0 20% |0 0 0

Blade rake angle (¢ ) 15 15 15 15 15 5
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Appendix H Water Properties Model

H.1 Model Input Data in Poseidon+

Water Type: seawater or freshwater, seawater assumed by default.
dSp: Deviation from standard water temperature, in deg C, where t. ¢, = 15degC
dt. : Deviation from standard salinity, in ‘Practical Salinity scale

where Sy ;g = 35 g/kg

H.2 Temperature and salinity of water

The temperature and salinity of water are calculated as:

tc = tesea — dtc (H-1)
Sp = Spista — dSp (H-2)
H.3 Density
Freshwater
pw = 999.842594 + 6.793952 x 1072 t, — 9.09529 x 10732 (H-3)
+1.001685 x 10~* tg —1.120083 x 10°° té‘
+ 6.536336 x 107°t2
Seawater
Psw = Pw + ASp + BSS/* + CS2 (H-4)
where:

A = 0.824493 — 4.0899 X 10 3¢, + 7.6438 X 1075¢2 — 8.2467 x 107t (H-5)
+5.3875 x 1074

B = —5.72466 x 1073 + 1.0227 x 10~*t, — 1.6546 x 107t (H-6)

C =48314x107* (H-7)
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Model validity range:

—2 < t. <40°C;0 < Sp < 42 g/kg

H.4 Dynamic Viscosity

Freshwater
In(u,,) = —10.7019 + w
139.18 + ¢,
Seawater
tow = (1 + ASp + BSE)
where:

A=1474%x107% + 1.5 X 1075¢, — 3.927 x 107 8¢2
B =1.073x10"5— 8.5 x 1078t + 2.230 x 1071°¢2

Model validity range:

10 <t < 180°C; 0 < Sp < 150g/kg

H.5 Kinematic Viscosity

Calculated as:

u/ p
H.6 Vapour Pressure
Freshwater

In (p,w) = ar/T +ay + asT + a,T? + asT? + agln (T)

where:
a, = —5800
a, = 1.391

as = —4.846 x 1072
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a, = 4176 x 1075
as = —1.445 x 1078
as = 6.545
Note: p,,,, in Pa;
Model validity range:
273.15 < T < 473.15K
Seawater

3/2
Posw = Py + ASp + BSY/

where:

A=-23311x 1073 — 1.4799 X 10™*t, — 7.520 X 10™6¢2
— 55185 x 1078¢2

B =—1.1320 x 1075 — 8.7086 x 10~°t, + 7.4936 x 10~7t2
—2.6327 x 1078¢3

Note: p, 5, and p,,,, in (mm Hg).

Model validity range:
0 <t <40°C

0<S,<40g/kg
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Appendix | Propulsion Equipment Dimension and Mass
Estimation Models

1.1 Prime Movers

.1.1 Gas Turbines

The maijority of the marine gas turbines engines used for shipboard applications
are aero-derivative engines from General Electric and Rolls Royce. While
specifically designed gas turbines for marine applications are also available from
Zorya-Mashproekt, these have not been considered for the regression analysis,
as these have rather limited application. van Es [98] has used a database from
manufacturers and previous work undertaken on 59 gas turbines including non-
marine gas turbines. The final expressions were created using 13 gas turbines,
of which 12 were simple cycle engines while one was an Inter-Cooled
Regenerative cycle (ICR) engine. The dimensions and mass include the
complete gas turbine module, which means that the expressions include the

engine with its base frame and enclosure.

The length L;; and width W, of the gas turbine module (for both simple cycle
and ICR cycle designs), in m, is given solely as a function of the rated brake

power PWy of the engine given in MW, as:
Lgr = (3.2535 - PW~%71%) - PW (I-1)
Wsr = (1.4945 - PW;9829) . Py (1-2)

The height of the gas turbine module, in m, is calculated separately for the simple
cycle engine, H;r sc, and ICR cycle Hgr cr, given solely as a function of the rated

brake power PWj of the engine given in MV, as:

HGT,SC = (23332 . PWB_O'903) . PWB (|-3)

HGT,ICR = (34‘998 . PWB_O'903) . PWB (|'4)
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The mass of the gas turbine module, in ton, is calculated respectively for the
simple cycle engine, msr ¢, and ICR cycle mgr cr, solely as a function of the

rated brake power PWy of the engine given in MW, as:

mGT’SC = (59713 . PWB—0.591) . PWB (|-5)
Merice = (11.9426 - PW;05°1) . P, (1-6)

where the subscript SC is used to denote simple cycle engines and ICR is used

to denote ICR cycle, engines.

1.1.2 Diesel Engines

For the regression-based dimensioning model of the diesel engines, van Es [98]

used existing extensive databases of engines divided into three groups:

e High-speed engines (> 1000 rpm), containing 54 engines V-engines
e Medium-speed engines (300 — 1000 rpm), containing 116 engines,
subdivided into Inline and V-engines.

e Low-speed engines (< 300 rpm), containing 296 engines.

For the present work, only medium-speed diesel engines were used in the case
studies, due to their higher efficiencies compared to high-speed engines. Low-
speed engines are considered impractical for the applications considered due to
their very large dimensions and mass. Hence only the models used for medium-
speed engines (distinguished by subscript MS) from van Es [98], for both Inline
(distinguished by subscript inline) and V-engines (distinguished by subscript vee)

have been presented here.

The length Lpg s iniine @8Nd Lpg msvee fOr INline and V-engines respectively, in m,
is given solely as a function of the rated brake power PW; of the engine given in
MW, as:

LDE,MS,inline = (2.9474 - PWB_O'Sog) - PWyg (I-7)

LDE,MS,V@B = (19363 . PWB_O'344) . PWB (|-8)
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The width Wy ys intine @Nd Wpe us vee fOr Inline and V-engines respectively, in m,
is given solely as a function of the rated brake power PW; of the engine given in
MW, as:

Whe s mtine = (1.7680 - PWg°71%) - PWp (1-9)
WDE,MS,vee = (12567 . PWB_O'SSZ) . PWB (|-10)

The height Hpg s , in m, is given by a common expression for Inline and V-
engines, solely as a function of the rated brake power PWj of the engine given in
MW, as:

HDE,MS = (17016 . PWB_0.537) . PWB (|-11)

The mass mpg ysiniine anNd Mpgysvee N ton, for Inline and V-engines
respectively, calculated solely as a function of the rated brake power PW; of the

engine given in MWV, is given as:

MpEg MS,inlines MDE,MS,vee = (1281.2 - PWB_O'%%) - PWp (1-12)

.2 Geared Transmission Systems

For the dimensioning models of the gearboxes, van Es [55] used a series of
single-stage horizontally offset SISO type Commercial Off the Shelf (COTS)
boxes and a limited number of horizontally offset gearboxes used for combined
plants for CODOG, CODAD and CODLOD applications to develop the
dimensioning model. The present work is based on these models, with an
extension for the cases of cross-connect gears and twin speed gearboxes

required in the AND type combined systems.

For the purpose of dimensioning, gearboxes have been classified into the

following categories (with the subscripts used to distinguish the categories):

e Single Input: SI

e Twin or Dual Input, DI
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e Cross-connect gear (CCG) without ‘splitter’ (only input and output
connections, but no splitting of torque to different transmission paths):
CCG,trs

e CCG with ‘splitter’ (CCG splitting of torque to different transmission paths):
CCG, spl

e Twin or Dual Speed: DS

Overall, the main design parameters of a gearbox that determine the size of the
gear wheels, weight and costs are the offset distance, the reduction ratio and the
input power. The dimensions for the gearboxes are considered to be a function
of the input power P, in kW and the output speed in rpm, of the gearbox. To
calculate the dimensions, the power to input speed ratio, PNR, is calculated for

each of the defined categories of the gearboxes as:

e Single Input:

w; 1-1
PNR = <L (1-13)

out

e Twin or Dual Input:

For the two inputs, PNR is calculated for both the input shafts and the
higher value of the two is selected as the final PNR for dimensioning

calculations, as:

PW; 114
PNRDI,Rl = N ol ( )

out
PW; 1-15
PNRp;p2 = N 2 (113)

out
PNR = (PNRp;r1, PNRpiRz2 ), (1-16)

e CCG with ‘splitter’:

PW; 117
PNR = (1-17)

out

e Cross-connect gear (CCG) without ‘splitter’:
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PW; 1-18
png = PWin o (1-18)
out
e Twin or Dual Speed:
_ PW,, PWin> (1-19)
PNR =15 (N N

outl out2 " max

The length L;p of the gearbox, in m, is calculated as a function of the calculated
PNR by the relationship:

Lgg = 0.54- PNRO37 (1-20)

The height H;p of the gearbox, in m, is calculated as a function of the calculated
PNR by the relationship:

Hgp = 0.98- PNRO?7 (1-21)

The width W s; , Wi ps for Single Input and Twin or Dual Speed type gearboxes,
in m, is calculated respectively as a function of the calculated PNR by the

relationship:

Weg,st » Wep,ps = 0.84 PNR*?7 (1-22)

The width Wgp p; for Twin or Dual Input type gearboxes, in m, is calculated

respectively as a function of the calculated PNR by the relationship:
Wegpr = 0.84 - (PNRp;pi*?” + PNRp; p2°?7) (1-23)

The width W;; ¢ for both types of defined cross-connect type gearboxes, in m,

is calculated as a function of the calculated PNR by the relationship:
Wepcc = 084+ (2 PNR*?7) (1-24)

The mass mgp s for Single Input type gearboxes, in ton, is calculated as a

function of the calculated PNR by the relationship:

mGB‘SI = 0.3 PNR (|'25)
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The mass mgp p;, Mg cc for Dual Input and both types of cross-connect type
gearboxes, in ton, is calculated respectively as a function of the calculated PNR

by the relationship:

mGB’DI , mGB’CC = 0.6 PNR (|'26)

The mass mgp ps for Twin or Dual Speed type gearboxes, in ton, is calculated

as a function of the calculated PNR by the relationship:

mGB’DS = 0.4 PNR (|'27)

1.3 Electrical Systems

1.3.1 Electric Machines

Estimating dimensions of an electrical machine is a difficult task, due to a large
number of configurations possible such as single or double wounded windings;
single or double armature; transverse, radial or axial flux; characteristics of
materials used etc. Hence, derived auxiliary parameters are used to develop the
dimension and mass estimation models. The equations used for estimating the
dimensions and mass for the electric machines in the present work from van Es
[98] are given in the following text. While there are a large number of types of
electric machines, only conventional and ‘advanced’ AC machines have been
used in the present work, and hence the following data is limited to these machine
types. ‘Advanced’ AC machines being referred to here is on the basis of
description by Hodge et.al. for higher power density motors used for propulsion
[133].

The auxiliary parameters used in the equations for dimensions are defined as
follows, with an overview of the dimensions and volumes used shown in Figure
I-1.

TRV: Torque per Rotor Volume, , in Nm/m3, given as:

QEM

VTOtOT

TRV =

where Qg is the electric machine torque, in Nm
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s: Split ratio is the rotor/stator diameter ratio, given as:

VT‘O(IOT‘

S =
Vstator

L/D: length to the diameter of the stator.
CVF Cooling Volume Factor, given as:

Vinstall

CVF =

Vstator
where V;,s:qn 1S the total installation volume of the machine.

MF: mass factor, to convert installed volume to mass.

The guideline for selection these parameters for conventional and advanced AC

machines, as used in the present work is:

Conv.AC Adv. AC
TRV 70 200
s 0.45 0.5
L/D 1.6 1.2
CVF 2.5 1.7
MF 1.20 2.65

4————————Machine helght——————
|
—l

Figure I-1 Overview of volumes and dimensions in the dimensioning model [98]

B

|
Machine width/
' Stator diameter

e

“-‘“B ‘.00

\l‘;‘,w'
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The width Wy, of the electric machine in m, is given by:

% (1-28)
Q
Wem = Dstator = EMT[
TRV - s2 'Z'L/D
The length Lg,,, of the electric machine in m, is given by:
% (1-29)
Q
Lgy = Lstator = L/D - EMT[
TRV - s2 'Z'L/D
The height Hg,,, of the electric machine in m, is given by:
1 2 (1-30)
Qem \3 _1 N3
Hgy = (—TRV : 52> -CVF - (L/D)”3 - (Z)

Installation volume of the electrcial machine, Vi, .qu, is calculated as (in m3):
Vinstaw = Ly Wem Hem (1-31)

The mass mg,, of the electric motor, in ton, is calculated as:

Mgy = MF . Vipstan (1-32)

1.3.2 Gas Turbine Generators Sets (Gensets) (GTG)

In the work of van Es, the dimensions of the gas turbine gensets have been
derived directly from the individual dimensions of the gas turbine and the
alternator as the electric machine. However, the results when compared with
limited publications on the subject like from Tortarolo [110] and catalogue data
etc., were found to have significant deviations, primarily on the alternator. Hence
additional factors have been derived and applied to the alternator calculations as

shown in the following paragraphs.
Alternator for GT (GTA)

For the calculations, the conventional electric machine denoted in the subscripts

as EM, conv has been used as the basis.
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The length L;r4, of the GTA in m, is given by:
Lgra = 1.5 LEM,conv (1-33)
The width W;,, of the GTA in m, is given by:
Wera = 1.7 WEM,conv (1-34)
The height H;74, of the GTA in m, is given by:
Herp = 1.1 HEM,conv (1-35)
Using the derived dimensions, Vi, s¢q11674 IS Calculated as:
Vinstaiera = Lera Wera Hera (1-36)
The mass mg,, of the electric motor, in ton, is calculated as:
Mera = MF Vinstaucra (1-37)

Overall Dimensions for Gas Turbine Genset (GTG)

The overall dimensions and mass for the GTG are calculated from the individual

dimensions of the GT and GTA as follows.
The length L;r¢ , of the GTG in m, is given by:
Ler¢ = 1.03(Lgr + Lgra) (1-38)
The width Wit , of the GTG in m, is given by:
Were = Wgr or Wgr,, whichever is greater (1-39)

The height H;7(; , of the GTG in m, is given by:

Hgrg = Hgr or Hgpa, whichever is greater (1-40)

The mass mg, of the GTG, in ton, is calculated as:

Mera = Mer + Mera (1-41)
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1.3.3 Diesel Engine Generators Sets (Gensets) (DG)

The overall dimensions and mass for the DG are calculated from the individual
dimensions of the diesel engine (shown by subscript DE) and the alternator

(shown by subscript DA) as follows.
The length L, , of the DG in m, is given by:

Lpe = 1-1(LDE + LDA) (1-42)

The width W, of the DG in m, is given by:

Wpe = Wpa (1-43)

The height Hp; , of the DG in m, is given by:

Hp; = Hpy, (1-44)

The mass mp; of the DG, in ton, is calculated as:

Mpe = Mpg + Mpy (1-45)

1.3.4 Frequency Converter (FC)

For AC motor control many types of frequency converters are available ranging
from synchro-converters, cyclo-converter to Pulse Width Modulation (PWM)
converters, of which PWM are most commonly used onboard. Hence on PWM
converters have been used in the present work and the following relationships
apply only to PWM converters. PWM converters can have various types of
switching elements like transistors, IGBT, IGCT or GTO thyristors of which IGBT,
IGCT /GTO are more commonly used. van Es [98] has used an existing database

as the basis and corrected it with data on FC designs used on certain warships.
The apparent power S in MV A is calculated as:

S=Ul (1-46)

Using the apparent power S, the volume V¢ 657 » Vic gro/icer for the IGBT, IGCT

/IGTO type FC, respectively, is defined as:
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VFC,IGBT = 2 S + 75 (|'47)
VFC,GTO/IGCT = 07 S + 75 (|'48)

The width W, of the IGBT, IGCT /GTO type FC in m, is given by:

W 285475 (1-49)
FCIGBT ™ 2.3 (0.09 S + 0.7)

075+ 7.5 (1-50)
Wregrosiger = 53 (0.06 S + 0.7)

The depth Dy, of the IGBT, IGCT /GTO type FC in m, is given by:

Dgciger = 0.095 + 0.7 (1-51)
DFC,GTO/IGCT =0.065S+ 0.7 (|-52)

The height Hy, of the FC in m, is given by:

Hpe = 2.3 (1-53)

The mass my, of the FC in ton, is given by:

mgc = 1500 + 750 S (1-54)

The mass includes the mass of the cabinets with bedplates and shock mounting,

semiconductors, and cooling equipment.

1.3.5 Switchboard

Switchboards (SB) are generally but up using a number of standard modules
dimensions of which depend on the manufacturer. The number of modules used
is dependent on the number of incoming and outgoing fields (nf). For the
dimensioning models of the switchboards boxes, van Es [98] used an existing
database and some switchboards used for naval applications. Sperate sets of

relationships have been used for medium and low voltage switchboards.

400



Medium Voltage SB

Using the total numbers of incoming and outgoing fields ns = ng;, + ng oy, the

dimensions of the medium voltage SB, denoted by the subscript MV,

by the following relationships:
The length Lgp »y Of the SB in m, is given by:

LSB,MV = 065 nf

The width Wgp , of the SB in m, is given by:

WSB,MV =1.70

The height Hsp 5y Of the SB in m, is given by:

HSB,MV = 260
The mass mgp ,y0f the SB in tons, is given by:

Mgp My = Nfin

are given

(1-55)

(1-56)

(1-57)

(1-58)

van Es [98] further provides guidance on estimating the number of fields, if the

user does not have this information, as follows:

e 2 incoming generator fields per switchboard,
e 1 bus coupler field per switchboard,

e 1 outgoing field per bowthruster per switchboard,

e 1 or 2 outgoing fields per electrical propulsion motor per switchboard

depending on the power,
e 2 outgoing fields to the distribution transformers,
e 1 spare outgoing field

e If needed, 1 field for high voltage shore connection.
Low Voltage (LV) SB

The length Lgp ;, of the SB in m, is given by:
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1 (1-59)
Lsp 1y = 0.65 - (nf,l-n + 1 nf,out>

The width W3,y of the SB in m, is given by:
Wspy =1 (1-60)

The height Hsp ;, of the SB in m, is given by:
Hgpy = 2.20 (1-61)

The mass mgp ;, Of the SB in m, is given by:
(1-62)

1
mSB‘LV = 500 . nf’in + 450 . Z . nf’out

If the number of fields is not known an assumption must be made.

van Es [98] further provides guidance on a rough estimation of fields for low

voltage SB as:

2 incoming fields from diesel generators or high voltage switchboards,
1 bus coupler field,
1 shore connection,

1 emergency generator,

The number of outgoing fields can be estimated by dividing the electrical
load of the ship by the voltage and dividing that number by an average

field current.

1.4 Propellers

The selection process used for primary design characteristics of the propellers

has been described in detail in section 4.3. Here the relationship for estimating

the mass of the propeller is described.

The weight of a propeller depends on multiple parameters like the propeller

diameter, number of blades, propeller type (CPP or FPP), manufacturer, blade

thickness, material etc. The type of propeller is a large weight-driver because for
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a CPP the hub contributes a large part of the propeller weight. The material NiAIBr
is commonly used for the types of propulsion systems, as has been considered

in the present work.

The following relationship was used as proposed by van Es [98], using data
available for naval applications to provide the following relationship for the mass
of the propeller in ton , solely based on propeller diameter D (valid for diameters

between 3 m and 6 m) and the type of propeller:

Mmppp = 337.35 D%28/1000 (1-63)

mepp = 39.209 D387 /1000 (1-64)
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Appendix J Propulsion Equipment Acquisition and
Maintenance Cost Models

J.1 Prime Movers

J.1.1 Gas Turbines

The acquisition cost CAgr s¢c Of a simple cycle gas turbine in k€, derived for this
work based on known data, based on brake power of the engine, PWg in MW, is

calculated as:

CAgrsc = 34794 PWp + 1.6711 (J-1)

The maintenance cost CM; s of a simple cycle gas turbine in €/h, based on van

Es [98], is calculated as:

CMgrsc = 6.50 - PWp (J-2)

J.1.2 Diesel Engines

The acquisition cost CApg s Of @ medium-speed diesel in k€, derived for this

work based on known data, based on brake power of the engine, PWg in MW, is

calculated as:

The maintenance cost CMp s of a medium-speed diesel in €/h, based on van

Es [98], is calculated as:

CMpg ys = 11.74 - PWy (J-4)

J.2 Geared Transmission System

The acquisition cost CA;p of a gearbox in k€, based on van Es [98], based on
input power to the gearbox, PWg in MW, and gear ratio, iy, where applicable is

calculated for the various types of gearboxes as:

e Single Input
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CAgps1 = 217 .igr + 0.135 - iy, PWp (J-5)
e Twin or Dual Input, CCG with ‘splitter’:
CAgp,p1 » CAgp,ccspr = 82 .PWp (J-6)
e Cross-connect gear (CCG) without ‘splitter’:
CAgpcctrs = 574 PWg (J-7)
e Twin or Dual Speed:
CAgpps = 1.9 (2.17 .igr + 0.135 - iy PWp) (J-8)

where input power to the gearbox PWjg, and gear ratio is-with twin inputs is

considered as:

PWy = (PWg,in1, PWg,in2 ) (J-9)

max

igr = (igrl» igrz )max

J.3 Electrical Systems

J.3.1 Electric Machines

The acquisition cost CApg s Of an electrical machine in k€, derived for this work
based on van Es [98] with a derived correction factor CF.4 ), , as a function of

brake power of the electric machine, PWy in MW/, is calculated as:

CAgy = (8805 + 1174 - In PWpg ) CFgy, ay (J-10)

The derived correction factor CF, £, developed as a part of the present work,

based on known data is:

CFey g = 0.5323.1n Qpy + 0.7878 (J-11)
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J.3.2 Generator Sets

Gas Turbine Generators Sets

The acquisition cost CA;r¢ of a gas turbine generator set (simple cycle based) in
k€, is derived from the cost of a simple cycle gas turbine engine CA;; and the

cost of the alternator CA;, , calculated as:

CAGTG = 115 ( CAGT + CAGTG) (J'12)

Diesel Engine Generators Sets

The acquisition cost CAp; of a medium speed diesel engine generator set in k€,
is calculated based on the below-derived relationship as a present of the present

work, as a function of engine brake power PWg in MW/

CAp; = 862.68 Py — 63.636 PWy% + 502.1 (J-13)

J.3.3 Frequency Converter

The acquisition cost CAr. of a PWM FC in k€, based on the relationship published
by van Es [98], as a function on brake power of the electric machine, PWy in MW/,
is calculated for the IGBT and GTO/IGCT type FC, respectively as:

1174 (J-14)
CAFC,IGBT = (59 + 5+ PB> PWpy
1761 (J-15)
CArcrojicer = (59 + 10+ PB>P B

J.3.4 Switchboard

The acquisition cost CAr. of a PWM FC in k€, derived as a part of this work, as
a function of the electric power handled by the switchboard, PW, in MWe, is

calculated for the MV and LV type switchboards, respectively as:

CAspmy = 144 PW, — 35.5 (J-16)

CAsp Ly = 143 PW, + 0.6 (J-17)
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J.3.5 Propellers

The acquisition cost CAg of a propeller in k€, derived as a part of this work, as a

function of the mass of the propeller, m in ton, is calculated for the FPP and CPP
type propellers, respectively as:

CAFPP = 38.4 Mprgpp (J'18)

CACPP = 373 mcpp (J'19)

The cost of shafting is included in the above expression.
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Appendix K Combined Marine Propulsion Plants

In a combined diesel or gas turbine (CODOG), a relatively small diesel engine
(the ‘cruise’ engine) is used during the low-speed, high-endurance cruising mode,
to take advantage of the economy of a diesel engine; or, for maximum-power
requirements, the higher-power gas turbine (the ‘boost’ engine) is brought online.
The ‘cruise’ engine and the ‘boost’ engine are not designed to be operated
together and hence the ‘OR’ in CODOG. Usually, an overrunning clutch would be
used to ensure that either the diesel or the gas turbine, but not both, drive the
propeller. While the fuel economy and endurance of the gas turbine would be less
than those of the diesel engines, these would be secondary considerations
because of the gas turbine's infrequent use. CODOG plants make it possible to
minimize the operating hours on the large gas turbine, which is required only for
high power requirements, and the presence of two prime movers provides a

degree of redundancy.

Combined gas turbine or gas turbine (COGOG) plants are similar to CODOG
plants, with the difference being that a small gas turbine is used, instead of a
diesel engine, as the cruise engine, with one or more larger gas turbines providing
the boost power. At cruising speeds, the fuel economy of the small gas turbine,
which operates near its rating, is better than could be obtained with a larger

engine operating at a small fraction of its rating.

Combined gas turbine and gas turbine (COGAG) plants contain one or more
small gas turbines which are used for economical operations at low cruising
power levels, and one or more large gas turbines which are used occasionally at
boost power levels. COGAG differs from COGOG in that a COGAG plant is

designed to require all gas turbines to be online to develop maximum power.

Combined diesel and gas (CODAG) plants potentially provide the economy of a
diesel engine and the almost instant boost power of a gas turbine on demand.
Both the diesel engines and gas turbine/s are required to be in operation to

develop full power.
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Combined diesel-electric and gas turbine (CODELAG) use electric motors as the
‘cruise engines’ while a gas turbine serves as the ‘boost engine’. The electric
motors are usually driven by a power grid driven by multiple diesel generator sets.
Both the electric motors and gas turbine are required to be in operation to develop

full power.

It should be noted that the terms used for combined plants do not exactly
represent the architecture of the propulsion system, as, within the same
definitions, multiple architectures can be created. This can be seen in the various

architectures defined in Chapter 6.

The principal advantages of combined plants are the economy realized during
extended cruise engine operations, the ability to declutch and secure unneeded
engines during extended periods of low-power operation, and the redundancy
provided. In case of combined plants with the ‘AND’ combination, the cruise
engines and boost engines need to work together to provide the rated power of
the plant and thus the maximum speed. These plants provide the advantage of
lowering the overall installed power to achieve the rated speed. However, the
operation of prime movers in independent and combined modes require multi-
speed gearboxes. The coordination of the two dissimilar types of power plants

also adds complexity to the control systems.

IFEP (Integrated Full Electric Propulsion) architectures use a common set of
prime-movers (diesel engines, gas turbines or a combination of both) to provide
power for both the ship’s propulsion and electrical loads. IFEP power systems
are aimed at offering several benefits over traditional marine power systems such
as higher engine efficiencies during part-load running, increased reliability and
survivability, increased flexibility in machinery allocation and increased

operational flexibility [135].
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Appendix L DANP Procedure

Consider ‘Dimensions’ D,, D,, D5, .... D,,;, with each ‘Dimension’ having the set of
criteria, where the set of criteria of ith Dimension being denoted by
Cix» G2 -+ Cyp, where m,,m,,ms,...m, are the number of criteria for

respectively for each of the ‘Dimensions’.

1. Create the ‘Initial Direct Influence Matrix’, X by averaging the ‘Expert Direct

Influence Matrices’ for the ‘Dimensions’ D,,D,, D3, ..., D, :

D, D, - D,
D, 0 X1 - X1p
X = [xij]nxn =D, X21 0 o Xon
Dn lxpy xpp =+ O

where x;; defines the ‘degree of direct influence’ of D; on D; on a scale of 0-4
with each numeric signifying: ‘No influence’, ‘Low influence’, ‘Medium influence’,

‘High influence’ and ‘Very high influence’.

2. Calculate the ‘Normalised Direct Influence Matrix’ M as:
M=s-X

where:

1 1

max )y |xi;| max Yiy Ja

S =min

3. Calculate the ‘Direct Influence Matrix’ T; using the relationship:
Tg=M+M*+-+M =MI-M)"?
where [ = ldentity matrix.

4. Setting a threshold value to remove the minor influences from the ‘Direct
Influence Matrix’ T, to calculate the ‘Total Direct Influence Matrix’ T, as

follows:
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D1 tll)l tll)Z . tll)n
TD = DZ tgl tgz e t}%n
Dn tgl tgz tgn

5. Calculate U; and V; as:

n

Ui = Z tl](l = 1,2, ,‘I’l)

j=1

n

Vj = Z tl](] = 1,2,...,7’1)

i=1

where U; denotes the row sum of the ith row of the matrix T;, and shows the sum

of direct and indirect effects of ‘Dimension’ i on the other ‘Dimensions’. Similarly,

V; denotes the column sum of the jth column of the matrix T, and shows the sum

of direct and indirect effects that ‘Dimension’ j has received from other

‘Dimensions’.

6. Calculate (U;+V;) and (U;—V;), where the value of (U;+V;) indicates the
degree of relationship of each ‘Dimension’ with the other ‘Dimension’.

‘Dimensions’ having higher values of (U;+ V; ) have stronger relationships with
the other ‘Dimensions’, while those having lower values of (U;+V;) have a
weaker relationship with the others. A positive value of (U;— V;) indicates the
degree of cause by a ‘Dimension’ while a negative value of (U;— V;) indicates

the degree a ‘Dimension’ is affected by other ‘Dimensions’.

7. Construct a ‘Network Relationship Map’ (NRM) by plotting (U;+V;) and
(U;i—V;) to directly observe the degree of ‘cause and effect’ between the

‘Dimensions’.

8. Construct the ‘Normalized Total Direct Influence Matrix’ T§ as:
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Dy D, Dy,

D, tyt/dy  tpi/dy - tpt/dy
Ty =D, |td'/d, t3*/d, - t3"/d,
Dn tgl/dn tgz/dn tgn/dn

9. Based on the ‘Dimensions’ with the significant degree of ‘cause and effect’
between the ‘Dimensions’, as seen from the ‘Total Direct Influence Matrix’,
repeat the above DEMATEL procedure for the criteria under the ‘Dimensions’
to calculate the individual ‘Normalized Criteria Influence Matrices’, denoted by
TC“” while comparing the criteria of ith ‘Dimension’ (i1, Ci2 Cim;) with

the criteria of jth ‘Dimension’ ( 917 G2 =+ Cjm).

10.Find the ‘Normalised Influence Matrix’ T® , where m,, m,, ms, ....m,, are the

number of criteria for the Dimensions D, D,, D5, .... D,,, respectively

D, D, D,
Cll e C1m1 Cll C1m2 C11 Clmn
€11 _
D :
1 Tcall Tcalz Ve Tca'ln
C1m1
Ta — C11
c DZ : TCE(21 TCaZZ TC(XZTL
Clmz
C11
Dn : Tcanl Tcanz . Tcann
Clmn - -

where:

Cim 1S the mth Criteria for ith Dimension;

T.") matrices are written as:

Ci Ci .
j1 j2 C]mj
- aij atij aij 1
t011 tC12 tC1m-
. Cip g N 7
T‘u}: ] atj atj atj
¢ sz t021 tczz tszj
Ci : : . :
imy taij aij taij
| "Cm;1 Cm;2 Cmym; |
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with each element ¢_’ representing t;/ for criteria c;, and ¢,

Thereafter, apply the ANP procedure as follows:

11. Arrange the ‘Unweighted Supermatrix’ W, as:

D, D, D,
Cll cee C1m1 C21 C2m2 Cnl Cnmn
C11 _
Dl : Wll W12 Wln
c c c
C1m1
W. = €21
c D2 [/VC21 VVCZZ VVCZYL
szz
Cn1
: ni n2 nn
D, W, W, 7
Cnm,, -

where each W.”is calculated as:

-, aji aji aji 7
tC11 t021 tij1
.. .. aji aji aji
V|/Cl] = (Tcaﬂ)' = tC12 tsz tijz
aji aji aji
_tclmi szi tcmjmi_
12.Calculate the ‘Weighted Supermatrix’ W,.*:
tgll X [/Vcll thl X W12 tgnl X Wln
12 21 22 22 2 2
Wy = gWC_tg X W, thee x W time x Wan
taln X Wnl taZn X an ... tann X wnn
D c D c D

Raise the ‘Weighted Supermatrix’ W to a sufficiently large power h until it
converges and becomes a long-term stable super-matrix to obtain the relative
weights w = (w; ,w,,w; ...) for all the criteria under the various ‘Dimensions’

from

Lim ()"
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Appendix M AHP Method

Consider a given set of independent criteria (C; C, - C,). The AHP
method is applied as follows to determine the weights of the independent set of

criteria, as per the following steps:

1. Undertake pair-wise comparisons to create a n x n ‘Pairwise Comparison

Matrix’ G,

C, C, Gy
¢, [1 91z - 9

G= [gij] =(, 915 1 - go
Co lgin gm 1

where each upper diagonal element g;; >0 is the recorded judgement
generated by comparing the ith element with the jth one using Saaty’s scale
of 1 to 9 to represent equal importance to extreme importance with i,j =
1,2,...,n. The lower diagonal elements of G are the reciprocal values of the
upper diagonal elements, as per g;; = 1/g;;. The diagonal elements are unity,

or g;j = 1wheni =j.

2. Create a ‘Normalized Pairwise Comparison Matrix’ as:

C1 CZ Cn
Ci 1/s1 912/S2 = Gin/Sn
G* = [gij] =C, |97 /51 1/s; = Gan/Sn
Co Lgit/si gam/ss - 1/sy

where s; = Y, g;; , the column sums.

3. Calculated the vector of relative weights, W, by averaging all elements of the

rows as:

W=lwl=) gi/n
j=1
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4. To evaluate the reliability of the obtained weights, check the consistency of

matrix G by creating the ‘Consistency Check Matrix’ C as:

C, C, .Gy

C; 1wy gra*xwy 0 Gin*Wy

C= [Cij] =C, |gim*wi  1xw, o g xwy
Co lgim *wi gon *wy - 1wy

5. Get the ‘Weighted Sum Ratio’ WS vector thereafter as:

- n

c _
1 Z C1j A%
j=1
n
ws = [ws;] =, Z C2j /W2
j=1
: n :
Z an /Wn
Cn _j=1 i

6. Calculate the largest eigenvalue 4,,,, using:

n
Anax = Z ws;/n
i=1

7. Verify the consistency of the comparison matrix using, ‘Consistency Index’ CI

and ‘Consistency Ratio’ CR using:

CR = —
RI

where:

(Amax — 1)

| =
¢ n—1

Rl indicates the average consistency index over numerous random entries of

the reciprocal matrices with the same orders.

If CR < 0.1, the estimate is accepted; otherwise, a new comparison matrix is

solicited.
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Appendix N VIKOR Method

Consider the Lp-metric L, ;, or the measure of distance to the ideal solution for
the alternative a;, written for a set of n criteria C;,C;,C;5..,C; ..., C, with
corresponding global weights w;,w,,ws ...,w, , and r alternatives, ay,a,, ...,

a;, ..., a, fi; being the ‘evaluated score’ for the ith criteria representing a ‘benefit

function’:

n 1/p

by = {3 b - 1)1 = 1T
i=1
1<p<>o;j=12,..,r1.

where

fif =maxfy, f7 = minfy
1. Calculate the Lp-metric, forp =1, L, ; (as S;) and p = 0 and L, ; (as R;) as

the basis to form another two-dimensional space [S; , R;] of alternatives, with

L, metric [Q;] as follows:
5=y wilfit = f)/Gt = 1)

R; = max [wi(Fi* = i)/ (T = £7)]

Q] = V(S] —S+)/(S_ —S+)
+(1—v)(R; —R*)/(R~ —R")

where:

S* =minS;, S™ = maxs$;
Jj j

RT = minR;, R~ = maxR;
A F

Coefficient v is the ‘strategy coefficient with’ v € [0,1], where values higher

than 0.5 indicate that the decision-maker is more focused on satisfying most
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of the criteria, while values lower than 0.5 indicate that the decision-maker is
more focussed on minimizing individual differences from the ideal solution.

Coefficient v is usually set to a value of 0.5 to start the procedure.

. Rank the alternatives a,, a,, ..., aj, ..., a, inthe order of priorities based on the
values of S;, R;, Q; with their lower values considered as ‘better’ values
leading to alternatives arranged in terms of priority as a3, aZ a3 ... af;
ag,af ap .. ag and ap,af aj .. ag where a' is the highest or best-ranked
alternative while a¢, a, ay are the lowest or worse ranked alternatives with

the highest of S;, R;, Q; values respectively.

. Select the ‘best alternative’ or the most suitable ‘compromise solution’, as the

one ranked by the lowest value of Q or a}z.

. Check the ‘best alternative’ for validity. The selection is considered to be

directly valid if the following two conditions are satisfied:

e Condition 1: ‘Acceptable degree of advantage’

Q(a3) - Q(ap) > DQ
where aé the alternative with the second position in the ranking list by Q;
min(0.25,DQ = i ) Where r is the total number of alternatives.

e Condition 2: ‘Acceptable stability in decision making’:
Alternative aj, must also be the best ranked by S;, R; or aj, corresponds to
the same alternative as al and a}.

. If one of the conditions is not satisfied, then the following set of ‘compromise

solutions’ is proposed, which the decision-makers may select based on

additional negotiations:

 Alternatives aj, and aj , if only Condition 2 is not satisfied, or
e Alternatives aj,a? ... all , if Condition 1 is not satisfied; Q(a§ ) — Q(ap) <

DQ or the positions of the alternatives are ‘close’ in the decision space.

417



Appendix O Gas Turbine Performance Simulation
Results

0.1 MGT Rated at 7.5 MW

The modelled engine has a twin-spool gas generator with a free power turbine
that is connected to the load or the propeller through the transmission system.
The layout of the engine is shown in Figure O-1. The primary parameters of the
engine are shown in Table O-1. The detailed model input file used is shown in
Appendix P.2.

Table O-1 Primary design point parameters for 7.5 MW MGT

Parameter Unit Value
Inlet mass flow kg/s 32.5
LP Compressor pressure ratio - 4

LP Compressor isentropic efficiency % 90
HP Compressor pressure ratio - 3.5
HP Compressor isentropic efficiency % 90
Compressor bleed for HP Turbine cooling | % 8
Combustor outlet temperature K 1300
Fuel type - Diesel
HP Turbine isentropic efficiency % 85

LP Turbine isentropic efficiency % 90

FP Turbine isentropic efficiency % 88

LP: High Pressure; HP: High Pressure, FP: Free Power

The simulation results presented below for this engine have been calculated for
ISA SLS conditions with the power turbine speed fixed at its rated speed. The OD
simulations were undertaken using the combustor outlet temperature as the
handle. The generated engine characteristics for the engine are shown from
Figure O-2 to Figure O-24.
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Figure O-1 Model block diagram for 7.5 MW MGT
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Figure O-2 Computed variation of combustor outlet temperature (Tp,,,) against
fuel flow (WF) for 7.5 MW MGT, with power turbine speed Np;r = 1 and ambient

temperature at T,,,,,, = 15 °C.
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Figure O-3 Computed variation of power turbine inlet temperature (Tpr;,) against
fuel flow (WF) for 7.5 MW MGT, with power turbine speed Np;r = 1 and ambient

temperature at T,,,,,, = 15 °C.
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Figure O-4 Computed variation of high-pressure compressor (HPC) outlet
temperature (Typc o) against fuel flow (WF) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-5 Computed variation of high-pressure compressor outlet pressure
(Pypcout) against fuel flow (WF) for 7.5 MW MGT, with power turbine speed Np; =

1 and ambient temperature at T,,,;, = 15 °C.
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Figure O-6 Computed variation of overall compressor pressure ratio (PR) against
fuel flow (WF) for 7.5 MW MGT, with power turbine speed Np;r = 1 and ambient

temperature at T,,,,, = 15 °C.
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Figure O-7 Computed variation of high-pressure compressor speed ratio (Nypc)
against fuel flow (WF) for 7.5 MW MGT, with power turbine speed Npr =1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-8 Computed variation of low-pressure compressor speed ratio (N;pc)
against fuel flow (WF) for 7.5 MW MGT, with power turbine speed Npr =1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-9 Computed variation of power turbine shaft power or engine brake
power (PWg, ,.¢) against fuel flow (WF) for 7.5 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,;, = 15 °C.

423



1100 -
1050 1
1000 -

950 1

TB,out [OC]

900 1

850 1

800 +———

0.65 0.7 0.75 0.8 0.85 0.9 0.95

NLPC

Figure O-10 Computed variation of combustor outlet temperature (T ,,.) against

low pressure compressor speed ratio (N pc) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-11 Computed variation of power turbine inlet temperature (Tpr;,,) against

low pressure compressor speed ratio (N p.) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-12 Computed variation of high compressor outlet temperature (Typc o)
against low pressure compressor speed ratio (N;p.) for 7.5 MW MGT, with power

turbine speed Np; = 1 and ambient temperature at T,,,,, = 15 °C.
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Figure O-13 Computed variation of high-pressure compressor outlet pressure
(Pypcour) against low pressure compressor speed ratio (N, p¢) for 7.5 MW MGT,

with power turbine speed Np; = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-14 Computed variation of overall compressor pressure ratio (PR) against
low pressure compressor speed ratio (N p.) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-15 Computed variation of high-pressure compressor speed ratio (Nypc)
against low pressure compressor speed ratio (N;p.) for 7.5 MW MGT, with power

turbine speed Np; = 1 and ambient temperature at T,,,,, = 15 °C.
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Figure O-16 Computed variation of power turbine shaft power or engine brake
power (PWy;,) against low pressure compressor speed ratio (N, pc) for 7.5 MW

MGT, with power turbine speed Np;r = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-17 Computed variation of combustor outlet temperature (T ,,.) against
engine shaft power (PWy;,) for 7.5 MW MGT, with power turbine speed Npr = 1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-18 Computed variation of power turbine inlet temperature (Tpr;,,) against
engine shaft power (PW;,) for 7.5 MW MGT, with power turbine speed Npr = 1 and

ambient temperature at T,,,;, = 15 °C.
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Figure O-19 Computed variation of high-pressure compressor outlet temperature
(Tupcour) against engine shaft power (PW,) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure 0O-20 Computed variation of high-pressure compressor outlet pressure
(Pypcout) @against engine shaft power (PWg;,) for 7.5 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-21 Computed variation of overall compressor pressure ratio (PR) against
engine shaft power (PW;,) for 7.5 MW MGT, with power turbine speed Npr = 1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-22 Computed variation of high-pressure compressor speed ratio (Nypc)
against engine shaft power (PWy,) for 7.5 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-23 Computed variation of low-pressure compressor speed ratio (N;pc)
against engine shaft power (PWy,) for 7.5 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-24 Computed variation of specific fuel consumption (sfc) against engine
shaft power (PWg,) for 7.5 MW MGT, with power turbine speed Npr =1 and

ambient temperature at T,,,, = 15 °C.

0.2 MGT Rated at 15 MW

The modelled engine has a twin-spool gas generator with a free power turbine
that is connected to the load or the propeller through the transmission system.
The layout of the engine is shown in Figure O-25. The primary parameters of the
engine are shown in Table O-2. The detailed model input file is shown in
Appendix P.2.

The simulation results presented below for this engine have been run for ISA SLS
conditions with the power turbine speed fixed at its rated speed. The OD
simulations were undertaken using the combustor outlet temperature as the
handle. The generated engine characteristics for the engine are shown from
Figure O-26 to Figure O-48.
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Table O-2 Primary design point parameters for 15 MW MGT

Parameter Unit Value
Inlet mass flow kg/s 90

LP Compressor pressure ratio - 3.8
LP Compressor isentropic efficiency % 92
HP Compressor pressure ratio - 3.1
HP Compressor isentropic efficiency % 91
Compressor bleed for HP Turbine cooling | % 8
Combustor outlet temperature K 1200
Fuel type - Diesel
HP Turbine isentropic efficiency % 86

LP Turbine isentropic efficiency % 90

FP Turbine isentropic efficiency % 88

LP: High Pressure; HP: High Pressure, FP: Free Power
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Figure O-25 Model block diagram for 15 MW MGT
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Figure O-26 Computed variation of combustor outlet temperature (T ,,;) against
fuel flow (WF) for 15 MW MGT, with power turbine speed Np; = 1 and ambient

temperature at T,,,,, = 15 °C.
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Figure O-27 Computed variation of power turbine inlet temperature (Tpr;,,) against
fuel flow (WF) for 15 MW MGT, with power turbine speed Np; = 1 and ambient

temperature at T,,,,,, = 15 °C.
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Figure O0-28 Computed variation of high-pressure compressor (HPC) outlet
temperature (Typco.u:) against fuel flow (WF) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure 0-29 Computed variation of high-pressure compressor outlet pressure
(Pypcour) against fuel flow (WF) for 15 MW MGT, with power turbine speed Np; =

1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-30 Computed variation of overall compressor pressure ratio (PR) against
fuel flow (WF) for 15 MW MGT, with power turbine speed Np; = 1 and ambient

temperature at T,,,,,, = 15 °C.
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Figure O-31 Computed variation of high-pressure compressor speed ratio (Nypc)
against fuel flow (WF) for 15 MW MGT, with power turbine speed Npr =1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-32 Computed variation of low-pressure compressor speed ratio (N;pc)
against fuel flow (WF) for 15 MW MGT, with power turbine speed Npr =1 and

ambient temperature at T,,,, = 15 °C.
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Figure 0-33 Computed variation of power turbine shaft power or engine brake
power (PW g, 5,,¢) against fuel flow (WF) for 15 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,;, = 15 °C.
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Figure O-34 Computed variation of combustor outlet temperature (T ,,;) against
low pressure compressor speed ratio (N;pc) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-35 Computed variation of power turbine inlet temperature (Tpr;,,) against
low pressure compressor speed ratio (N;pc) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-36 Computed variation of high compressor outlet temperature (Typc ou:)

against low pressure compressor speed ratio (N;pc) for 15 MW MGT, with power

turbine speed Np; = 1 and ambient temperature at T,,,,, = 15 °C.
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Figure O-37 Computed variation of high-pressure compressor outlet pressure

(Pypcout) against low pressure compressor speed ratio (N p¢) for 15 MW MGT,

with power turbine speed Np; = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-38 Computed variation of overall compressor pressure ratio (PR) against
low pressure compressor speed ratio (N;pc) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-39 Computed variation of high-pressure compressor speed ratio (Nypc)
against low pressure compressor speed ratio (N;pc) for 15 MW MGT, with power

turbine speed Npr = 1 and ambient temperature at T,,,,, = 15 °C.
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Figure O-40 Computed variation of power turbine shaft power or engine brake
power (PWg;,) against low pressure compressor speed ratio (N;pc) for 15 MW

MGT, with power turbine speed Np;r = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-41 Computed variation of combustor outlet temperature (T ,,;) against
engine shaft power (PW;,) for 15 MW MGT, with power turbine speed Np;y = 1 and

ambient temperature at T,,,, = 15 °C.
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Figure 0-42 Computed variation of power turbine inlet temperature (Tpr;,,) against
engine shaft power (PW;,) for 15 MW MGT, with power turbine speed Np; = 1 and

ambient temperature at T,,,, = 15 °C.
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Figure O-43 Computed variation of high pressure compressor outlet temperature
(Tupcour) against engine shaft power (PWg,) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-44 Computed variation of high-pressure compressor outlet pressure
(Pypcout) against engine shaft power (PWy,) for 15 MW MGT, with power turbine

speed Npr = 1 and ambient temperature at T,,,, = 15 °C.
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Figure O-45 Computed variation of overall compressor pressure ratio (PR) against
engine shaft power (PW;,) for 15 MW MGT, with power turbine speed Np; = 1 and

ambient temperature at T,,,;, = 15 °C.
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Figure O-46 Computed variation of high-pressure compressor speed ratio (Nypc)
against engine shaft power (PWy;,) for 15 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-47 Computed variation of low-pressure compressor speed ratio (N;pc)
against engine shaft power (PWy;,) for 15 MW MGT, with power turbine speed

Npr = 1 and ambient temperature at T,,,,;, = 15 °C.
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Figure O-48 Computed variation of specific fuel consumption (sfc) against engine
shaft power (PWy;,) for 15 MW MGT, with power turbine speed Np; = 1 and ambient

temperature at T,,,,, = 15 °C.

0.3 MGT Rated at 36 MW

The modelled engine has a twin-spool gas generator with a free power turbine
that is connected to the load or the propeller through the transmission system.
The layout of the engine is shown in Figure O-49. The primary parameters of the
engine are shown in Table O-3. The detailed model input file used is shown in
Appendix P.5.

The simulation results presented below for this engine have been run for ISA SLS
conditions with the power turbine speed varied as per the loading by a propeller,
with the load curve shown in Figure O-73Error! Reference source not found..
The OD simulations were undertaken using the power turbine shaft power as the
handle. The generated engine characteristics for the engine are shown from
Figure O-50 to Figure O-72.
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Table O-3 Primary design point parameters for 36 MW MGT

Parameter Unit Value
Inlet mass flow kg/s 115
LP Compressor pressure ratio - 5.71
LP Compressor isentropic efficiency % 89
HP Compressor pressure ratio - 4.2
HP Compressor isentropic efficiency % 88
Compressor bleed for LP Turbine cooling | % 1.5
Compressor bleed for HP Turbine cooling | % 15
Combustor outlet temperature K 1510
Fuel type - Diesel
HP Turbine isentropic efficiency % 90

LP Turbine isentropic efficiency % 91

FP Turbine isentropic efficiency % 92

LP: High Pressure; HP: High Pressure, FP: Free Power
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Figure O-49 Model block diagram for 36 MW MGT
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Figure O-50 Computed variation of combustor outlet temperature (Tz,,;) against
fuel flow (WF) for 36 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,,,, = 15 °C.
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Figure O-51 Computed variation of power turbine inlet temperature (Tpr;,,) against
fuel flow (WF) for 36 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,,,, = 15 °C.
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Figure O-52 Computed variation of high-pressure compressor (HPC) outlet

temperature (Typco.u:) against fuel flow (WF) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure O-53 Computed variation of high-pressure compressor outlet pressure
(Pypcout) against fuel flow (WF) for 36 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,;, = 15 °C.

449



26 1

24 1

21

18

PRoverall

16

12 }

"+ttt
1 1.2 1.4 1.6 1.8 2 22

WF [kg/s]

Figure O-54 Computed variation of overall compressor pressure ratio (PR) against
fuel flow (WF) for 36 MW MGT, with power turbine speed (Npy) varying as per

propeller law and ambient temperature at T,,,,, = 15 °C.
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Figure O-55 Computed variation of high-pressure compressor speed ratio (Nypc)
against fuel flow (WF) for 36 MW MGT, with power turbine speed (Npr) varying as

per propeller law and ambient temperature at T,,,,;, = 15 °C.
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Figure O-56 Computed variation of low-pressure compressor speed ratio (N;pc)
against fuel flow (WF) for 36 MW MGT, with power turbine speed (Npr) varying as

per propeller law and ambient temperature at T,,, = 15 °C.
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Figure O-57 Computed variation of power turbine shaft power or engine brake
power (PW g, ,,,¢) against fuel flow (WF) for 36 MW MGT, with power turbine speed

(Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure O-58 Computed variation of combustor outlet temperature (T ,,;) against
low pressure compressor speed ratio (N;pc) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure O-59 Computed variation of power turbine inlet temperature (Tpr;,,) against
low pressure compressor speed ratio (N;pc) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure 0-60 Computed variation of high compressor outlet temperature (Typc ou:)
against low pressure compressor speed ratio (N;pc) for 36 MW MGT, with power
turbine speed (Npr) varying as per propeller law and ambient temperature at
T amp = 15 °C.
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Figure 0-61 Computed variation of high-pressure compressor outlet pressure
(Pypcout) against low pressure compressor speed ratio (N p¢) for 36 MW MGT,
with power turbine speed (Npr) varying as per propeller law and ambient

temperature at T,,,,,, = 15 °C.
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Figure 0-62 Computed variation of overall compressor pressure ratio (PR) against
low pressure compressor speed ratio (N;pc) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure 0-63 Computed variation of high-pressure compressor speed ratio (Nypc)
against low pressure compressor speed ratio (N;p) for 36 MW MGT, with power
turbine speed (Npr) varying as per propeller law and ambient temperature at
T amp = 15 °C.
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Figure 0-64 Computed variation of power turbine shaft power or engine brake
power (PWg;,) against low pressure compressor speed ratio (N;pc) for 36 MW
MGT, with power turbine speed (Npr) varying as per propeller law and ambient

temperature at T,,,,, = 15 °C.
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Figure 0-65 Computed variation of combustor outlet temperature (T ,,;) against
engine shaft power (PW,) for 36 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,;, = 15 °C.
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mputed variation of power turbine inlet temperature (Tpr;,) against

engine shaft power (PW,) for 36 MW MGT, with power turbine speed (Npr)

varying as per

propeller law and ambient temperature at T,,,,;,, = 15 °C.
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Figure O-67 Computed variation of high-pressure compressor outlet temperature

(Tupcour) against engine shaft power (PWg,) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure 0-68 Computed variation of high-pressure compressor outlet pressure
(Pypcout) against engine shaft power (PWg,) for 36 MW MGT, with power turbine

speed (Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure 0-69 Computed variation of overall compressor pressure ratio (PR) against
engine shaft power (PW,) for 36 MW MGT, with power turbine speed (Npr)

varying as per propeller law and ambient temperature at T,,,,;, = 15 °C.
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Figure O-70 Computed variation of high-pressure compressor speed ratio (Nypc)
against engine shaft power (PWy;,) for 36 MW MGT, with power turbine speed

(Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure O-71 Computed variation of low-pressure compressor speed ratio (N;pc)
against engine shaft power (PWy;,) for 36 MW MGT, with power turbine speed

(Npr) varying as per propeller law and ambient temperature at T,,,;, = 15 °C.
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Figure O-72 Computed variation of specific fuel consumption (sfc) against engine
shaft power (PWg;,) for 36 MW MGT, with power turbine speed (Npr) varying as

per propeller law and ambient temperature at T,,, = 15 °C.

40000 1

35000 -
30000 1

25000 A

PWgp (kW]

20000 1

15000 1

10000

0.6

Figure O-73 Applied propeller law expressed as the variation of engine shaft power
(PWg,) against power turbine speed ratio (Npr) for 36 MW MGT with ambient

temperature at T,,,,, = 15 °C.
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Appendix P Gas Turbine Engine Input Files

P.1 Turbojet

//Turbojet

Engine: Turbojet
{
EngineDefinition
{
UnitSystem= SI ;
Fuel= Kerosene ;
EngineType= Turbojet ;

¥
Ambient
{
Altitude= 11000 ; //unit: length in m
FlightMachNo= 0.8 ; //for Aero Engines; unit: number
¥
EngineComponents

Component Intake: Inlet

{
Win= 20 ;
¥
Component Compressor: Comp
{
MapOpPtPressRatio= 0.85 ; //PR along speed line: (PRdesign -PRchoke)/ (PRsurge-PRchoke)
//Z in TM
MapOpPtNRatio= 1 ; //Ratio: Nactual/ Ndesign
PressRatio= 25 ; //Pressure ratio, for DP
EffyIsen= 0.85 ; //Isentropic efficiency, for DP
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= COMPRE3 ; //MapFileName: File name of Map minus extn(.txt)
}
¥
Component Splitter: BleedCoolTurb
{
FlowFraction= 0.1 ;
FlowOffset= 0 ;
PressFraction= 1 ;
PressOffset= 0 ;
¥
Component Combustor: Comb
{
CombParaType= COT ; //WFin or COT
CombParaVal= 1400 ; //Value of selected ParaType: K
PressLossRatio= 0.83 ; //Press Ratio
EffyComb= 0.999 ; //Comb Effy
Map
{
MapStyle= TM ; //TM (Turbomatch) or BS (Beta Style)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= BURNER1 ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
Component Mixer: MixCoolTurb
{
SwCalcPressChange = False ; //True if Press Change for Mixing Stream is to be calc
//Default: False: even not specified
¥
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Component Turbine: Turb

{
MapOpPtDelHT= 0.8 ; //TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8
MapOpPtNRatio= 0.6 ; //Speed ratio: N/Ndesign
EffyIsen= 0.8973 ; //TurbEff
ExtractedShaftOpllork= 0; //Extracted Shaft Wk
ExtractedAuxblork= 0; //Extracted Aux Wk
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= TURS ; //MapFileName
¥
¥
Component NozzleConv: Nozz
{
SwFixedAreaCalc= True; //Default: False : even if you dont specify
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= NOZZLE ; //MapFileName
¥
¥
¥
FluidConnections
{
Connection: con1® { Inlet(Out); Comp(In)}
Connection: con2@ { Comp(Out); BleedCoolTurb(In)}
Connection: con5@ { BleedCoolTurb(Out); Comb(In)}
Connection: con6@® { Comb(Out); MixCoolTurb(In)}
Connection: con7@ { MixCoolTurb(Out); Turb(In)}
Connection: con1@@ { Turb(Out); Nozz(In)}
Connection: bconl { BleedCoolTurb(Bleed); MixCoolTurb(Mix)}
¥
MechConnections
{
Connection: sh {Comp; Turb}
¥
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SimulationODParameters

{
Handle
{
Component Compressor: Comp
{
MapOpPtNRatio ; //PCN
¥
}
Variables //handle parameter cannot be included here
{
Component Intake: Inlet
{
Win ; //VWin
¥
Component Compressor: Comp
{
MapOpPtPressRatio ; /17
¥
Component Combustor: Comb
{
CoT ;
¥
Component Turbine: Turb
{
MapOpPtDelHT ; //ZT
¥
}
l}
//No SimRun infor required, if passed by the Marine Plant Ip File
SimulationRun: SimRunID; //SimRunName
{

RunType: 0D ; //0D or DP

ODHandlelValue: 0.6 ;  //handle for OD Sim

Ambient
{
//Altitude= 9000 ; //unit: length in m
//FlightMachNo= 0.6 ; //for Aero Engines; unit:
¥
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P.2 7.5 MW Marine Gas Turbine

Engine: 7.5MWMGT

{

EngineDefinition
{
UnitSystem= SI; //Options: SI/IM
Fuel= Diesel;

¥
Ambient
{
Altitude= 0 ;
FlightMachNo= © ;
DevFmISATemp= 0 ;
DevFmISAPress= @ ;
RelHumidity= @ ;
¥
EngineComponents
{
Component Intake: Inlet
{
Win= 32.5;
PresslLoss= 0.98 ;
¥
Component Compressor: LPC
{
MapOpPtPressRatio= ©.85 ;
MapOpPtNRatio= 0.9 ;
PressRatio= 4.0 ;
EffyIsen= 0.9 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
MapFileName= COMPRE3 ;
¥
¥
Component Duct: DuctLPCHPC
{
PresslLossRatio= ©.01 ;
¥
Component Compressor: HPC
{
MapOpPtPressRatio= 0.85 ;
MapOpPtNRatio= 0.9 ;
PressRatio= 3.5
EffyIlsen= 0.9 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
MapFileName= COMPRE3 ;
¥
¥

//Options: Kerosene, Diesel

//height in m
//for Aero Engines, flight mach no.

//temp deviation from ISA in K
//press deviation from ISA in bar
//relative humidity as fraction

//inlet air flow, kg/s
//Loss pressure ratio

//Z or pressure ratio along speed line
//(PRdesign -PRchoke)/ (PRsurge-PRchoke)

//Nactual/ Ndesign
//pressure ratio

//isentropic efficiency

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//Press Loss Ratio

// Z or pressure ratio along speed line:
// (PRdesign -PRchoke)/ (PRsurge-PRchoke)

//Ratio: Nactual/ Ndesign
//pressure ratio

//isentropic efficiency

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

463



Component Splitter: BleedHPTCooling

{
FlowFraction= 0.08 ;
FlowOffset= @ ;
PressFraction= 1 ;
PressOffset= 0 ;
¥
Component Combustor: Comb
{
CombParaType= COT ; //WFin or COT
CombParaVal= 1300 ; //Value of selected ParaType: K or kg/s
PresslLossRatio= ©.05 ; //Press loss ratio
EffyComb= 0.98 ; //Comb Effy
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= BURNER1 ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
Component Turbine: HPT
{
MapOpPtDelHT= 0.7 ; //TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max
//default value = 0.8,
//akin to Surge Margin Z in Compressor
MapOpPtNRatio= 0.6 ; //Speed ratio: N/Ndesign
EffyIsen= 0.85 ; //TurbEff
ExtractedShaftOpWork= 0; //Extracted Shaft Wk
ExtractedAuxWork= 0; //Extracted Aux Wk
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= TURS ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
Component Mixer: MixHPTCooling
{
SwCalcPressChange = False ; //True if Press Change for Mixing Stream is to be calc;
//Default: False: even if you dont specify
¥
Component Turbine: LPT
{
MapOpPtDelHT= 0.7 ; //TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max
//default value = 0.8, choked turbine,
//akin to Surge Margin Z in Compressor
MapOpPtNRatio= 0.6 ; //Speed ratio: N/Ndesign
EffyIsen= 0.9 ; //TurbEff
ExtractedShaftOplkiork= 0; //Extracted Shaft Wk
ExtractedAuxWork= @; //Extracted Aux Wk
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= TURS ; //MapFileName: File name of Map minus extn(.txt)
}
¥
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Component FPTurbine: FPT

{

MapOpPtDelHT= 0.7 ;

MapOpPtNRatio= 0.6 ;
EffyIsen= 0.88 ;

NRatio= ©.9;
ExtractedShaftOplork= 7350;
ExtractedAuxiork= 0 ;

Map
{

¥

MapStyle= TM ;
MapDef= Std ;
MapFileName= TURS ;

Component Duct: DuctFPTOut

{

PresslLossRatio= 0.01 ;

¥

Component NozzleConv: NozzCl

{

SwFixedAreaCalc= True;

Map
{

¥

FluidConnections

{
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

Connection:

MechConnections

{

Connection:
Connection:

MapStyle= TM ;
MapDef= Std ;
MapFileName= NOZZLE ;

conl { Inlet(Out); LPC(In)}

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max
//default value = 0.8

//akin to Surge Margin in Compressor

//Speed ratio: N/Ndesign

//TurbEff

//Shaft Speed NRatio
//Extracted Shaft Wk in kW
//Extrlacted Aux Wk in ki

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//Press Ratio

//Default: False : even if you dont specify

//TM (Turbomatch)
//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

con2 { LPC(Out); DuctLPCHPC(In)}
con3 { DuctLPCHPC(Out); HPC(In)}
con4 { HPC(Out); BleedHPTCooling(In)}
con5 { BleedHPTCooling(Out); Comb(In)}

con6 { Comb(Out); HPT(In)}

con8 { HPT(Out); MixHPTCooling(In)}
con9 { MixHPTCooling(Out); LPT(In)}

conll { LPT(Out); FPT(In)}

conl2 { FPT(Out); DuctFPTOut(In)}
conl3 { DuctFPTOut(Out); NozzC1(In)}

bconl { BleedHPTCooling(Bleed); MixHPTCooling(Mix)}

mconl {LPC; LPT}
mcon2 {HPC; HPT}
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SimulationODParameters

{
Handle
{
Component Combustor: Comb
{
CoT; //PCN
¥
Component FPTurbine: FPT
{
NRatio;
¥
¥
Variables //handle parameter cannot be included here
{
Component Intake: Inlet
{
Win ; //Win
¥
Component Compressor: LPC
{
MapOpPtPressRatio; //Z
MapOpPtNRatio; //PCN
¥
Component Turbine: LPT
{
MapOpPtDelHT; //ZT
}
Component Compressor: HPC
{
MapOpPtPressRatio; //Z
MapOpPtNRatio; //PCN
¥
Component Turbine: HPT
{
MapOpPtDelHT; //ZT
¥
Component FPTurbine: FPT
{
MapOpPtDelHT; //ZT
ExtractedShaftOplork; //Extracted Shaft Wk
}
¥
¥
SimulationRun: SimRunID; //SimRunName
{
EngineModel: 7.5MWMGT; //tells the program the name
RunType: 0D; //DP/OD/TR
ODHandlelValue: 1300; //required only for OD Sim
ODHandle2Value: 1; //required only for OD Sim
¥
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P.3 15 MW Marine Gas Turbine

Engine: 15MW MGT

{

EngineDefinition

{

UnitSystem= SI; //Options:SI/IM

Fuel= Diesel; //Options:Kerosene, Diesel

¥

Ambient

{
Altitude= 0 ;
FlightMachNo= 0 ;
DevFmISATemp= @ ;
DevFmISAPress= @ ;
RelHumidity= @ ;

¥

EngineComponents

Component Intake: Inlet

//height in m
//for Aero Engines, flight mach no.

//temp deviation from ISA in K
//press deviation from ISA in bar
//relative humidity as fraction

//inlet air floW
//Press loss ratio

MapOpPtPressRatio= 0.85 ; //Z or pressure ratio along speed line

//(PRdesign -PRchoke)/ (PRsurge-PRchoke)
//Nactual/ Ndesign
//pressure ratio

//isentropic efficiency

//TM (Turbomatch)
//Std or User: Std or User Defined Map

MapFileName= COMPRE3 ; //MapFileName: File name of Map minus extn(.txt)

//Press Loss Ratio

//Press Loss Ratio

//Z or pressure ratio along speed line:
//(PRdesign -PRchoke)/ (PRsurge-PRchoke)

//Nactual/ Ndesign
//pressure ratio

//isentropic efficiency

//TM (Turbomatch)
//Std or User: Std or User Defined Map

MapFileName= COMPRE3 ; //MapFileName: File name of Map minus extn(.txt)

{
Win= 90;
PressLoss= 0.970 ;
¥
Component Compressor: LPC
{
MapOpPtNRatio= ©.999 ;
PressRatio= 3.8 ;
EffyIsen= 0.92 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
}
}
Component Duct: DuctLPCHPC
{
PresslLossRatio= 0.01 ;
¥
Component Duct: DuctLPCHPC
{
PresslLossRatio= 0.01 ;
}
Component Compressor: HPC
{
MapOpPtPressRatio= 0.85 ;
MapOpPtNRatio= ©.999 ;
PressRatio= 3.1 ;
EffyIsen= 0.91 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
¥
¥
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Component Splitter: BleedHPTCooling

{
FlowFraction= 0.08 ;
FlowOffset= 0 ;
PressFraction= 1 ;
PressOffset= 0 ;
}
Component Combustor: Comb
{
CombParaType= COT ; //Options: WFin or COT
CombParaVal= 1200 ; //Value of selected ParaType: K or kg/s
PressLossRatio= ©.05 ; //Press Ratio
EffyComb= 0.998 ; //Comb Effy
Map
{
MapStyle= T™M ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= BURNER1 ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
Component Mixer: MixHPTCooling
{
SwCalcPressChange = False ; //True if Press Change for Mixing Stream is to be calc;
//Default: False: even if you dont specify
}
Component Turbine: LPT
{
MapOpPtDelHT= 0.7 ; //TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8,
//akin to Surge Margin Z in Compressor
MapOpPtNRatio= 0.6 ; //Speed ratio: N/Ndesign
EffyIsen= 0.9 ; //Turb. Efficiency Isentropic
ExtractedShaftOpllork= 0; //Extracted Shaft Wk
ExtractedAuxbWork= 0; //Extracted Aux Wk
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= TURS ; //MapFileName: File name of Map minus extn(.txt)
}
}
Component FPTurbine: FPT
{
MapOpPtDelHT= 0.8 ; //TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8,
//akin to Surge Margin Z in Compressor
MapOpPtNRatio= 0.6 ; //Speed ratio: N/Ndesign
EffyIsen= 0.88 ; //Turb. Efficiency Isentropic
NRatio= 1; //Shaft Speed NRatio
ExtractedShaftOpllork= 15520; //Extracted Shaft Wk in kW
ExtractedAuxbork= 0 ; //Extracted Aux Wk in kW
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= TURS ; //MapFileName: File name of Map minus extn(.txt)
¥
}
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}

Component FPTurbine: FPT

{
MapOpPtDelHT= 0.8 ;
MapOpPtNRatio= 0.6 ;
EffyIsen= 0.88 ;
NRatio= 1;
ExtractedShaftOplork= 15520;
ExtractedAuxblork= 0 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
MapFileName= TURS ;
¥
}
Component Duct: DuctFPTOut
{
PresslLossRatio= 0.01 ;
}

Component NozzleConv: NozzCl

{

SwFixedAreaCalc= True;

Map

{
MapStyle= TM ;
MapDef= Std ;
MapFileName= NOZZLE ;

FluidConnections

{

Connection: conl { Inlet(Out); LPC(In)}

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8,

//akin to Surge Margin Z in Compressor

//Speed ratio: N/Ndesign

//Turb. Efficiency Isentropic

//Shaft Speed NRatio
//Extracted Shaft Wk in kW
//Extracted Aux Wk in kW

//TM (Turbomatch)
//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//Press Ratio

//Default: False : even if you dont specify

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

Connection: con2 { LPC(Out); DuctLPCHPC(In)}
Connection: con3 { DuctLPCHPC(Out); HPC(In)}
Connection: con4 { HPC(Out); BleedHPTCooling(In)}
Connection: con5 { BleedHPTCooling(Out); Comb(In)}

Connection: con6 { Comb(Out); HPT(In)}

Connection: con8 { HPT(Out); MixHPTCooling(In)}
Connection: con9 { MixHPTCooling(Out); LPT(In)}

Connection: conll { LPT(Out); FPT(In)}

Connection: con12 { FPT(Out); DuctFPTOut(In)}
Connection: conl13 { DuctFPTOut(Out); NozzC1(In)}

Connection: bconl { BleedHPTCooling(Bleed); MixHPTCooling(Mix)}

MechConnections

{

Connection: mconl {LPC; LPT}
Connection: mcon2 {HPC; HPT}
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SimulationODParameters

{
Handle
{
Component Combustor: Comb
{
CoT; //PCN
}
Component FPTurbine: FPT
{
NRatio;
}
¥
Variables //handle parameter cannot be included here
{
Component Intake: Inlet
{
Win ; //Win
}
Component Compressor: LPC
{
MapOpPtPressRatio; /1Z
MapOpPtNRatio; //PCN
}
Component Turbine: LPT
{
MapOpPtDelHT; /12T
}
Component Compressor: HPC
{
MapOpPtPressRatio; /1Z
MapOpPtNRatio; //PCN
}
Component Turbine: HPT
{
MapOpPtDelHT; //ZT
}
Component FPTurbine: FPT
{
MapOpPtDelHT; /12T
ExtractedShaftOpWork; //Extracted Shaft Wk
¥
¥
¥
//No SimRun infor required, if passed by the Marine Plant Ip File
SimulationRun: EngineODRun //SimRunName
{

EngineModel: 15MW; //tells the program the name
RunType: DP; //DP/0D

ODHandlelValue: 1000;

ODHandle2Value: 1; //required only for OD Sim

Ambient

{
//Altitude= 0 ; //height in m
//FlightMachNo= @ ; //for Aero Engines;
//DevFmISATemp= 15 ; //temp in K
//DevFmISAPress= @ ; //unit: press in bar
//RelHumidity= @ ; //unit: fraction

¥
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P.4 25 MW Marine Gas Turbine

Engine: 25MWMGT //EnginelName

{

EngineDefinition

{

UnitSystem= SI; //Options: SI/IM
Fuel= Diesel; //Options: Kerosene, Diesel

//height in m
//for Aero Engines, flight mach no.

//for Aero Engines, flight mach no.
//press deviation from ISA in bar
//relative humidity as fraction

//inlet air flow, kg/s
//Loss pressure ratio

MapOpPtPressRatio= 0.85 ; //Z or pressure ratio along speed line

//(PRdesign -PRchoke)/ (PRsurge-PRchoke)
//Nactual/ Ndesign
//pressure ratio

//isentropic efficiency

//TM (Turbomatch)
//Std or User: Std or User Defined Map

MapFileName= COMPRE4 ; //MapFileName: File name of Map minus extn(.txt)

//WFin or COT

//Value of selected ParaType
//Press Loss Ratio

//Comb Effy

//TM (Turbomatch)
//Std or User: Std or User Defined Map

MapFileName= BURNER1 ; //MapFileName: File name of Map minus extn(.txt)

//Press Loss Ratio

¥
Ambient
{
Altitude= 0 ;
FlightMachNo= @ ;
DevFmISATemp= @ ;
DevFmISAPress= @ ;
RelHumidity= @ ;
¥
EngineComponents
{
Component Intake: Inlet
{
Win= 68 ;
PressLoss= 0.9951 ;
¥
Component Compressor: Compr
{
MapOpPtNRatio= 0.9 ;
PressRatio= 19.25;
EffyIsen= 0.87 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
¥
¥
Component Splitter: BleedTurbCool
{
FlowFraction= 0.1 ;
FlowOffset= 0 ;
PressFraction= 1 ;
PressOffset= 0 ;
}
Component Combustor: Comb
{
CombParaType= COT ;
CombParaVal= 1550 ;
PresslLossRatio= 0.04 ;
EffyComb= 0.999 ;
Map
{
MapStyle= TM ;
MapDef= Std ;
¥
¥
Component Duct: DuctCombTurb
{
PressLossRatio= 0.01 ;
¥
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Component Mixer: MixTurbCool

{

¥

SwCalcPressChange = False ;

Component Turbine: ComprTurb

{

¥

MapOpPtDelHT= 0.85 ;
MapOpPtNRatio= 0.65 ;
EffyIsen= 0.89 ;

ExtractedShaftOpllork= 0;
ExtractedAuxWork= 0;

Map

{
MapStyle= TM ;
MapDef= Std ;
MapFileName= TURS ;

¥

Component FPTurbine: FPTurb

{

¥

MapOpPtDelHT= 0.8 ;

MapOpPtNRatio= 0.6 ;
EffyIlsen= 0.91 ;

NRatio= 1;
ExtractedShaftOplWork= 25000;
ExtractedAuxWork= @ ;

Map

{
MapStyle= TM ;
MapDef= Std ;
MapFileName= TURS ;

¥

Component Duct: DuctFPTOut

{
¥

PressLossRatio= 0.02 ;

Component NozzleConv: Nozz

{

SwFixedAreaCalc= True;

Map

{
MapStyle= TM ;
MapDef= Std ;
MapFileName= NOZZLE ;

¥

//True if Press Change for Mixing Stream is to be calcq|

//Default: False: even if you dont specify

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max
//default value = 0.8

//akin to Surge Margin Z in Compressor

//Speed ratio: N/Ndesign

//Turbine Isentropic Efficiency

//Extracted Shaft Wk
//Extracted Aux Wk

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8

//akin to Surge Margin Z in Compressor

//Speed ratio: N/Ndesign

//Turbine Isentropic Efficiency

//Shaft Speed NRatio

//Extracted Shaft Wk in kW
//Extracted Aux Wk in kW

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//Press Loss Ratio

//Default: False, if you dont specify

//TM (Turbomatch)
//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)
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FluidConnections

{

}

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

MechConnections

{

3
¥

Connection:

SimulationODParameters

{

Handle

{

¥

conl { Inlet(Out); Compr(In)}

con2 { Compr(Out); BleedTurbCool(In)}

con3 { BleedTurbCool(Out); Comb(In)}

con4 { Comb(Out); DuctCombTurb(In)}

con5 { DuctCombTurb(Out); MixTurbCool(In)}

con6 { MixTurbCool(Out); ComprTurb(In)}

con7 { ComprTurb(Out); FPTurb(In)}

con8 { FPTurb(Out); DuctFPTOut(In)}

con9 { DuctFPTOut(Out); Nozz(In)}

bconl { BleedTurbCool(Bleed); MixTurbCool(Mix)}

shLP{ Compr; ComprTurb}

Component FPTurbine: FPTurb

{

Variables

{

ExtractedShaftOpWork; //Extracted Shaft Wk
NRatio;

//handle parameter cannot be included here

Component Intake: Inlet

{
¥

Win ; //Win

Component Compressor: Compr

{

¥

MapOpPtPressRatio; //Z
MapOpPtNRatio; //PCN

Component Combustor: Comb

{
¥

oT; //PCN

Component Turbine: ComprTurb

{
¥

MapOpPtDelHT; //ZT

Component FPTurbine: FPTurb

{

MapOpPtDelHT; //ZT
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SimulationRun: Hd1-OpPwr-NPT; //SimRunName

{
RunType: OD ;  //DP/OD/TR
ODHandlelValue: 7830 ; //required only for OD Sim, here COT
ODHandle2Value: ©.7047 ; //required only for OD Sim, here NPT
Ambient
{
//Altitude= @ ; //height in m for aero engines
//FlightMachNo= @ ; //for Aero Engines;
DevFmISATemp= 20 ; //unit: temp in K
DevFmISAPress= 0.456 ; //unit: press in bar
RelHumidity= @ ; //unit: fraction
¥
¥
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P.5 36 MW Marine Gas Turbine

Engine: 36MW
{
EngineDefinition
{
UnitSystem= SI; //Options:SI/IM
Fuel= Diesel; //Options: Kerosene, Diesel
EngineType= Turboshaft ; //Options:Turbojet, Turbofan, Turboprop, Turboshaft
¥
Ambient
{
Altitude= 0 ; //flight altitude in m
FlightMachNo= @ ; //for Aero Engines;
DevFmISATemp= @ ; //temp deviation from ISA in K
DevFmISAPress= @ ; //press deviation from ISA in bar
RelHumidity= @ ; //relative humidity
¥
EngineComponents

Component Intake: Inlet

{
Win= 115; //inlet air flow
PressLoss= ©.995 ; //Press loss
¥
Component Compressor: LPC
{
MapOpPtPressRatio= 0.8 ; //pressure ratio along speed line
//(PRdesign -PRchoke)/ (PRsurge-PRchoke)
MapOpPtNRatio= 1 ; //Nactual/ Ndesign
PressRatio= 5.71 : //Pressure ratio. for DP
EffyIsen= 0.89 ; //Isentropic efficiency, for DP
Map
{
MapStyle= TM ; //TM (Turbomatch) style
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= COMPRE3 ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
Component Splitter: BleedCoollP
{
FlowFraction= 0.015 ;
FlowOffset= 0 ;
PressFraction= 1 ;
PressOffset= 0 ;
}
Component Compressor: HPC
{
MapOpPtPressRatio= 0.8 ; //pressure ratio along speed line
//(PRdesign -PRchoke)/ (PRsurge-PRchoke)
MapOpPtNRatio= 1 ; //Nactual/ Ndesign: Can be specified in both DP and 0D
PressRatio= 4.2 ; //pressure ratio, for DP
Effylsen= 0.88 ; //isentropic efficiency, for DP
Map
{
MapStyle= TM ; //TM (Turbomatch) or BS (Beta Style)
MapDef= Std ; //Std or User: Std or User Defined Map
MapFileName= COMPRE5 ; //MapFileName: File name of Map minus extn(.txt)
¥
¥
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Component Splitter: BleedCoolHP

FlowFraction= 0.15 ;
FlowOffset= @ ;
PressFraction= 1 ;
PressOffset= 0 ;

Component Combustor: Comb

CombParaType= COT ;
CombParaVal= 1510 ;
PresslLossRatio= 0.04 ;
EffyComb= 0.999 ;

Map
{
MapStyle= TM ;
MapDef= Std ;
MapFileName= BURNER1 ;
}
}
Component Mixer: MixCoolHP
{
SwCalcPressChange = False ;
}

Component Turbine: HPT
MapOpPtDelHT= 0.8 ;

MapOpPtNRatio= 0.6 ;
Effylsen= 0.9 ;

ExtractedShaftOpWork= 0;
ExtractedAuxbork= 0;

Map

{
MapStyle= TM ;
MapDef= Std ;
MapFileName= TUR1 ;

}

}

Component Mixer: MixCoollP

SwCalcPressChange = False ;
}
Component Turbine: LPT
MapOpPtDelHT= 0.8 ;

MapOpPtNRatio= 0.6 ;
Effylsen= 0.91 ;

ExtractedShaftOplork= 0;
ExtractedAuxbork= 0;

Map

{
MapStyle= T™ ;
MapDef= Std ;
MapFileName= TUR3 ;

}

//WFin or COT

//Value of selected ParaType in: kg/s or K
//Press Ratio

//Comb Effy

//T™ (Turbomatch)
//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//True if Press Change for Mixing Stream is to be calc;
//configComp@1; Default: False: even if you dont specify

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//akin to Surge Margin in Compressor

//default value = ©.8, Speed ratio: N/Ndesign
//TurbEff

//Extracted Shaft Wk
//Extracted Aux Wk

//TM (Turbomatch)
//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

//True if Press Change for Mixing Stream is to be calc;
//configComp@l1; Default: False: even if you dont specify

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8, akin to Surge Margin in Compressor
//Speed ratio: N/Ndesign

//TurbEFf

//Extracted Shaft Wk
//Extracted Aux Wk

//TM (Turbomatch) or BS (Beta Style)
//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)
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Component FPTurbine: FPT

//TurbDelHTRatio: (ZT in TM) = (dH/T)/(dH/T)max,
//default value = 0.8, akin to Surge Margin in Compressor
//Speed ratio: N/Ndesign

//Shaft Speed NRatio
//Extracted Shaft Wk in kW
//Extracted Aux Wk in kW

//5td or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

: even if you dont specify

//Std or User: Std or User Defined Map
//MapFileName: File name of Map minus extn(.txt)

{
MapOpPtDelHT= 0.8 ;
MapOpPtNRatio= 0.6 ;
Effylsen= 0.92 ; // TurbEff
NRatio= 1;
ExtractedShaftOpWork= 36000;
ExtractedAuxiork= 0 ;
Map
{
MapStyle= T™ ; //TM (Turbomatch)
MapDef= Std ;
MapFileName= TURS;
}
}
Component NozzleConv: Nozz
{
SwFixedAreaCalc= True; //Default: False
Map
{
MapStyle= TM ; //TM (Turbomatch)
MapDef= Std ;
MapFileName= NOZZLE ;
}
}
}
FluidConnections
{
Connection: conl1® { Inlet(Out); LPC(In)}
Connection: con2@ { LPC(Out); BleedCoolLP(In)}
Connection: con3@ { BleedCoollLP(Out); HPC(In)}
Connection: cond® { HPC(Out); BleedCoolHP(In)}
Connection: con50 { BleedCoolHP(Out); Comb(In)}
Connection: con6@ { Comb(Out); MixCoolHP(In)}
Connection: con6l { MixCoolHP(Out); HPT(In)}
Connection: con70 { HPT(Out); MixCoollLP(In)}
Connection: con71 { MixCoollP(Out); LPT(In)}
Connection: con9@ { LPT(Out); FPT(In)}
Connection: con10@ { FPT(Out); Nozz(In)}
Connection: bconl { BleedCoolHP(Bleed); MixCoolHP(Mix)}
Connection: bcon2 { BleedCoolLP(Bleed); MixCoollP(Mix)}
b
MechConnections
Connection: shaftlP {LPC; LPT}
Connection: shaftHP {HPC; HPT}
b
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SimulationODParameters

{
Handle
{
Component Compressor: LPC
{
MapOpPtNRatio; //0DHandlel
}
Component FPTurbine: FPT
{
NRatio; //0DHandle2
}
¥
Variables //handle parameter cannot be included here
{
Component Intake: Inlet
{
Win ; //Win
Component Combustor: Comb
{
CoT;
}
Component Compressor: LPC
MapOpPtPressRatio; /17
}
Component Turbine: LPT
{
MapOpPtDelHT; /77T
}
Component Compressor: HPC
{
MapOpPtPressRatio; /17
MapOpPtNRatio; //PCN
}
Component Turbine: HPT
{
MapOpPtDelHT; /72T
}
Component FPTurbine: FPT
{
ExtractedShaftOpWork;
MapOpPtDelHT; /727
}
}
}
//No SimRun infor required, if passed by the Marine Plant Ip File
SimulationRun: SimRunID; //SimRunName
{
EngineModel: MT30 ; //tells the program the name
RunType: OD; //DP/0D
ODHandlelValue: 0.8; //required only for OD Sim
ODHandle2Value: 9.7; //required only for OD Sim
}
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Appendix Q Propulsion System Model Input Files

Q.1 Notional Light Frigate COGAG

//LightFrigate
Plant: FrigateCOGAGWithCCG

{

PlantDefinition

{

PlantType= Marine;
UnitSystem= SI;

SpeedRangeMax= 35;
SpeedRangeMin= 4;

ResistanceCurvesDataPoints= 20;

PropellerCurvesDataPoints= 20;

EnduranceDistance= 5000;
TankageCapacity= 500;

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

GensetAverageload= 600;
GensetSfc= 0.275;
NoOfGensetsRunning= 2;

EnduranceCalculationMode= 3;

¥

Ambient

{
DevFmISATemp= 0;
DevFmISAPress= 0;
RelHumidity= ©.60;
WaterType= SW;
DevFmStdWaterTemp= 0;
DevFmStdSalinity=0;

¥

PlantComponents

{

Component Hull: Frigate

{
HullModelType= Calc;

//can be Aero

//ST/IM

//in knots

//in knots: if not specified: default 5 knts

//optional: default 50 points
//optional: default 50 points

//nm
//metric t

//kW. For Aux Gensets only, effects endurance, tankage calc.
//kg/kW.h. For Aux Gensets only, effects endurance, tankage calc.
//For Aux Gensets only, to include effect in endurance, tankage calc.

//1=calc tankage (dist given),
//2=calc dist (tankage given), 3= calc both (default)

//unit: temp
//unit: press
//unit: fractiod

//Ski=seawater; Fli= fresh water: if not entered, SW assumed by default

//sea water salinity in SP (practical salinity)

//Curve OR Calc: user defined curve
//or calculate based on regression models

HullModelCurve= curvename; //if HullModelType= Curve

HullCalcType= F&L;

//if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 123.5;

Lwl= 116.92 ;
Beam= 14.2 ;
Tf= 4.7 ;

Ta= 4.7 ;
DispTons= 3900 ;

Cm= 0.82 ;
Cwp= 0.774 ;
At= 6 ;
iE= 10;
Sapp= 200;
AppResisFac= 3 ;
Ap= 195;
//Fung
Bt= 10 ;

} //hull end

//Length between perpendiculars: m
//Length on waterline: m
//Beam: m
//Draft Fud: m
//Draft Aft: m
//Disp: metric tons.

//Coeff Midship Area : 0<Cm<1
//Coeff Waterplane: @<Cwp<l

//Area transverse transom immersed
//Half angle of entrance, if not entered, calc by prog

//SA of appendages: m"2
//1+k2: Appendages Resistance factor

//air frontal area, m"2

//Beam at transom
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Component Propeller: PropStbd

{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB
Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
¥
Component Propeller: PropPort
{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB
Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
¥
Component PropShaft: PSStbd
{
ShaftlLossFactor= 0.01;
¥
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
¥

Component DriveAdder: StbdBRGAdder
{

¥

Component Gearing: StbdBRGGearing
{

DriveAdderLossType= Noloss;

GearingReductionRatio= 12.766;
GearinglossFactor= 0.035;

¥

Component Clutch: StbdBRGClutch
{

¥

ClutchLossType= Noloss;

Component Gearing: PortBRGGearing

{

GearingReductionRatio= 12.766;

GearinglossFactor= 0.035;
¥
Component Clutch: PortBRGClutch
{

ClutchlLossType= Noloss;
¥

Component DriveAdder: StbdCRGAdder
{

)

DriveAdderLossType= Noloss;
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//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc WB:Wangeningen B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio

//no of blades

//maximum speed in rpm 307

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc WB:Wangeningen B Series

//double: Propeller Dia in m
//double: Design Pitch in m
//double: Expanded Area Ratio

//int: no of blades
//double: maximum speed in rpm 307

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >@ and <1 for multiplier
//for DP

//@= NoLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >@ and <1 for multiplier

//for DP

//8= NolLoss (default); 1= Constant; 2= Curve

//Junction

//8= NolLoss (default); 1= Constant; 2= Curve



Component Propeller: PropStbd

{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB
Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
¥
Component Propeller: PropPort
{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB
Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
¥
Component PropShaft: PSStbd
{
ShaftlLossFactor= 0.01;
¥
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
¥

Component DriveAdder: StbdBRGAdder
{

¥

Component Gearing: StbdBRGGearing
{

DriveAdderLossType= Noloss;

GearingReductionRatio= 12.766;
GearinglossFactor= 0.035;

¥

Component Clutch: StbdBRGClutch
{

¥

ClutchLossType= Noloss;

Component Gearing: PortBRGGearing

{

GearingReductionRatio= 12.766;

GearinglossFactor= 0.035;
¥
Component Clutch: PortBRGClutch
{

ClutchlLossType= Noloss;
¥

Component DriveAdder: StbdCRGAdder
{

)

DriveAdderLossType= Noloss;

481

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc WB:Wangeningen B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio

//no of blades

//maximum speed in rpm 307

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc WB:Wangeningen B Series

//double: Propeller Dia in m
//double: Design Pitch in m
//double: Expanded Area Ratio

//int: no of blades
//double: maximum speed in rpm 307

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >@ and <1 for multiplier
//for DP

//@= NoLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >@ and <1 for multiplier

//for DP

//8= NolLoss (default); 1= Constant; 2= Curve

//Junction

//8= NolLoss (default); 1= Constant; 2= Curve



PlantConnections

{
//Stbd side

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

//Port side

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

//Cross Con
Connection:
Connection:
Connection:
Connection:

}

PlantDriveModes

{
//Standard
DriveMode:

DriveMode:

DriveMode:

DriveMode:

DriveMode:

train

conl {
con2 {
con3 {
cond {
con5 {
conb {
con7 {
con8 {

train

conll {
conl2 {
conl3 {
conld {
conl5 {
conl6 {
conl7 {
conl8 {

nect

con2l {
con22 {
con23 {
con24 {

Modes

StbdCGT(Out); StbdCRG2SpdGearing(In)}
StbdCRG2SpdGearing(Out); StbdCRGAdder(Inlinel); }
StbdCRGAdder(Inline2); StbdBRGAdder(Crossline)}
StbdBGT(Out); StbdBRGClutch(In)}
StbdBRGClutch(Out); StbdBRGGearing(In)}
StbdBRGGearing(Out); StbdBRGAdder(Inlinel)}
StbdBRGAdder(Inline2); PSStbd(In)}

PSStbd(Out); PropStbd(In)}

PortCGT(Out); PortCRG2SpdGearing(In)}
PortCRG2SpdGearing(Out); PortCRGAdder(Inlinel)}
PortCRGAdder(Inline2); PortBRGAdder(Crossline)}
PortBGT(Out); PortBRGClutch(In)}
PortBRGClutch(Out); PortBRGGearing(In)}
PortBRGGearing(Out); PortBRGAdder(Inlinel)}
PortBRGAdder(Inline2); PSPort(In)}

PSPort(Out); PropPort(In)}

StbdCRGAdder(Crossline); StbdClutchCCG(In)}
StbdClutchCCG(Out); CCG(In)}

CCG(Out); PortClutchCCG(In)}
PortClutchCCG(Out); PortCRGAdder(Crossline) }

2CGT { PortCGT(On); StbdCGT(On); PortCRG2SpdGearing(Speed20n); StbdCRG2SpdGearing(Speed20n)}

2BGT { PortBGT(On); StbdBGT(On); PortBRGClutch(On); StbdBRGClutch(On)}

PortCGTDrivingBothProps { PortCGT(On); PortCRG2SpdGearing(Speed10n); PortClutchCCG(On);

StbdClutchCCG(0n)}

StbdCGTDrivingBothProps { StbdCGT(On); StbdCRG2SpdGearing(Speed10On); PortClutchCCG(On);

C0GAG {

//Special Modes

DriveMode:

DriveMode:

¥

//plant end

PortCGTS

PortBGTS

StbdClutchCCG(On)}

PortCGT(On); StbdCGT(On); PortCRG2SpdGearing(Speed20n); StbdCRG2SpdGearing(Speed20n);
PortBGT(On); StbdBGT(On); PortBRGClutch(On); StbdBRGClutch(On)}

tbdPropTrail { PortCGT(On); PortCRG2SpdGearing(Speed20n)}

tbdPropTrail { PortBGT(On); PortBRGClutch(On)H
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PlantSimulationRun: SimRunName|

{

DriveMode= COGAG ;

Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
¥
PlantComponents
{

Component GasTurbineDrive: StbdCGT

{
¥

Component GasTurbineDrive: StbdBGT

{
¥

PowerSetting= 1300;

PowerSetting= 1050;
Component GasTurbineDrive: PortCGT
{
¥

Component GasTurbineDrive: PortBGT

{
¥

PowerSetting= 1300;

PowerSetting= 1050;

¥
} //plantSimRun end

// COT in

// COT in

// COT in

// COT in
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Q.2 Notional Light Frigate CODAG

V/LightFrigate
Plant: FrigateCODAGPropPlant
{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //SI/IM
SpeedRangeMax= 35; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts
ResistanceCurvesDataPoints= 20; //optional: default 5@ points
PropellerCurvesDataPoints= 20; //optional: default 5@ points
EnduranceDistance= 5000; //nm
TankageCapacity= 500; //metric t
SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;
GensetAverageload= 600; //kW. For Aux Gensets only, to include effect in endurance, tankage
GensetSfc= 0.275; //kg/kW.h. For Aux Gensets only, to include effect in endurance, tankage
NoOfGensetsRunning= 2; //For Aux Gensets only, to include effect in endurance, tankage calc.
EnduranceCalculationMode= 3; //1l=calc tankage (dist given),
//2=calc dist (tankage given), 3= calc both (default)
¥
Ambient
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= ©.60; //unit: fraction
WaterType= SW; //Sk=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= @;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
¥
PlantComponents
{

Component Hull: Frigate
{
HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve

HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 123.5; //Length between perpendiculars: m
Lwl= 116.92; //Length on waterline: m

Beam= 14.2; //Beam: m

Tf= 4.7 ; //Draft Fud: m

Ta= 4.7 ; //Draft Aft: m

DispTons= 3900; //Disp: metric tons.

Cm= 0.82; //Coeff Midship Area : 0<Cm<1

Cwp= 0.774 ; //Coeff Waterplane: @<Cwp<l

At= 6 ; //Area transverse transom immersed

iE= 10; //Half angle of entrance, if not entered, calc by prog
Sapp= 200; //SA of appendages: m"2

AppResisFac= 3 ; //1+k2: Appendages Resistance factor used with Appendage resistance

Ap= 195; //air frontal area, m"2

//Fung

Bt= 10 ; //Beam at transom

} //hull end
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Component Propeller: PropStbd

{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB
Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;

}

Component Propeller: PropPort

PropType= FPP;
PropModelType= Calc;
PropCalcType= WB

Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
}
Component PropShaft: PSStbd
{
ShaftlLossFactor= 0.01;
}
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
¥

Component DriveAdder: StbdBRGAdder
{

¥

DriveAdderLossType= Noloss;

Component Gearing: StbdBRGGearing
{

GearingReductionRatiol= 12.766;
GearinglossFactor= 0.035;

}
Component Clutch: StbdBRGClutch

ClutchLossType= Noloss;
¥

Component DriveAdder: PortBRGAdder

{
¥

Component Gearing: PortBRGGearing

{

DriveAdderLossType= Noloss;

GearingReductionRatiol= 12.766;
GearinglossFactor= 0.035;

b

Component Clutch: PortBRGClutch

{
¥

Component DriveAdder: StbdCRGAdder
{

b

ClutchLossType= Noloss;

DriveAdderLossType= Noloss;

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc ..

WB: B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio
//no of blades

//maximum speed in rpm ..307

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc ..

WB: B Series
//Propeller Dia in m

//Design Pitch in m

//Expanded Area Ratio

//no of blades
//maximum speed in rpm 307

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//also used as GR1 for dimensioning
//for DP

//@= NolLoss (default); 1= Constant; 2= Curve

//Junction

//@= Noloss (default); 1= Constant; 2= Curve

//also used as GR1 for dimensioning
//for DP

//@= Noloss (default); 1= Constant; 2= Curve

//Junction

//@= Noloss (default); 1= Constant; 2= Curve
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Component MultiSpeedGearing: StbdCRG2SpdGearing

{
SpeedlGearingReductionRatio= 4.425; //>1 for reduction, >@ and <1 for multiplier
Speed2GearingReductionRatio= 2.958; //>1 for reduction, >@ and <1 for multiplier
ClutchlLossType= Noloss; //@= Noloss (default); 1= Constant; 2= Curve
SpeedlGearinglossFactor= 0.035; //for DP
Speed2GearinglossFactor= 0.035; //for DP
¥
Component DriveAdder: PortCRGAdder //Junction
{
DriveAdderlLossType= Noloss; //@= Noloss (default); 1= Constant; 2= Curve
¥
Component MultiSpeedGearing: PortCRG2SpdGearing
{
SpeedlGearingReductionRatio= 4.425; //>1 for reduction, >@ and <1 for multiplier
Speed2GearingReductionRatio= 2.958; //>1 for reduction, >@ and <1 for multiplier
ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
SpeedlGearinglossFactor= ©.035; //for DP
Speed2GearinglossFactor= 0.035; //for DP
¥
Component Gearing: CCG //Cross Connect Gear
{
GearingReductionRatiol= 1; //>1 for reduction, >@ and <1 for multiplier
GearinglossFactor= 0.01; //for DP
¥
Component Clutch: StbdClutchCCG
{
ClutchlLossType= Noloss; //@= Noloss (default); 1= Constant; 2= Curve
¥
Component Clutch: PortClutchCCG
{
ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
Component DieselDrive: PortDE
{
DieselDriveType= Direct; //Genset or Direct
Powerlom= 5460; //in kW
Speediom= 1000; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.189; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
}
Component DieselDrive: StbdDE //ID for the text file
DieselDriveType= Direct; //Genset or Direct
PowerNom= 5460; //in kW
SpeedNom= 1000; //in rpm

PowerRatioDP= 1 ;
SpeedRatioDP= 1;

sfcDP= 0.189; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
}
Component GasTurbineDrive: PortBGT //ID for the text file
{
ModelFileName= GT15Mi;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 15520; //Shaft power nom in kW
SpeedNom= 4300; //PT nom spd in rpm
¥
Component GasTurbineDrive: StbdBGT //ID for the text file
{
ModelFileName= GT15MW;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 15520; //Shaft power nom in kW
SpeedNom= 4300; //PT nom spd in rpm
}

//end components
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PlantConnections

{
//Stbd side
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

//Port side
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

train
conl {
con2 {
con3 {
cond {
con5 {
con6 {
con7 {
con8 {

train|

conll {
conl2 {
conl3 {
conl4 {
conl5 {
conl6 {
conl7 {
conl8 {

//Cross Connect

StbdDE(Out); StbdCRG2SpdGearing(In)}
StbdCRG2SpdGearing(Out); StbdCRGAdder(Inlinel)}
StbdCRGAdder(Inline2); StbdBRGAdder(Crossline)}
StbdBGT(Out); StbdBRGClutch(In)}
StbdBRGClutch(Out); StbdBRGGearing(In)}
StbdBRGGearing(Out); StbdBRGAdder(Inlinel)}
StbdBRGAdder (Inline2); PSStbd(In)}

PSStbd(Out); PropStbd(In)}

PortDE(Out); PortCRG2SpdGearing(In)}
PortCRG2SpdGearing(Out); PortCRGAdder(Inlinel)}
PortCRGAdder(Inline2); PortBRGAdder(Crossline)}
PortBGT(Out); PortBRGClutch(In)}
PortBRGClutch(Out); PortBRGGearing(In)}
PortBRGGearing(Out); PortBRGAdder(Inlinel)}
PortBRGAdder(Inline2); PSPort(In)}

PSPort(Out); PropPort(In)}

StbdCRGAdder(Crossline); StbdClutchCCG(In)}
StbdClutchCCG(Out); CCG(In)}

CCG(Out); PortClutchCCG(In)}
PortClutchCCG(Out); PortCRGAdder(Crossline) }

DriveMode: 2CDE { PortDE(On); StbdDE(On); PortCRG2SpdGearing(Speed20n); StbdCRG2SpdGearing(Speed20n)}

Connection: con2l {
Connection: con22 {
Connection: con23 {
Connection: con24 {

}

PlantDriveModes

{
//Standard Modes
DriveMode:
DriveMode:
DriveMode:
DriveMode:
//Special Modes
DriveMode:
DriveMode:

¥

//plant end

2BGT { PortBGT(On); StbdBGT(On); PortBRGClutch(On); StbdBRGClutch(On)}

PortDEDrivingBothProps { PortDE(On); PortCRG2SpdGearing(Speedl0On);

PortClutchCCG(On); StbdClutchCCG(On)}

StbdDEDrivingBothProps { StbdDE(On); StbdCRG2SpdGearing(SpeedlOn);

PortClutchCCG(On); StbdClutchCCG(On)}

CODAG { PortDE(On); StbdDE(On); PortCRG2SpdGearing(Speed20n); StbdCRG2SpdGearing(Speed20n);

PortBGT(On); StbdBGT(On); PortBRGClutch(On); StbdBRGClutch(On)}

PortDEStbdPropTrail { PortDE(On); PortCRG2SpdGearing(Speed20n)}

PortBGTStbdPropTrail { PortBGT(On); PortBRGClutch(On)}
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PlantSimulationRun: CODAG-2DE

{
DriveMode= 2CDE;
Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
¥
PlantComponents
{
//stbd
Component DieselDrive: StbdDE
{
FuelFlowRatio= 0.25;
¥
Component DieselDrive: PortDE
{
FuelFlowRatio= ©.25;
¥
Component GasTurbineDrive: StbdBGT
{
PowerSetting= 950; // COT in K
¥
Component GasTurbineDrive: PortBGT
{
PowerSetting= 950; // COT in K
¥

¥

} //plantSimRun end
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Q.3 Notional Light Frigate CODELAG

//lightFrigate
Plant: FrigateCODELAGPropPlant
{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //SI/IM
SpeedRangeMax= 35; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts
ResistanceCurvesDataPoints= 20; //optional: default 50 points
PropellerCurvesDataPoints= 20; //optional: default 5@ points
}
Ambient
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
WaterType= SW; //SW=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= 0;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
}
PlantComponents
{

Component Hull: LightFrigate
{
HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 123.5; //Length between perpendiculars: m
Lwl= 116.92; //Length on waterline: m
Beam= 14.2; //Beam: m
Tf= 4.7 ; //Draft Fud: m
Ta= 4.7 ; //Draft Aft: m
DispTons= 3900; //Disp: metric tons.
Cm= 0.82; //Coeff Midship Area : ©<Cm<1
Cwp= 0.774 ; //Coeff Waterplane: @<Cup<1
At= 6 ; //Area transverse transom immersed
iE= 10; //Half angle of entrance, if not entered, calc by prog
Sapp= 200; //SA of appendages: m*2
AppResisFac= 3 ; //1+k2: Appendages Resistance factor used with Appendage resistance
Ap= 195; //air frontal area, m*2
//Fung
Bt= 10 ; //Beam at transom

} //hull end

Component Propeller: PropStbd

{
PropType= FPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB //if PropModelType= Calc, WB:B Series
Dia= 3.52; //Propeller Dia in m
DesignPitch= 3.4; //Design Pitch inm
EAR= 0.98; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 307; //maximum speed in rpd
¥
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Component Propeller: PropPort

{
PropType= FPP;
PropModelType= Calc;
PropCalcType= WB

Dia= 3.52;
DesignPitch= 3.4;
EAR= 0.98;
nBlades= 5;
MaxPropSpeed= 307;
}
Component PropShaft: PSStbd
{
ShaftlLossFactor= 0.01;
}
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
}

Component DriveAdder: StbdBRGAdder
{

}

DriveAdderLossType= Noloss;

Component Gearing: StbdBRGGearing

{
GearingReductioRatio= 12.766;
GearinglossFactor= 0.035;

}

Component Clutch: StbdBRGClutch
{

}

Component DriveAdder: PortBRGAdder

{
¥

ClutchLossType= Noloss;

DriveAdderLossType= Noloss;

Component Gearing: PortBRGGearing

{
GearingReductioRatio= 12.766;
GearinglossFactor= 0.035;

}

Component Clutch: PortBRGClutch

{
}

Component DriveAdder: PortBRGAdder

{
¥

ClutchLossType= Noloss;

DriveAdderLossType= Noloss;

Component Gearing: PortBRGGearing

{
GearingReductioRatio= 12.766;
GearinglossFactor= 0.035;

¥

Component Clutch: PortBRGClutch

{
¥

ClutchLossType= Noloss;

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc, WB:B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio
//no of blades
//maximum speed in rpm

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >0
//for DP

and <1 for multiplier

//0= NolLoss (default); 1= Constant; 2= Curve

//Junction

//0= NolLoss (default); 1= Constant; 2= Curve

//>1 for reduction, >0
//for DP

and <1 for multiplier

//0= NolLoss (default); 1= Constant; 2= Curve

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//>1 for reduction, »@ and <1 for multiplier
//for DP

//0= NolLoss (default); 1= Constant; 2= Curve
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Component ElectricDrive: PortEM

{
ElectricDriveType= PTI;
ElectricDriveCat= Induction;
ElDriveVoltageRated= 6600; //Volts
ElDriveCurrentRated= 620; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PWM;
¥
Component ElectricDrive: StbdEM
{
ElectricDriveType= PTI;
ElectricDriveCat= Induction;
ElDriveVoltageRated= 6600; //Volts
ElDriveCurrentRated= 620; //Amp
E1DrivePowerFacRated= 0.9;
FregDriveCat= PWM; //1=PuM;
¥
Component GasTurbineDrive: PortBGT
{
ModelFileName= GT15MW;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 15520; //Shaft power nom in kW
SpeedNom= 4300; //PT nom spd in rpm
¥
Component GasTurbineDrive: StbdBGT //ID for the text file
{
ModelFileName= GT15MW;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 15520; //Shaft power nom in kW
SpeedNom= 4300; //PT nom spd in rpm
¥

//Electric Grid:

Component DieselDrive: DG1

{
DieselDriveType= Genset;
PowerNom= 2720; //in kW
SpeedNom= 1000; //rpm
PowerRatioDP= 1;
SpeedRatioDP= 1;
sfcDP= 194.4; //in g/kW-hr
ShapingFnFac= 0.7;

¥

Component DieselDrive: DG2

{
DieselDriveType= Genset;
PowerNom= 2720; //in kW
SpeedNom= 1000; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 194.4; //in g/kW-hr
ShapingFnFac= 0.7;

¥

Component DieselDrive: DG3

{
DieselDriveType= Genset;
PowerNom= 2720; //in kW
SpeedNom= 1000; //rpn]|
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 194.4; //in g/kW-hr
ShapingFnFac= 0.7;
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Component DieselDrive: DG4

{
DieselDriveType= Genset;
PowerNom= 2720; //in kW
SpeedNom= 1000; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 194.4; //in g/kW-hr
ShapingFnFac= 0.7;

¥

Component ElectricSwitchBoard: SB1

E1SBEtaRated= 0.995; //optional
}

Component ElectricSwitchBoard: SB2

E1SBEtaRated= 0.995; //optional
¥

} //end components

PlantConnections

{
//Stbd side train
Connection: conl { StbdEM(Out); StbdBRGAdder(Crossline)}
Connection: con4 { StbdBGT(Out); StbdBRGClutch(In)}
Connection: con5 { StbdBRGClutch(Out); StbdBRGGearing(In)}
Connection: con6 { StbdBRGGearing(Out); StbdBRGAdder(Inlinel)}
Connection: con7 { StbdBRGAdder(Inline2); PropStbd(In)}

//Port side train
Connection: conll { PortEM(Out); PortBRGAdder(Crossline)}
Connection: conl4 { PortBGT(Out); PortBRGClutch(In)}
Connection: conl5 { PortBRGClutch(Out); PortBRGGearing(In)}
Connection: conl6 { PortBRGGearing(Out); PortBRGAdder(Inlinel)}
Connection: conl7 { PortBRGAdder(Inline2); PropPort(In)}

}

PlantElConnections

{
//Elec Conn

ElConnection: elCon@l { DG1(Out); SB1(Inl)}
ElConnection: elCon®2 { DG2(Out); SB1(In2)}
ElConnection: elCon@3 { DG3(Out); SB2(Inl)}
ElConnection: elCon@4 { DG4(Out); SB2(In2)}

ElConnection: elCon®5 { SB1(Out); StbdEM(In)}
ElConnection: elCon®6 { SB2(Out); PortEM(In)}

PlantDriveModes

{
//Standard Modes
DriveMode: 2EM { PortEM(On); StbdEM(On); }
DriveMode: 2BGT { PortBGT(On); PortBRGClutch(On); StbdBGT(On); StbdBRGClutch(On)}

DriveMode: CODELAG {PortEM(On); StbdEM(On); PortBGT(On); PortBRGClutch(On);
StbdBGT(On); StbdBRGClutch(On)}
b

//plant end
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PlantSimulationRun: SimRunID //SimRunName

{
DriveMode= CODELAG;
Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= @; //unit: press
RelHumidity= 0.60; //unit: fraction
¥
PlantComponents
{
Component DieselDrive: DG1
{
FuelFlowRatio= 0.75;
¥
Component DieselDrive: DG3
{
FuelFlowRatio= 0.75;
¥
Component ElectricSwitchBoard: SB1
{
AuxLoad= 600; //kle
¥
Component ElectricSwitchBoard: SB2
{
AuxLoad= 600; //kle
H
Component GasTurbineDrive: PortBGT
{
PowerSetting= 1100; // COT in K
¥
Component GasTurbineDrive: StbdBGT
{
PowerSetting= 1100; // COT in K
¥

¥
} //plantSimRun end
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Q.4 Notional Light Frigate IFEP

//LlightFrigate
Plant: IFEPPropPlant
{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //ST/IM
SpeedRangeMax= 35; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts
ResistanceCurvesDataPoints= 2@; //optional: default 5@ points
PropellerCurvesDataPoints= 20; //optional: default 5@ points
EnduranceDistance= 5000; //nm
TankageCapacity= 500; //metric t
SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;
EnduranceCalculationMode=3; //1=calc tankage (dist given),
//2=calc dist (tankage given), 3= calc both (default)
¥
Ambient
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
WaterType= SW; //Sh=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= ©;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
¥
PlantComponents
{

Component Hull: Frigate3900t
{
HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 123.5; //Length between perpendiculars: m
Lwl= 116.92; //Length on waterline: m
Beam= 14.2; //Beam: m
Tf= 4.7 ; //Draft Fud: m
Ta= 4.7 ; //Draft Aft: m
DispTons= 3900; //Disp: metric tons.
Cm= 0.82; //Coeff Midship Area : 0<Cm<1
Cwp= 0.774 ; //Coeff Waterplane: @<Cwp<1l
At= 6 ; //Area transverse transom immersed
iE= 10; //Half angle of entrance, if not entered, calc by prog
Sapp= 200; //SA of appendages: m"2
AppResisFac= 3 ; //1+k2: Appendages Resistance factor used with Appendage resistance
Ap= 195; //air frontal area, m"2
//Fung
Bt= 10 ; //Beam at transom

} //hull end
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Component Propeller: PropStbd

{
PropType= FPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB //if PropModelType= Calc .. WB: B Series
Dia= 3.52; //Propeller Dia in m
DesignPitch= 3.4; //Design Pitch in m
EAR= 0.98; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 307; //maximum speed in rpm ..307
¥
Component Propeller: PropPort
{
PropType= FPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB //if PropModelType= Calc .. WB:B Series
Dia= 3.52; //Propeller Dia in m
DesignPitch= 3.4; //Design Pitch in m
EAR= 0.98; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 307; //maximum speed in rpm 307
¥
Component PropShaft: PSStbd
{
ShaftlossFactor= 0.01; //for DP
¥
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01; //for DP
¥
Component ElectricDrive: PortEM
{
ElectricDriveType= PTI;
ElectricDriveCat= Induction; //Induction or AdvInduction
ElDriveVoltageRated= 6600; //Volts
ElDriveCurrentRated= 1555; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PWM; //1=PUM;
SpeedNom= 320; //rpm
}
Component ElectricDrive: StbdEM
{
ElectricDriveType= PTI;
ElectricDriveCat= Induction; //Induction or AdvInduction
ElDriveVoltageRated= 6600; //Volts
ElDriveCurrentRated= 1555; //Amp
ElDrivePowerFacRated= 0.9;
//E1DriveEtaRated= ©.96; //optional
FregDriveCat= PWM; //1=PuM;
SpeedNom= 320; //rpm
¥
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Component GasTurbineDrive: GTA

{
ModelFileName= GT25MW;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 23000; //Shaft power nom in kW
SpeedNom= 3600; //PT nom spd in rpm
GTDriveType= GenSet; //Direct or GenSet
¥
Component DieselDrive: DG1
{
DieselDriveType= Genset;
Powerlom= 5200; //(mech power of engine) in kW
SpeedNom= 900; //rpm
PowerRatioDP= 0.85;
SpeedRatioDP= 1;
sfcDP= ©.198; //kg/kW-hr
ShapingFnFac= 0.7;
¥
Component DieselDrive: DG2 //ID for the text file
{
DieselDriveType= Genset;
Powerlom= 5200; //(mech power of engine) in kW
SpeedNom= 900; //rpm
PowerRatioDP= 0.85;
SpeedRatioDP= 1;
sfcDP= 0.198; //kg/kW-hr
ShapingFnFac= 0.7;
¥

Component ElectricSwitchBoard: SB

E1SBEtaRated= 0.995;

¥
} //end components
PlantConnections
{
//Stbd side train
Connection: conl { StbdEM(Out); PSStbd(In)}
Connection: con2 { PSStbd(Out); PropStbd(In)}
//Port side train
Connection: con6 { PortEM(Out); PSPort(In)}
Connection: con7 { PSPort(Out); PropPort(In)}
¥
PlantElConnections
{
//Elec Conn
ElConnection: elCon@l { GTA(Out); SB(Inl)}
ElConnection: elCon®2 { DG1(Out); SB(In2)}
ElConnection: elCon®4 { DG2(Out); SB(In3)}
ElConnection: elCon®5 { SB(Outl); StbdEM(In)}
ElConnection: elCon@6 { SB(Out2); PortEM(In)}
¥
PlantDriveModes
{
//Standard Modes
DriveMode: 2EMAllGensets { PortEM(On); StbdEM(On); GTA(On); DG1(On); DG2(On)}
DriveMode: 2EMGTA { PortEM(On); StbdEM(On); GTA(On)}
DriveMode: 2EM1GTA1DG { PortEM(On); StbdEM(On); GTA(On); DG1(On)}
DriveMode: 2EM2DG { PortEM(On); StbdEM(On); DG1(On); DG2(On)}
¥

//plant end
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PlantSimulationRun: 2EM //SimRunName

{
DriveMode= 2EM2DG;
Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= ©.60; //unit: fraction
¥
PlantComponents
{
Component GasTurbineDrive: GTA
{
PowerSetting= 1250; // COT in K
¥
Component DieselDrive: DG1
{
FuelFlowRatio= 0.5;
¥
Component DieselDrive: DG2
{
FuelFlowRatio= 0.5;
¥
Component ElectricSwitchBoard: SB
{
AuxLoad= 1200; //kW
¥

¥

} //plantSimRun end
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Q.5 Notional Destroyer COGAG

//9600t Destroyer
Plant: COGAGPropPlant

{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //SI/IM
SpeedRangeMax= 35; //double: in knots
SpeedRangeMin= 4; //double: in knots:

//if not specified: default 5 knts

ResistanceCurvesDataPoints= 20; //int, optional: default 5@ points
PropellerCurvesDataPoints= 20; //int, optional: default 5@ points

EnduranceDistance= 5000; //nm
TankageCapacity= 1200; //metric t

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

GensetAverageload= 2100; / /klle
GensetSfc= 0.3405; //kg/klW.h
NoOfGensetsRunning= 2;

EnduranceCalculationMode=3; //1l=calc tankage (dist given),
//2=calc dist (tankage given),
//3= calc both (default)

¥
Ambient
{
DevFmISATemp= ©; //unit: temp
DevFmISAPress= @; //unit: press
RelHumidity= 0.60; //unit: fraction
WaterType= SW; //Sk=seawater;
//FW= fresh water
//if not entered, SW assumed by default
DevFmStdWaterTemp= @;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
//Std value of 3.5 assumed by default
¥
Component Hull: 960@tDestroyer
{

HullModelType= Calc; //Curve OR Calc:

//user defined curve

//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 154; //Length between perpendiculars: m
Lwl= 144.68; //Length on waterline: m

Beam= 18.5; //Beam: ﬂ

Tf= 6.5 ; //Draft Fud: m

Ta= 7.5 ; //Draft Aft: m

DispTons= 9585; //Disp: metric tons.
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Cm= 0.8280; //Coeff Midship Area : 0<Cm<1

Cwp= 0.7910 ; //Coeff Waterplane: @<Cwp<l
At= 12 ; //Area transverse transom immersed
iE= 10.9; //Half angle of entrance, if not entered, calc by prog
Sapp= 300; //SA of appendages: m"2
AppResisFac= 3 ; //1+k2: Appendages Resistance factor
Ap= 420; //air frontal area, m2
//F&L
Bt= 12 ; //Beam at transom

} //hull end

Component Propeller: PropStbd
{
PropType= CPP;
PropModelType= Calc;

//PropModelCurve= curvename;
PropCalcType= WB;

Dia= 5.18;

DesignPitch= 7.271;

EAR= 0.5957;

nBlades= 5;

MaxPropSpeed= 203.57;
¥

Component Propeller: PropPort

{
PropType= CPP;
PropModelType= Calc;

//PropModelCurve= curvename;
PropCalcType= WB;

Dia= 5.18;

DesignPitch= 7.271;

EAR= 0.5957;

nBlades= 5;

MaxPropSpeed= 203.57;
¥

Component PropShaft: PSStbd

{
ShaftlLossFactor= 0.01;

//FPP or CPP
//Curve OR Calc: calculate based on series

//if PropModelType= Curve
//if PropModelType= Calc .. WB:Wangenin B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio
//no of blades
//maximum speed in rpm

//FPP or CPP
//Curve OR Calc: calculate based on series

//if PropModelType= Curve
//if PropModelType= Calc .. WB:Wangenin B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio
//no of blades
//maximum speed in rpm

¥
Component PropShaft: PSPort
{
ShaftlossFactor= 0.01;
¥
Component GasTurbineDrive: GT1 //ID for the text file
{
ModelFileName= GT25MW ;
SimType= Internal; //based on model(Internal)
//or maps (External)
PowerNom= 25000; //Shaft power nom in kW
Speedlom= 3600; //PT nom spd in rpm
¥
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Component GasTurbineDrive: GT2 //ID for the text file

{
ModelFileName= GT25MW ;
SimType= Internal; //based on model(Internal)
//or maps (External)
PowerNom= 25000; //Shaft power nom in kW
SpeedNom= 3600; //PT nom spd in rpm
¥
Component GasTurbineDrive: GT3 //ID for the text file
{
ModelFileName= GT25MW ;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 25000; //Shaft power nom in kW
SpeedNom= 3600; //PT nom spd in rpm
¥
Component GasTurbineDrive: GT4 //ID for the text file
{
ModelFileName= GT25MW ;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 25000; //Shaft power nom in kW
SpeedNom= 3600; //PT nom spd in rpm
¥
Component Gearing: GearingGT1
{
GearingReductionRatiol= 18.98 ; //>1 for reduction, »>@ and <1 for multiplier
GearinglossFactor= ©.027; //at nominal conditon
¥
Component Gearing: GearingGT2
{
GearingReductionRatiol= 18.98 ; //>1 for reduction, >@ and <1 for multiplier
GearinglossFactor= ©.027; //at nominal conditon
¥
Component Gearing: GearingGT3
{
GearingReductionRatiol= 18.98 ; //double: >1 for reduction, »>@ and <1 for multiplier
GearinglossFactor= 0.027; //at nominal conditon
¥
Component Gearing: GearingGT4
{
GearingReductionRatiol= 18.98 ; //double: >1 for reduction, >@ and <1 for multiplier
GearinglossFactor= ©.027; //double: for fixed factor losses only
¥
Component Clutch: ClutchGT1
{
ClutchlLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
Component Clutch: ClutchGT2
{
ClutchlossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
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Component Clutch: ClutchGT3
{

¥

Component Clutch: ClutchGT4
{

¥

ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve

ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve

Component DriveAdder: AdderPort //Same as Junction

{
¥

DriveAdderLossType= Noloss; //string: @= NolLoss (default); 1= Constant; 2= Curve

Component DriveAdder: AdderStbd //summation of 2 drives to one or divide 1 drive into 2

{
¥

DriveAdderLossType= Noloss; //string: @= NolLoss (default); 1= Constant; 2= Curve

¥ //end components

PlantConnections

{

//Stbd side train

Connection: conl { GT1(Out); ClutchGT1(In)}

Connection: con2 { ClutchGT1(Out); GearingGT1(In)}
Connection: con3 { GearingGT1(Out); AdderStbd(Crossline)}
Connection: cond { GT3(Out); ClutchGT3(In)}

Connection: con5 { ClutchGT3(Out); GearingGT3(In)}
Connection: con6 { GearingGT3(Out); AdderStbd(Inlinel)}
Connection: con7 { AdderStbd(Inline2); PSStbd(In)}
Connection: con8 { PSStbd(Out); PropStbd(In)}

//Port side train

Connection: conll { GT4(Out); ClutchGT4(In)}

Connection: conl2 { ClutchGT4(Out); GearingGT4(In)}
Connection: conl3 { GearingGT4(Out); AdderPort(Crossline)}
Connection: conl4 { GT2(Out); ClutchGT2(In)}

Connection: conl5 { ClutchGT2(Out); GearingGT2(In)}
Connection: conl6 { GearingGT2(Out); AdderPort(Inlinel)}

Connection: conl7 { AdderPort(Inline2); PSPort(In)}
Connection: conl8 { PSPort(Out); PropPort(In)}

¥

PlantDriveModes
//Standard Modes

DriveMode: Full { GT1(On); GT3(On); GT2(On); GT4(On);
ClutchGT1(0n); ClutchGT3(0n); ClutchGT2(On); ClutchGT4(On)}

DriveMode: Split { GT1(On); GT4(On); ClutchGT1(On); ClutchGT4(On)}
//Special Modes
DriveMode: PortTwinGTStbdTrail { GT2(On); GT4(On); ClutchGT2(0On); ClutchGT4(On)}|

DriveMode: PortSingleGT2StbdTrail { GT2(On); ClutchGT2(On)}
¥

//plant end
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PlantSimulationRun: RunSplit@.55

{
DriveMode= Split ;
Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= @; //unit: press
RelHumidity= @; //unit: fraction
¥
PlantComponents
{
Component GasTurbineDrive: GT1]
{
PowerSetting= 0.55 ; // PCN
}
Component GasTurbineDrive: GT3
{
PowerSetting= 0 ; // PCN
¥
Component GasTurbineDrive: GT2
{
PowerSetting= 0 ; // PCN
¥
Component GasTurbineDrive: GT4
{
PowerSetting= 0.55 ; // PCN
¥

} //plantSimRun end
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Q.6 Notional Destroyer CODAG

|/ /9600t Destroyer CODAG
Plant: CODAGPropPlant

{

PlantDefinition

{

PlantType= Marine;

UnitSystem= SI;
SpeedRangeMax= 35;
SpeedRangeMin= 4;

ResistanceCurvesDataPoints= 20;
PropellerCurvesDataPoints= 20;

EnduranceDistance= 5000;
TankageCapacity= 1200;

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

GensetAverageload= 2100;
GensetSfc= 0.202;
NoOfGensetsRunning= 2;

EnduranceCalculationMode=3;

}

Ambient

{
DevFmISATemp= @;
DevFmISAPress= @;
RelHumidity= 0.60;
WaterType= SW;
DevFmStdWaterTemp= 0;
DevFmStdSalinity=0;

¥

PlantComponents

{

Component Hull: 96@0tDestroyer

{
HullModelType= Calc;

HullModelCurve= curvename;

HullCalcType= F&L;

//can be Aero
//SI/IM

//in knots
//in knots: if not specified: default 5 knts
//optional:
//optional:

default 50 points
default 50 points

//nm
//metric t

/7
//7kg/kW.h

//1=calc tankage (dist given),
//2=calc dist (tankage given),
//3= calc both (default)

//unit: temp
//unit: press
//unit: fraction

//SW=seawater; FlW= fresh water:
//if not entered, SW assumed by default

//sea water salinity in SP (practical salinity)

//Curve OR Calc: user defined curve

//or calculate based on regression models

//if HullModelType= Curve

//if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 154;

Lwl= 144.68;
Beam= 18.5;
Tf= 6.5 ;

Ta= 7.5 ;
DispTons= 9585;

Cm= 0.8280;
Cwp= 0.7910 ;

At= 12 ;
iE= 10.9;
Sapp= 300;
AppResisFac= 3 ;
Ap= 420;

//Fung
Bt= 12 ;

} //hull end

//Length between perpendiculars: m
//Length on waterline: m

//Beam: m

//Draft Fud: m

//Draft Aft: m

//Disp: metric tons.

//Coeff Midship Area : 0<Cm<1
//Coeff Waterplane: B@<Cwp<l

//Area transverse transom immersed

//Half angle of entrance, if not entered, calc by prog
//If in H&M this fac should not be applied, set =1.

//SA of appendages: m"2
//1+k2: Appendages Resistance factor
//air frontal area, mAﬂ

//Beam at transom
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Component Propeller: PropStbd

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
//PropModelCurve= curvename; //if PropModelType= Curve
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= ©.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm
¥
Component Propeller: PropPort
{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
//PropModelCurve= curvename; //if PropModelType= Curve
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm
¥
Component PropShaft: PSStbd
{
ShaftlossFactor= 0.01;
¥
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
¥
Component DriveAdder: AdderStbd //same as Junction
{
DriveAdderLossType= Noloss; //0= NolLoss (default); 1= Constant; 2= Curve
}
Component DriveAdder: AdderPort //same as Junction
{
DriveAdderLossType= Noloss; //8= NolLoss (default); 1= Constant; 2= Curve
¥
Component Gearing: GearingGTStbd
{
GearingReductionRatiol= 18.233 ; //also used as GR1 for dimensioning
GearinglossFactor= 0.035; //at DP
¥
Component Gearing: GearingGTPort
{
GearingReductionRatiol= 18.233 ; //also used as GR1 for dimensioning
GearinglossFactor= 0.035; //for fixed factor losses only
¥
Component Clutch: ClutchGTStbd
{
ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
Component Clutch: ClutchGTPort
{
ClutchlLossType= Noloss; //0= NolLoss (default); 1= Constant; 2= Curve
¥
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Component MultiSpeedGearing: Gearing2SpdDEStbd

{
SpeedlGearingReductionRatio= 7.032 ; //>1 for reduction, >@ and <1 for multiplier
Speed2GearingReductionRatio= 4.137 ; //>1 for reduction, >@ and <1 for multiplier
ClutchLossType= Noloss; //@= Noloss (default); 1= Constant; 2= Curve
SpeedlGearinglossFactor= 0.030; //DP loss
Speed2GearinglossFactor= 0.020; //DP loss
¥
Component MultiSpeedGearing: Gearing2SpdDEPort
{
SpeedlGearingReductionRatio= 7.032 ; //double: »>1 for reduction, >@ and <1 for multiplier
Speed2GearingReductionRatio= 4.137 ; //double: >1 for reduction, >@ and <1 for multiplier
ClutchLossType= Noloss; //@= Noloss (default); 1= Constant; 2= Curve
SpeedlGearinglossFactor= 0.03@; //double: for fixed factor losses only
Speed2GearinglossFactor= ©.020; //double: for fixed factor losses only
¥
Component Clutch: ClutchDEStbd
{
ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
Component Clutch: ClutchDEPort
{
ClutchLossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
¥
Component GasTurbineDrive: GTStbd
{
ModelFileName= MT30 ;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpm
¥
Component GasTurbineDrive: GTPort //ID for the text file
ModelFileName= MT30 ;
SimType= Internal; //based on model(Internal)
//or maps (External)..currently only model
PowerNom= 36000; //double, Shaft power nom in kW
SpeedNom= 3300; //double, PT nom spd in rpm
}
Component DieselDrive: DEStbd //ID for the text file
{
DieselDriveType= Direct; //Genset or Direct
PowerNom= 6960; //Pb in kW
SpeedNom= 750; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.184; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
¥
Component DieselDrive: DEPort  //ID for the text file
{
DieselDriveType= Direct; //Genset or Direct
PowerNom= 6960; //Pb in kW
SpeedNom= 750; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.184; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
¥

//end components
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PlantConnections

{
//Stbd side train

Connection: conl { GTStbd(Out); ClutchGTStbd(In)}

Connection: con2 { ClutchGTStbd(Out); GearingGTStbd(In)}
Connection: con3 { GearingGTStbd(Out); AdderStbd(Inlinel)}
Connection: cond { DEStbd(Out); Gearing2SpdDEStbd(In)}
Connection: con6 { Gearing2SpdDEStbd(Out); AdderStbd(Crossline)}
Connection: con7 { AdderStbd(Inline2); PSStbd(In)}

Connection: con8 { PSStbd(Out); PropStbd(In)}

//Port side train

Connection: conll { GTPort(Out); ClutchGTPort(In)}
Connection: conl2 { ClutchGTPort(Out); GearingGTPort(In)}
Connection: conl3 { GearingGTPort(Out); AdderPort(Inlinel)}
Connection: conl4 { DEPort(Out); Gearing2SpdDEPort(In)}
Connection: conl6 { Gearing2SpdDEPort(Out); AdderPort(Crossline)}
Connection: conl7 { AdderPort(Inline2); PSPort(In)}
Connection: conl8 { PSPort(Out); PropPort(In)}

}

PlantDriveModes

//Standard Modes
DriveMode: 2DE { DEPort(On); DEStbd(On); Gearing2SpdDEPort(SpeedlOn);
Gearing2SpdDEStbd(Speed10On)} //all other engines, clutches automatically set to off

DriveMode: 2GT { GTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}

DriveMode: CODAG { DEPort(On); DEStbd(On); Gearing2SpdDEPort(Speed20n); Gearing2SpdDEStbd(Speed20n);
hTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}

//Special Modes
DriveMode: PortDEStbdTrail { DEPort(On); Gearing2SpdDEPort(SpeedlOn)}

DriveMode: PortGTStbdTrail { GTPort(On); ClutchGTPort(On)}
}

¥ //plant end

PlantSimulationRun: SimRun@.3

{
DriveMode= PortDEStbdTrail ;

Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= @; //unit: fraction

¥
PlantComponents

{

Component GasTurbineDrive: GTPort

PowerSetting= 0 ;

¥

Component GasTurbineDrive: GTStbd

{

PowerSetting= 0 ;

}

Component DieselDrive: DEPort

{

FuelFlowRatio= 0.3 ;
}

Component DieselDrive: DEStbd

{

FuelFlowRatio= @ ;

¥

} //plantSimRun end
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Q.7 Notional Destroyer CODAG-E

//9600t Destroyer CODAG-E
Plant: CODAG-E-PropPlant

{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //S1/IM
SpeedRangeMax= 35; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts

ResistanceCurvesDataPoints= 20; //optional: default 5@ points
PropellerCurvesDataPoints= 20; //optional: default 5@ points

EnduranceDistance= 5000; //nm
TankageCapacity= 1200; //metric t

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

EnduranceCalculationMode=3; //1=calc tankage (dist given),
//2=calc dist (tankage given), 3= calc both (default)
}
Ambient
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
WaterType= SW; //SW=seawater; Fli= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= @;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
¥
PlantComponents
{

Component Hull: 960@tDestroyer

{
HullModelType= Calc; //Curve OR Calc:

//user defined curve or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 154; //Length between perpendiculars: m
Lwl= 144.68; //Length on waterline: m
Beam= 18.5; //Beam: m
Tf= 6.5 ; //Draft Fwud: m
Ta= 7.5 ; //Draft Aft: m
DispTons= 9585; //Disp: metric tons.
Cm= 0.8280; //Coeff Midship Area : 0<Cm<1
Cwp= 0.7910 ; //Coeff Waterplane: @<Cwp<l
At= 12 ; //Area transverse transom immersed
iE= 10.9; //Half angle of entrance, if not entered, calc by prog
Sapp= 300; //SA of appendages: m"2
AppResisFac= 3 ; //1+k2: Appendages Resistance factor used
Ap= 420; //air frontal area, m"2
//Fung
Bt= 12 ; //Beam at transom

} //hull end|
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Component Propeller: PropStbd
{
PropType= CPP;
PropModelType= Calc;
PropCalcType= WB;

Dia= 5.18;

DesignPitch= 7.271;

EAR= 0.5957;

nBlades= 5;

MaxPropSpeed= 203.57;
}

Component Propeller: PropPort

{
PropType= CPP;
PropModelType= Calc;
PropCalcType= WB;

Dia= 5.18;

DesignPitch= 7.271;

EAR= 0.5957;

nBlades= 5;

MaxPropSpeed= 203.57;
¥

Component PropShaft: PSStbd
{

}

Component PropShaft: PSPort

{
}

Component DriveAdder: AdderStbd
{

¥

ShaftlLossFactor= 0.01;

ShaftlLossFactor= 0.01;

DriveAdderlLossType= Noloss;
Component DriveAdder: AdderPort
{
}

Component DriveAdder: AdderStbd2
{

DriveAdderLossType= Noloss;

DriveAdderlLossType= Noloss;
¥

Component DriveAdder: AdderPort2

{
¥

Component Gearing: GearingGTStbd

{

DriveAdderLossType= Noloss;

GearingReductionRatiol= 18.233 ;

GearinglossFactor= 0.035;

¥

Component Gearing: GearingGTPort

{

GearingReductionRatiol= 18.233 ;

GearinglossFactor= 0.035;

¥

Component Clutch: ClutchGTStbd
{

¥

Component Clutch: ClutchGTPort
{

}

ClutchlossType= Noloss;

ClutchLossType= Noloss;

//FPP or CPP

//Curve OR Calc: calculate based on series
//if PropModelType= Calc ..
//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio

//no of blades

//maximum speed in rpm

//FPP or CPP

//Curve OR Calc: calculate based on series
//if PropModelType= Calc ..
//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio

//no of blades
//maximum speed in rpm

//Junction

//@= NolLoss (default); 1= Constant; 2= Curve

//Junction

//NoLoss (default); 1= Constant; 2= Curve
//Junction

//@= NolLoss (default); 1= Constant; 2= Curve
//Junction

//@= Noloss (default); 1= Constant; 2= Curve

//also used as GR1 for dimensioning
//for DP

//also used as GR1 for dimensioning
//for DP

//@= Noloss (default); 1= Constant; 2= Curve

//@= Noloss (default); 1= Constant; 2= Curve
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Component MultiSpeedGearing: Gearing2SpdDEPort

{
SpeedlGearingReductionRatio= 7.032 ; //>1 for reduction, >@ and <1 for multiplier
Speed2GearingReductionRatio= 4.137 ; //>1 for reduction, >0 and <1 for multiplier
GearinglossType= Constant; //@= NolLoss (default); 1= Constant; 2= Curve
ClutchlossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
SpeedlGearinglossFactor= ©.030; //for fixed factor losses only
Speed2GearinglossFactor= ©.020; //for fixed factor losses only
¥
Component Clutch: ClutchDEStbd
ClutchlossType= Noloss; //@= NolLoss (default); 1= Constant; 2= Curve
}
Component Clutch: ClutchDEPort
{
ClutchLossType= Noloss; //0= NolLoss (default); 1= Constant; 2= Curve
¥
Component GasTurbineDrive: GTStbd
{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal) or maps (External)
PowerNom= 36000; //Shaft power nom in kW
Speediom= 3300; //PT nom spd in rpm
¥
Component GasTurbineDrive: GTPort
{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal) or maps (External)..currently only model
PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpﬂ
¥
Component DieselDrive: DEStbd
{
DieselDriveType= Direct; //Genset or Direct
PowerNom= 6960; //in
SpeedNom= 750; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.184; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
¥
Component DieselDrive: DEPort  //ID for the text file
{
DieselDriveType= Direct; //Genset or Direct
PowerNom= 6960; //in kuW
SpeedNom= 750; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.184; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
¥
Component DieselDrive: DG1
{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 2925; //in kuW
Speediom= 900; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.191; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7
¥
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Component DieselDrive: DG2

{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 2925; //in ki
Speedlom= 900; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.191; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7

¥

Component DieselDrive: DG3

{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 2925; //in kW
SpeedNom= 900; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.191; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7

¥

Component ElectricDrive: EMPort

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 690 ; //Volts
ElDriveCurrentRated= 1210 ; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PUM; //1=PuWM;
SpeedNom= 57 ; //rpm

¥

Component ElectricDrive: EMStbd

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 690 ; //Nolts
ElDriveCurrentRated= 1210 ; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PUM; //1=PuM;
Speedlom= 57 ; //rpm

¥

Component ElectricSwitchBoard: SB

//ID for the text file

E1SBEtaRated= 0.995; //default 0.995

¥
} //end components
PlantConnections

//Stbd side

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

//Port side

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

train

conl { GTStbd(Out); ClutchGTStbd(In)}

con2 { ClutchGTStbd(Out); GearingGTStbd(In)}

con3 { GearingGTStbd(Out); AdderStbd(Inlinel)}

cond { DEStbd(Out); Gearing2SpdDEStbd(In)}

con6 { Gearing2SpdDEStbd(Out); AdderStbd(Crossline)}
con7 { AdderStbd(Inline2); AdderStbd2(Inlinel)}

con8 { AdderStbd2(Inline2); PSStbd(In)}

con9 { EMStbd(Out); AdderStbd2(Crossline)}

conl® { PSStbd(Out); PropStbd(In)}

train

{ GTPort(Out); ClutchGTPort(In)}

conl2 { ClutchGTPort(Out); GearingGTPort(In)}

conl3 { GearingGTPort(Out); AdderPort(Inlinel)}

conl4 { DEPort(Out); Gearing2SpdDEPort(In)}

conl6 { Gearing2SpdDEPort(Out); AdderPort(Crossline)}
con19 { EMPort(Out); AdderPort2(Crossline)}

conl7 { AdderPort(Inline2); AdderPort2(Inlinel)}
conl8 { AdderPort2(Inline2); PSPort(In)}

con20 { PSPort(Out); PropPort(In)}

conll
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PlantElConnections

{
ElConnection: elCon@1 { DG1(Out); SB(Inl)}
ElConnection: elCon@2 { DG2(Out); SB(In2)}
ElConnection: elCon@4 { DG3(Out); SB(In3)}

ElConnection: elCon@5 { SB(Outl); EMStbd(In)}
ElConnection: elCon@6 { SB(Out2); EMPort(In)}
¥

PlantDriveModes

{

//all engines/ cluthched not set on, assumed to be off

//Standard Modes
DriveMode: 2DE { DEPort(On); DEStbd(On); Gearing2SpdDEPort(SpeedlOn); Gearing2SpdDEStbd(Speed10On)}

DriveMode: 2GT { GTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}
DriveMode: 2EM3DG { EMPort(On); EMStbd(On); DG1(On); DG2(On); DG3(On);}

DriveMode: CODAG { DEPort(On); DEStbd(On); Gearing2SpdDEPort(Speed20n); Gearing2SpdDEStbd(Speed20n);
GTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}

//Special Modes
DriveMode: PortDEStbdTrail { DEPort(On); Gearing2SpdDEPort(Speed10On)}

DriveMode: PortGTStbdTrail { GTPort(On); ClutchGTPort(On)}
¥

} //plant end|

PlantSimulationRun: SimRunName

{
DriveMode= 2EM3DG ;

Ambient //to set Amb paras in OD: optional

{
DevFmISATemp= ©; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= @; //unit: fraction

¥

PlantComponents
{

Component GasTurbineDrive: GTPort

PowerSetting= 0 ;

}

Component GasTurbineDrive: GTStbd

{
}

Component DieselDrive: DEPort

{
}

Component DieselDrive: DEStbd

PowerSetting= 0 ;

FuelFlowRatio= @ ;

FuelFlowRatio= @ ;

}

Component DieselDrive: DG1

{
}

Component DieselDrive: DG2

FuelFlowRatio= 0.5 ;

FuelFlowRatio= 0.5 ;
}

Component DieselDrive: DG3
{

}

FuelFlowRatio= 0.5 ;

Component ElectricSwitchBoard: SB
AuxLoad= 4200; //2*2100kWe

}

} //plantSimRun end

511



Q.8 Notional Destroyer CODELAG

//9600t Destroyer
Plant: CODELAG-PropPlant

{

PlantDefinition

{

PlantType= Marine;
UnitSystem= SI;

SpeedRangeMax= 35;
SpeedRangeMin= 4;

ResistanceCurvesDataPoints= 20;
PropellerCurvesDataPoints= 20;

EnduranceDistance= 5000;
TankageCapacity= 1200;

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

EnduranceCalculationMode=3;

//can be Aero
//SI/IM

//in knots

//in knots, optional: default 5 knts

//optional: default 50 points
//optional: default 50 points

//nm
//metric t

//1=calc tankage (dist given),

//2=calc dist (tankage given), 3= calc both (default)

¥
Ambient
{
DevFmISATemp= @; //unit: temp
DevFmISAPress= @; //unit: press
RelHumidity= ©.60; //unit: fraction
WaterType= SW; //SW=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= 0;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
¥
PlantComponents
{

Component Hull: 960@tDestroyer
{

HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve

HullCalcType= F&L; //if HullModelType= Calc: H&4 or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 154; //Length between perpendiculars: m
Lwl= 144.68; //Length on waterline: m

Beam= 18.5; //Beam: m

Tf= 6.5 ; //Draft Fud: m

Ta= 7.5 ; //Draft Aft: m

DispTons= 9585 ; //Disp: metric tons.

Cm= 0.8280 ; //Coeff Midship Area : 0<Cm<1

Cwp= 0.7910 ; //Coeff Waterplane: @<Cwp<1l

At= 12 ; //Area transverse transom immersed
iE= 10.9 ; //Half angle of entrance, if not entered, calc by prog
Sapp= 300; //SA of appendages: m"2

AppResisFac= 3 ; //1+k2: Appendages Resistance factor used with Appendage resistance

Ap= 420 ; //air frontal area, m2

//Fung

Bt= 12 ; //Beam at transom

} //hull end
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Component Propeller: PropStbd

{
PropType= CPP;
PropModelType= Calc;
PropCalcType= WB;
Dia= 5.18;
DesignPitch= 7.271;
EAR= 0.5957;
nBlades= 5;
MaxPropSpeed= 203.57;
¥
Component Propeller: PropPort
{
PropType= CPP;
PropModelType= Calc;
PropCalcType= WB;
Dia= 5.18;
DesignPitch= 7.271;
EAR= 0.5957;
nBlades= 5;
MaxPropSpeed= 203.57;
¥
Component PropShaft: PSStbd
{
ShaftlLossFactor= 0.01;
¥
Component PropShaft: PSPort
{
ShaftlLossFactor= 0.01;
¥

Component DriveAdder: AdderStbd
{

¥

DriveAdderLossType= Noloss;

Component DriveAdder: AdderPort

{
¥

DriveAdderlLossType= Noloss;

Component Gearing: GearingGTStbd

{
GearingReductionRatiol= 18.233 ;
GearinglossFactor= 0.035;

¥

Component Clutch: ClutchGTStbd

{
}

Component Clutch: ClutchGTPort

{
}

ClutchlLossType= Noloss;

ClutchlLossType= Noloss;

Component GasTurbineDrive: GTStbd

{
ModelFileName= GT36MW ;

SimType= Internal;

//FPP or CPP
//Curve OR Calc: calculate based on series
//if PropModelType= Calc .. WB:Wangenin B Series

//Propeller Dia in m
//Design Pitch in m
//Expanded Area Ratio

//no of blades
//maximum speed in rpm

//FPP or CPP

//Curve OR Calc: calculate based on series

//if PropModelType= Calc .. WB:Wangenin B Series
//Propeller Dia in m

//Design Pitch in m

//Expanded Area Ratio

//no of blades
//maximum speed in rpm

//at DP

//at DP

//Junction

//0= NolLoss (default); 1= Constant; 2= Curve

//Junction

//0= NolLoss (default); 1= Constant; 2= Curve

//also used as GR1 for dimensioning

//for fixed factor losses only
//@= NolLoss (default); 1= Constant; 2= Curve
//@= NolLoss (default); 1= Constant; 2= Curve

//based on model(Internal)

//or maps (External)..currently only model

PowerNom=
SpeedNom=

36000;
3300;

//Shaft power nom in kW
//PT nom spd in rpm
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Component GasTurbineDrive: GTPort

{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal)

//or maps (External)..currently only model

PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpm

¥

Component DieselDrive: DG1

{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 6720; //in kW
SpeedNom= 720; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.185; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7

¥

Component DieselDrive: DG2

{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 6720; //in kW
Speedlom= 720; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.185; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7

¥

Component DieselDrive: DG3

{
DieselDriveType= Genset ; //Genset or Direct
PowerNom= 6720; //in kW
SpeedNom= 720; //rpm
PowerRatioDP= 1 ;
SpeedRatioDP= 1;
sfcDP= 0.185; //in kg/kW-hr
ShapingFnFac= 0.7; //default= 0.7

¥

Component ElectricDrive: EMPort

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 6600 ; //Nolts
ElDriveCurrentRated= 450; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PWM;
SpeedNom= 87 ; //rpm

¥

Component ElectricDrive: EMStbd

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 6600 ; //Volts
ElDriveCurrentRated= 450 ; //Amp
ElDrivePowerFacRated= 0.9;
FregDriveCat= PWM; //1=PliM;
SpeedNom= 87 ; //rpm

}

Component ElectricSwitchBoard: SB1 //ID for the text file
E1SBEtaRated= ©0.995; //optional

}

Component ElectricSwitchBoard: SB2 //ID for the text file
E1SBEtaRated= ©0.995; //optional

}

//end components
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PlantConnections

{

//Stbd side train

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

conl { GTStbd(Out); ClutchGTStbd(In)}

con2 { ClutchGTStbd(Out); GearingGTStbd(In)}
con3 { GearingGTStbd(Out); AdderStbd(Inlinel)}
con8 { AdderStbd(Inline2); PSStbd(In)}

con9 { EMStbd(Out); AdderStbd(Crossline)}
con1@ { PSStbd(Out); PropStbd(In)}

//Port side train

Connection:
Connection:
Connection:
Connection:
Connection:
Connection:

¥

PlantElConnections

{

conll { GTPort(Out); ClutchGTPort(In)}

conl2 { ClutchGTPort(Out); GearingGTPort(In)}
conl3 { GearingGTPort(Out); AdderPort(Inlinel)}
conl9 { EMPort(Out); AdderPort(Crossline)}
conl8 { AdderPort(Inline2); PSPort(In)}

con20 { PSPort(Out); PropPort(In)}

ElConnection: elCon@l1 { DG1(Out); SB1(Inl)}
ElConnection: elCon@2 { DG2(Out); SB1(In2)}

ElConnection: elCon@3 { DG3(Out); SB2(In2)}
ElConnection: elCon@4 { DG4(Out); SB2(In3)}

ElConnection: elCon®5 { SB1(Outl); EMStbd(In)}
ElConnection: elCon®6 { SB2(Outl); EMPort(In)}

¥

PlantDriveModes

{
DriveMode:
DriveMode:
DriveMode:
DriveMode:

}

} //plant end

2GT { GTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}
2EM2DG { EMPort(On); EMStbd(On); DG1(On); DG3(On)}
2EM3DG { EMPort(On); EMStbd(On); DG1(On); DG2(On); DG3(On)}

CODELAG { EMPort(On); EMStbd(On); DG1(On); DG2(On);
DG3(0n); GTPort(On); GTStbd(On); ClutchGTPort(On); ClutchGTStbd(On)}

PlantSimulationRun: CODELAG //SimRunName

{

DriveMode= 2EM2DG ;

Ambient //to set Amb paras in OD: optional
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0; //unit: fraction
¥
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PlantComponents

{
Component GasTurbineDrive: GTPort
{
PowerSetting= 0 ;
¥
Component GasTurbineDrive: GTStbd
{
PowerSetting= @ ;
¥
Component DieselDrive: DG1
{
FuelFlowRatio= 0.5 ;
A
Component DieselDrive: DG2
{
FuelFlowRatio= 0.5 ;
¥
Component DieselDrive: DG3
{
FuelFlowRatio= 0.5 ;
¥
Component ElectricSwitchBoard: SB1
{
AuxLoad= 2100; //kle
¥
Component ElectricSwitchBoard: SB2
{
AuxLoad= 2100; //kle
¥
¥

} //plantSimRun end
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Q.9 Notional Destroyer IFEP

//9600t Destroyer
Plant: CODAGPropPlant

{
PlantDefinition
{
PlantType= Marine; //can be Aero
UnitSystem= SI; //SI/IM
SpeedRangeMax= 35; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts

ResistanceCurvesDataPoints= 20; //optional: default 5@ points
PropellerCurvesDataPoints= 20; //optional: default 5@ points

EnduranceDistance= 5000; //nm
TankageCapacity= 1200; //metric t

SeaStateFoulingFactor= 1;
PlantDeteriorationFactor= 1;

EnduranceCalculationMode=3; //1=calc tankage (dist given),
//2=calc dist (tankage given), 3= calc both (default)
}
Ambient
{
DevFmISATemp= 0; //unit: temp
DevFmISAPress= 0; //unit: press
RelHumidity= 0.60; //unit: fraction
WaterType= SW; //SW=seawater; Fli= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= 0;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
}
PlantComponents
{

Component Hull: 960@tDestroyer
{
HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach

//Gen Paras (not method specific)

Lpp= 154; //Length between perpendiculars: m

Lwl= 144.68; //Length on waterline: m

Beam= 18.5; //Beam: m

Tf= 6.5 ; //Draft Fud: m

Ta= 7.5 ; //Draft Aft: m

DispTons= 9585; //Disp: metric tons.

Cm= 0.8280; //Coeff Midship Area : 0<Cm<1

Cwp= 0.7910 ; //Coeff Waterplane: @<Cwp<l

At= 12 ; //Area transverse transom immersed

iE= 10.9; //Half angle of entrance, if not entered, calc by prog
Sapp= 300; //SA of appendages: m"2

AppResisFac= 3 ; //1+k2: Appendages Resistance factor used with

//Appendage resistance Rapp: Default no effect, unless > 1 specified
Ap= 420; //air frontal area, m"2

//Fung
Bt= 12 ; //Beam at transom

} //hull end
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Component Propeller: PropStbd

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component Propeller: PropPort

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component PropShaft: PSStbd

{
ShaftlLossFactor= 0.01;

¥

Component PropShaft: PSPort

{
ShaftlLossFactor= 0.01;

¥

Component ElectricDrive: EMPort

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
E1DrivePowerFacRated= 0.9;
FregDriveCat= PUWM; //1=PUM;
SpeedNom= 180 ; //rpm

¥

Component ElectricDrive: EMStbd

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
ElDrivePowerFacRated= 0.9;
FreqDriveCat= PWM; //1=PlM;
SpeedNom= 180 ; //rpm

¥

Component GasTurbineDrive: GTAl

{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal)

//or maps (External)..currently only model

PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpm
GTDriveType= GenSet; //Direct or GenSet

¥
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Component Propeller: PropStbd

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component Propeller: PropPort

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component PropShaft: PSStbd

{
ShaftlLossFactor= 0.01;

¥

Component PropShaft: PSPort

{
ShaftlLossFactor= 0.01;

¥

Component ElectricDrive: EMPort

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
E1DrivePowerFacRated= 0.9;
FregDriveCat= PUWM; //1=PUM;
SpeedNom= 180 ; //rpm

¥

Component ElectricDrive: EMStbd

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
ElDrivePowerFacRated= 0.9;
FreqDriveCat= PWM; //1=PlM;
SpeedNom= 180 ; //rpm

¥

Component GasTurbineDrive: GTAl

{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal)

//or maps (External)..currently only model

PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpm
GTDriveType= GenSet; //Direct or GenSet

¥
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Component Propeller: PropStbd

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component Propeller: PropPort

{
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
PropCalcType= WB; //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.18; //Propeller Dia in m
DesignPitch= 7.271; //Design Pitch in m
EAR= 0.5957; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 203.57; //maximum speed in rpm

¥

Component PropShaft: PSStbd

{
ShaftlLossFactor= 0.01;

¥

Component PropShaft: PSPort

{
ShaftlLossFactor= 0.01;

¥

Component ElectricDrive: EMPort

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
E1DrivePowerFacRated= 0.9;
FregDriveCat= PUWM; //1=PUM;
SpeedNom= 180 ; //rpm

¥

Component ElectricDrive: EMStbd

{
ElectricDriveType= PTI ;
ElectricDriveCat= Induction ; //Induction or AdvInduction
ElDriveVoltageRated= 11000 ; //Volts
ElDriveCurrentRated= 2430 ; //Amp
ElDrivePowerFacRated= 0.9;
FreqDriveCat= PWM; //1=PlM;
SpeedNom= 180 ; //rpm

¥

Component GasTurbineDrive: GTAl

{
ModelFileName= GT36MW ;
SimType= Internal; //based on model(Internal)

//or maps (External)..currently only model

PowerNom= 36000; //Shaft power nom in kW
SpeedNom= 3300; //PT nom spd in rpm
GTDriveType= GenSet; //Direct or GenSet

¥
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PlantComponents

{
Component GasTurbineDrive: GTA1l
{
PowerSetting= 0 ; //handle PCN
¥
Component GasTurbineDrive: GTA2
{
PowerSetting= 0 ; //handle PCN
¥
Component DieselDrive: DG
{
FuelFlowRatio= 0.5 ; // COT in K or in kg/s, presently COT
¥
Component DieselDrive: DG2
{
FuelFlowRatio= 0.5 ; // COT in K or in kg/s, presently COT
¥
Component DieselDrive: DG3
{
FuelFlowRatio= @ ; // COT in K or in kg/s, presently COT
¥
Component DieselDrive: DG4
{
FuelFlowRatio= @ ; // COT in K or in kg/s, presently COT
¥
Component ElectricSwitchBoard: SB1
{
AuxLoad= 2100; //klWe
¥
Component ElectricSwitchBoard: SB2
{
AuxLoad= 2100; //kle
¥
¥

} //plantSimRun end
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Appendix R Model Input Files for Validation Resistance
Model and Propeller Optimizer

R.1 Propeller Optimizer

//PropellerOptimizationValdation
//Refl:Bernistas1982
//Ref2:Radojcic1985

Plant: PropellerOptimizationValdation

{
PlantDefinition
PlantType= Marine;
PropellerCurvesDataPoints= 20; //int, optional: default 5@ points
}
Ambient
WaterType= SW; //Sk=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= 0; //deg C, Std Temp = 15 deg C
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
3
PlantComponents
{
Component Propeller: PropellerOptimizationValdation
PropellerName= Bernistas;
PropType= CPP; //FPP or CPP
PropModelType= Calc; //Curve OR Calc: calculate based on series
//PropModelCurve= curvename; //if PropModelType= Curve
PropCalcType= WB //if PropModelType= Calc .. WB:Wangenin B Series
Dia= 5.4864; //Propeller Dia in m
DesignPitch= 7.681; //Design Pitch in m
EAR= 0.6456; //Expanded Area Ratio
nBlades= 5; //no of blades
MaxPropSpeed= 100; //maximum speed in rpm
}
Component PropellerOptimization: PropellerOptimizationValdation
PropCalcType= WB //if PropModelType= Calc .. WB:Wangenin B Series
PropOptimMode= Spd; //Spd: Prop spd is optimized given the Prop Dia;
//Dia: Prop dia is optimized, given the prop speed.
//If not specified, Spd is assumed.
ResistancePropeller= 275.344; //kN, resistance per propeller
ShipSpeed= 16; //knots
ThDednFac= 0.155; //Thrust Deduction Factor
WakeFraction= 0.252; //Wake Fraction
nBlades= 5;
PropellerDia= 5.4864; //m, not reqd if Dia is being optimized
//PropellerSpeed= xx; //rpm, not reqd if Speed is being optimized
//PropellerDraught= 3.983; //m, can be used to calc,
PropellerCenterDepth= 3.983; //m, depth below waterline,
//For PropOptimMode= if not specified,
//atleast the PropellerDraught should be specified,
//from where it can be approximated
//considering propeller tip to be in line with base line.
//EARmax= xx; //Constraint, if not specied applied by prog: 1.05
//EARmin= xx; //Constraint: 0.3
//PDmax= xx; //Constraint: 1.4
//PDmin= xx; //Constraint: 0.5
//Imax= xx; //Constraint: 1.7
//Imin= xx; //Constraint: @
¥
A
¥
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R.2 Resistance Model

//DDG51 Flt II
//Ref: HYDROSTATIC AND HYDRODYNAMIC ANALYSIS OF A LENGTHENED DDG-51 DESTROYER MODIFIED
//REPEAT by Justin Hlavin

Plant: DDG51F1tIIResistance

{
PlantDefinition
PlantType= Marine; //can be Aero
UnitSystem= SI; //SI/IM
SpeedRangeMax= 32; //in knots
SpeedRangeMin= 4; //in knots: if not specified: default 5 knts
ResistanceCurvesDataPoints= 20; //optional: default 50 points
PropellerCurvesDataPoints= 20; //optional: default 50 points
}
Ambient
WaterType= SW; //SW=seawater; FW= fresh water: if not entered, SW assumed by default
DevFmStdWaterTemp= 8;
DevFmStdSalinity=0; //sea water salinity in SP (practical salinity)
}
PlantComponents
Component Hull: DDG51 F1t II
HullModelType= Calc; //Curve OR Calc: user defined curve
//or calculate based on regression models
//HullModelCurve= curvename; //if HullModelType= Curve
HullCalcType= F&L; //if HullModelType= Calc: H&M or F&L or Hollenbach
//Gen Paras (not method specific)
Lpp= 154; //Length between perpendiculars: m
Lwl= 144.68; //Length on waterline: m
Beam= 18.5; //Beam: m
Tf= 6.5 ; //Draft Fwd: m
Ta= 7.5 ; //Draft Aft: m
DispTons= 9584.60; //Disp: metric tons. 9499.2 m3 moulded vol
Cm= 0.8280; //Coeff Midship Area : 0<Cm<1
Cwp= 0.7910 ; //Coeff Waterplane: 0<Cwp<1l
At= 12 ; //Area transverse transom immersed
iE= 10.9; //Half angle of entrance, if not entered, calc by prog
WSA= 3032 ; //vetted SA: if not given, calc by prog
//Ca= 0.9 ; //Model correlation coeff : if not given, calc by prog
//HullFormFac = 3 ; //1+k1: Form factor of hull used with frictional resistance Rf:
//Default no effect, unless > 1 specified by user or H& Method where its calculated.
//If in H&M this fac should not be applied, set =1.
Sapp= 300; //SA of appendages: m*2 , here taken as about 10%
AppResisFac= 3 ; //1+4k2: Appendages Resistance factor used with Appendage resistance
//Ks= 1.2; //Hull Roughness
//Cd= xx; //air drag coeff, optional
Ap= 420; //air frontal area, m2
//H&M
1cb= -1 ; //% fwd(+) or aft(-) of half of Lwl
Cstern= 0; //Coeff stern: V-shaped sections: - 10,
//Normal section shape: @, U-shaped sections with Hoaner stern + 10
//Fung
Bt= 12 ; //Beam at transom
//Hollenbach
//Los= xx; //Length over surface: If not defined, taken same as Lwl.
//DraftConfig= xx; //1=design draft, 2=ballast draft,
//3=with bulbous bow,
//4= without bulbuos bow; assumed =1, if not specified.
Nrudders= 2; //no of rudders
Nbrackets= 4; //no of brackets
//Nbosses= xx; //no of bosses
//Nthrusters= xx; //int: no of thrusters
//User defined Prop Fac..if specified, prog will use these instead of calc
//WakeFrac = 0.1 ; //wake faction: can be calc if not
//ThDednFac= 8.1 ; //Thrust Dedn Fac
//etaR = 9.98 ; //Relative rotative efficiency
//Additional Paras if only resistance module used
Npropellers= 2; //No of propellers
Dp= 5.18; //Dia of propeller, m
Pp= 5.18; //Pitch of propeller, m
AeAoRatioProp = 0.76 ;
etalOp= 0.98 ; //openwater effeiciency of prop
} //hull end
} //end components

} //plantSimRun end
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