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SUMMARY

This paper builds upon the 2021 IJME publication by the same authors, which introduced the application of network theory to the design and evaluation of a simplified submarine power and propulsion system for early-stage ship design. The current work presents significant advancements from that initial investigation, detailing the UCL Network Block Approach (NBA). The NBA integrates the strengths of a proven 3D Computer Aided Ship Design (CASD) system’s architecture-driven approach using a network theory approach, specifically for the design of distributed ship service systems in complex vessels, demonstrated through a submarine case study. The proposed approach has now been validated through three design sensitivity studies, which examined variations at three levels: overall ship performance, main-level design styles, and micro-level design styles. The findings indicate that the NBA facilitates the holistic investigation of distributed ship service systems during early-stage ship design. Additionally, it enables naval architects and marine engineers to quickly size and balance energy requirements for different distributed systems and visualise the intricate structure of submarine systems within a 3D CASD environment and a 3D multiplex network layout. Furthermore, the NBA provides a basis for assessing the potential impacts of emerging technologies, such as the development of net-zero carbon based energy solutions for future naval vessels.
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1. INTRODUCTION

Submarines can be large and very complex, requiring significant resources for assembly. A 3000-tonne diesel-electric submarine, for instance, needs around 350,000 parts, two million design hours, and 700,000 construction hours (Budell, 2014). Submarines rely on specialised engineering systems known as distributed ship service systems (DS3). These systems consist of interconnected components that deliver essential services, energy, or commodities from one or more sources to various users onboard, supporting the submarine’s operations, both on the surface and underwater (Mukti et al., 2021).

During the Concept Phase (see Burcher & Rydill (1994)), where critical decisions are made, the sizing of submarine systems has traditionally depended on “past practice” and simple parametric algorithms (Burcher and Rydill, 1994). This approach limits the submarine concept designer’s ability to assess the impact of various choices when selecting distributed systems for the design. As a result, it restricts the opportunity to adopt a comprehensive Requirements Elucidation approach (Andrews, 2018a) that can address distributed ship systems. To overcome these limitations, a new approach has been developed to integrate the design process more effectively, which enables better consideration of these elements in the early stages of ship design.

The paper starts by discussing the key attributes of submarine distributed ship systems, including relevant terminologies and providing a summary of prior effort to develop a new approach. It introduces the UCL Network Block Approach (NBA), which comprises a suite of processes, computer programs, and frameworks. This approach has been tested through a baseline case study and extended to incorporate various design variants, showcasing the sensitivity and adaptability of the method. The paper concludes with insights drawn from these findings and outlines potential directions for future research in this area.

2. DESIGN OF SHIP SYSTEMS

This section is divided into three parts: first, it addresses the relevant aspects of distributed ship systems; second, it explores various approaches for designing and sizing these systems during the concept phase; and finally, it provides a summary of an earlier attempt to develop a design approach for distributed ship service systems before a sensitivity analysis exercise to validate it in Section 5.

2.1 RELEVANT SYSTEMS ATTRIBUTES

2.1 (a) Style Decision on Submarine Systems

In the early sizing stages of complex vessels, front-end decisions, which are often implicit, should be made explicit and justified through a proper Requirements Elucidation process (Andrews, 2012). These decisions are crucial as they guide the final design solution and can significantly affect the ‘traditional naval architecture’ S4 concerns (Brown and Andrews, 1980): Speed, Strength, Stability, and Seakeeping (or manoeuvrability, especially in the vertical plane for submarines). Brown and Andrews introduced the concept of ‘Style’ as a fifth ‘S’ to capture key decisions during the Requirement Elucidation process and facilitate dialogues with stakeholders involved in complex vessel design. Figure 1 is a strategic description of the overall ship design process, highlighting the essential decisions the designer should address, commencing with style choices.

The early stage design process not only defines an acceptable design solution but also results in a set of ‘agreed and feasible requirements’. These represent the reconciled outcomes of trade-offs made from the initial outline requirements as technical, spatial, and performance constraints become clearer. Recognising this iterative refinement prevents unrealistic adherence to the original, and often infeasible, requirement set, this being a key principle of the Requirements Elucidation philosophy (Andrews, 2018a).

Figure 2 presents a hierarchy of style decisions, at four levels, ranging from overarching strategic choices to detailed specifics. The highest level, called Mega style, represents broad government defence objectives (see Table 2 in Andrews (2018a)). An example of high-level Macro style decisions would be choosing between nuclear or non-nuclear propulsion for a new submarine. The Main/Meso Level covers mid-tier style choices, such as selecting a specific type of air-independent propulsion (AIP) system for a non-nuclear submarine. At the Micro Level, which focuses on detailed system-specific decisions, a suitable example would be the adoption of a ring main configuration for electrical power distribution.

Style categorisation encompasses transversal style decisions (Andrews, 2018a), such as those for an SSK outlined in Table 1 from Andrews (2021). These overarching style choices impact other levels of style, either directly or indirectly. For instance, selecting a generic style choice like robustness would be manifest through implementation across various levels of style topics shown in Figure 2. This interconnectedness ensures that such high-level style decisions consistently influence the more detailed design choices as the ship is developed.

[image: ]

At the micro-level of style, implementing a ring main system configuration could provide a high level of redundancy, featuring port and starboard as well as forward and aft connections. This would enhance the robustness of the system’s design. Such decisions must be intentionally made during Early Stage Ship Design (ESSD), recognised by the designer, and thoroughly justified. Documenting these choices is essential as it reflects good design practice and supports a well-founded decision-making process suited to the demands when designing such complex vessels (Andrews, 2018a).

2.1 (b) Distributed Systems Framework

The implications of a Style choice for a distributed system can be analysed using an architectural framework (Brefort et al., 2018).

This framework encompasses three types of architectures: Physical, Logical, and Operational, which are discussed briefly below.

Physical Architecture defines the volumes and locations of ship systems and illustrates how they interact with the vessel’s spatial layout. For submarines, physical architecture is crucial not only for numerical balance in terms of space and weight, but also to achieve efficient vertical and longitudinal stability during the Concept Phase. Any adjustments in the size or placement of systems will impact the Centre of Gravity (KG‾‾‾) and the distance between the Centre of Buoyancy (VCB‾‾‾‾‾) and (KG‾‾‾) (i.e., BG‾‾‾). This makes submarine design highly tuned and more balance-sensitive than surface ship design (Andrews, 2017). Consequently, the systems physical architectures can significantly influence the overall size and performance of the submarine more than it would for most surface vessels.

Logical Architecture details how different system components are interconnected, such as through system line diagrams or topologies (de Vos, 2018). This type of architecture helps visualise interactions between various distributed systems from a high-level perspective, revealing complexities not evident in physical models. For instance, a logical view can clearly represent configurations, such as a ring main system used in a submarine’s high-pressure air system (Burcher and Rydill, 1994). This representation is particularly valuable as it shows redundancy levels without delving into overly detailed physical architecture, which could detract from the Concept Phase focus. This simplification is necessary given that submarines are approximately three times more densely engineered than typical surface ships (Andrews, 2017).

Operational Architecture emphasises the temporal relationships and functions of systems with respect to time, to meet energy demands for a specific operational scenario. The sizing of submarine systems is driven by the operational architecture, which dictates power and system output during the most demanding operations. An approach used for such analysis is the Electric Power Load Analysis (EPLA), which assesses load factors based on operational time percentages (Wolfe and Roa, 2017). Due to limited detailed information available in the open literature, the current investigation had to rely on assumptions or adapt data from similar surface ship practices to obtain the electrical load factors of submarine systems.

2.2 VARIOUS APPROACHES TO DESIGNING SHIP SYSTEMS IN ESD

2.2 (a) Parametric Approach

A parametric approach can be used to size distributed ship systems through simple weight equations, scaling them from previous designs. This scaling can be done either directly or based on specific design parameters, such as submerged displacement, hull volume, endurance, crew size, propulsion power, or a combination of these factors (SAWE, 2001). For instance, the volume required for distributed systems and auxiliary machinery can be estimated as K × Pressure Hull Volume, where K is a factor derived from existing designs (Burcher and Rydill, 1994). This method assumes that most of the equipment sourced from vendors remains largely the same, or that the new design is a derivative of an existing one, maintaining the same style for those systems. Consequently, this leads to a narrow, evolutionary approach to the design of distributed ship systems.

Despite its evolutionary nature, a parametric approach can assist designers in estimating distributed ship systems when information is uncertain or unclear during the initial sizing of a submarine (Burcher and Rydill, 1994). To manage such uncertainty in Early Stage Ship Design (ESSD), design margins are typically used, which can be seen as part of the style decision-making process. For example, a design margin could be based on a quantitatively defined maturity level, such as that outlined by the UK Ministry of Defence (UK MoD, 2007). This suggests that the more accurate the system component information, the lower the required design margin. However, this approach has limitations in ESSD, as only early estimates are likely to be available for novel equipment.

While the parametric approach works well for evolutionary designs, it is not suitable for projects involving significant innovation, technology advancements, or major changes in physical arrangements (Andrews, 2017). This approach, which may involve parametric curves or regression analysis on existing designs, can also be considered a ‘black box’ method. The rationale behind the factors used in parametric sizing is often not readily obvious to the designer when using selected algorithms (Hu, 2016). Moreover, a small set of parameters cannot capture the nuances of distributed ship system designs, which can vary greatly between different ship types (Rigterink, 2014). As a result, reliance on parametric methods is unlikely to encompass the full range of design styles, especially those relevant to distributed ship systems. If a scaling approach is used to determine the overall size of the submarine hull, followed by the development of the physical and logical architecture of the distributed ship systems, this results in an “outside-in” approach, where the working up of the physical architecture of the design as the design develops is constrained by initial sizing selections.

Although the parametric approach cannot offer the same level of accuracy as sizing methods used in the detailed design or production stages, it has been a convenient tool. It requires minimal effort to quickly generate a numerical sizing and is often deemed appropriate for ‘straightforward’ systems with limited style options or minimal impact on the overall submarine size.

2.2 (b) Sizing from the First Principles

Sizing from first principles or detailed sizing can offer greater confidence in system sizing compared to the parametric approach. This is because first-principle methods can fully predict the dimensions of a system’s equipment using fundamental physical relationships. For example, the diameter of a diesel engine cylinder can be determined based on basic parameters such as power output, torque, and angular velocity (Stapersma and de Vos, 2015). While this approach is ideal for accurate sizing, it can be time-consuming as it requires detailed information about various aspects of the system to design the entire component. More importantly, such detailed component information may not be available or at a sufficient level during Early Stage Ship Design (ESSD), potentially diverting focus from the primary goal of the concept phase, Requirements Elucidation (Andrews, 2018a). Additionally, sizing from first principles is often limited to specific numerical calculations or demand parameters, which, to be effective, require input from the various distributed systems architectures (physical, logical, and operational). Without this input, applying first-principle sizing in ESSD can become challenging.

2.2 (c) High Fidelity Analysis

A tool specifically developed for designing and analysing surface ship distributed systems allows specialist engineers to become involved much earlier in the design phase (Langland et al., 2015). This enables more detailed analyses of electrical power systems, such as simulations to assess thermal cooling system design (Babaee et al., 2015), machinery (Jurkiewicz et al., 2013), and power distribution systems (Chalfant and Chryssostomidis, 2011). However, such detailed collaboration among specialist engineers can introduce too much complexity during Early Stage Ship Design (ESSD), making it inappropriate for this phase. In ESSD, large portions of the detailed design should not be finalised, as the overall design is still subject to major decisions as part of the Requirements Elucidation process. Focusing on detailed design at this stage could be counterproductive, limiting the exploration of different design styles and narrowing the scope for important decisions (Andrews, 2013).

Therefore, the challenge is not only in managing multiple sources of design data but also in maintaining design flexibility throughout the early stages of submarine synthesis. It is important to recognise the dangers of progressing into design detail too quickly. Doing so can cause the designer to become constrained by premature assumptions, reducing flexibility and increasing the likelihood of design rework later in the process. The aim is to address this risk by allowing the designer to control the pace of design maturity, ensuring that additional detail is introduced only when supported by the current level of understanding or when it provides meaningful insight into the overall system architecture.

2.2 (d) Network Theory

Between detailed sizing and a parametric approach lies the adoption of a network theory approach. This method requires fewer assumptions than detailed sizing but demands more input than a parametric approach. A ship’s systems can be viewed as an assembly of connected individual components, making them suitable for modelling using network theory or graph theory.

In this context, the system is a collection of points (nodes) connected by lines, known as arcs or edges (Newman, 2010). Not only can ship systems be modelled as a network, but relationships between spaces within the ship’s layout can also be represented (Gillespie, 2012; Pawling and Andrews, 2018), as can variables in design algorithms (Collins et al., 2015).

A variant of network theory, known as a knowledge-based approach or semantic networks (Sowa, 1983), has been applied to nuclear submarine design (Collins et al., 2015). Semantic networks store contextual (string) data rather than numerical data (Sowa, 1983). The use of semantic networks in submarine design, as demonstrated by Collins et al. (2015), helps capture domain knowledge by modelling constants, coefficients, and variables in traditional numerical algorithms as nodes, rather than the physical systems equipment. This approach reduces the “black box” nature of the parametric method by clarifying the rationale and assumptions underlying traditional vessel sizing processes. However, this application has been limited to specific design algorithms focused on major vessel features and is only now being addressed through the design style choices for distributed ship systems.

Network theory has also been applied to design and analyse distributed systems on surface ships (Shields, 2017; Brefort et al., 2018; Brown, 2020). These applications typically require defining both the logical architecture of ship systems and the physical architecture or network of the ship’s layout. The ship’s physical architecture can be modelled as a network of spaces, while nodes in the distributed system’s logical architecture are assigned to the physical nodes in the ship layout. Various optimisation techniques, such as the shortest path algorithm (Dijkstra, 1959) or Network Flow Optimisation (Trapp, 2015), have been used for routing the systems. Researchers at Virginia Tech have extended this work to develop the Architecture Flow Optimisation (AFO) approach (Brown, 2020). AFO has been further refined for specific applications in surface ship survivability, including Dynamic AFO (DAFO) and Vulnerability AFO (VAFO) (Parsons et al., 2020).
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Although most current applications of network theory to surface ship distributed systems rely on optimisation schemes, which could limit the range of design solutions compared to a more style-driven approach, the energy-based Architecture Flow Optimisation (AFO) approach has been seen as particularly promising. AFO can be used to design marine engineering distributed ship systems and provide first-principles-derived numerical data, such as energy (power), when sizing distributed naval ship systems (Brown, 2020).

2.3 INITIAL DEVELOPMENT OF THE PROPOSED APPROACH

Although the Architecture Flow Optimisation (AFO) approach was adapted in the research presented in this paper, its optimisation setup was not deemed directly applicable to the submarine design investigation. AFO, along with its variants, has been constrained by a specific optimisation objective: minimising cost, and was designed to work as part of the Virginia Tech Ship Synthesis Model (Brown, 2022). This was considered incompatible with submarine design, which requires a more hands-on approach, such as the Design Building Block (DBB) approach (Andrews, 2018a), to shape the submarine’s physical arrangement. As a result, an alternative and simpler network flow programming model called the Submarine Flow (SUBFLOW) formulation was developed. Initially introduced in a companion paper (Mukti et al., 2021), SUBFLOW has since undergone significant improvements and testing against variant designs, which are further detailed in this paper.
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When SUBFLOW was combined with the UCL DBB approach, it facilitated a more comprehensive synthesis of submarine systems, enhancing both the physical and logical descriptions of the submarine and illustrating how the various systems interacted within the vessel’s design space. However, as the initial proposed approach was a discrete process (Mukti et al., 2021), it relied on data from a proven Computer Aided Ship Design (CASD) tool, Paramarine-SURFCON (Bole & Forrest, 2005; Qinetiq, 2024), to define the DBBs. This data had to be manually processed in MATLAB (Mathworks, 2024), then fed back into Paramarine for further manual design iterations. Within Paramarine itself, generating the design with sufficient granularity for submarine systems was labour-intensive, and the additional step of processing data for SUBFLOW in MATLAB added complexity to the process. Moreover, this approach did not account for other design changes, making it quite demanding.

To more effectively implement SUBFLOW with the UCL DBB approach and explore a broader range of ship systems options in the Early Stage Ship Design (ESSD), it was clear that substantial development was needed. This involved creating a new set of tools to address the challenges outlined above, while still retaining the benefits of both the network theory and DBB approaches. The goal was to establish a more integrated and holistic submarine systems synthesis that would better support the design process.

3. A COMPREHENSIVE APPROACH TO SHIP SYSTEMS DESIGN

The Network Block Approach (NBA) was developed to seamlessly integrate the physical and logical aspects of distributed ship systems during the early-stage design of complex vessels. Conceptually, the NBA brings together two iterative design processes:

• The Physical Loop process, which focuses on developing and refining the submarine’s geometric and spatial arrangement, i.e., hull form, compartmentation, and the 3D arrangement of equipment and systems; and

• The Logical Loop process, which models the functional behaviour and evaluates the performance and energy flow characteristics of the distributed ship service systems (DS3). DS3 are represented as networks of nodes and arcs, enabling evaluation of energy flow and inter-system dependencies early in design.
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These two processes operate in continuous dialogue, inspired by principles of DevOps, which is a blend of two activities: ‘Development’ and ‘Operations’ (Hüttermann, 2012). This integration enables the warship designer to assess how changes in spatial arrangement influence system performance, and vice versa, ensuring the design reaches a satisfactory balance from a naval architectural standpoint. Figure 3 illustrates this relationship, where 3D Computer Aided Design (CAD) ‘physical’ modelling (purple) and system analysis (blue) inform one another until a satisfactory level of equilibrium is achieved. The diagram emphasises the logical structure of the approach rather than specific software functions.

To implement the Network Block Approach (NBA), Excel (Microsoft, 2021) was used as the central Input Data Centre (green in Figure 3), maintaining all design information in an organic matrix format that links physical geometry, system data, and analysis parameters. This strategy allows the design model to be adapted independently of any specific software environment. Because Excel serves as a neutral communication hub, any appropriate computational or CAD platform can interface with the data through standard exchange routines, eliminating the need for proprietary files and enabling transparent cross-tool collaboration.

In the present implementation, two complementary platforms interface with this Excel-based structure: the Paramarine Computer-Aided Ship Design (CASD) system (Qinetiq, 2024), managing the Physical Loop, and MATLAB (Mathworks, 2024), hosting the Logical Loop for DS3 analysis. Within Paramarine, the design is represented through Design Building Block (DBB) objects (Andrews and Pawling, 2003) that capture geometry, weight, and functional attributes.

The exchange of data between Excel and Paramarine is automated using Excel’s Visual Basic for Applications (VBA/macro) (Microsoft, 2021) to generate Knowledge Command Language (KCL) scripts (Qinetiq, 2024), which quickly translate the designer’s intent into Design Building Block (DBB) objects setup and naval architectural analysis instructions.
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Because all design data are maintained in Excel, MATLAB reads the same structured Excel matrices directly, without requiring intermediate scripting. The organised data format allowed the SUBFLOW solver (Mukti et al., 2021) operating within MATLAB to perform DS3 analysis by accessing system connectivity, capacity, and operating parameters seamlessly. This direct data exchange enables rapid iteration between geometric modelling and system analysis while preserving designer control over key architectural and system-level decisions.

Before delving into the specific steps of the Physical and Logical Loops, it is useful to outline the conceptual framework that governs the level of detail within the Network Block Approach. The concept of design granularity describes the degree to which a design is broken down into measurable entities, ranging from broad weight estimates to detailed equipment and connection definitions, while design fidelity represents how finely each of those entities is resolved within the ship’s architecture. Together, these two dimensions provide the logical foundation for balancing effort, data maturity, and modelling depth during early-stage design.

Figure 4 illustrates this framework, showing how a design progresses from coarse representations of weight and space toward finer levels of component and connection definition. This logic underpins the subsequent development of the Physical Loop (Figure 5) and the interaction between physical and logical loops processes (Figure 3).

Figure 6 expands on how the Network Block Approach (NBA) is organised through the Input Data Centre (coloured green in Figures 3, 5, and 6), which coordinates the flow of information between the Physical and Logical Loops processes. Its purpose is to allow the designer to focus on the architecture and relationships within the submarine design, while repetitive data-handling tasks are automated. In practice, the Input Data Centre is a single Excel workbook containing multiple tabs, each associated with a Visual Basic for Applications (VBA) macro. Each tab functions as a “program” within the Input Data Centre, dedicated to a specific design task, such as defining hull geometry, allocating weight and volume, or describing system components and connections. Together, these spreadsheet-based programs ensure that consistent and traceable data are available to both the Paramarine and MATLAB environments, forming the digital backbone of the Network Block Approach. Consequently, a complete design solution can be represented by a single Excel file containing all design data and macros.

The upper part of Figure 6 illustrates the Main Menu Program (MMP), which provides a single-click interface to execute all the programs listed in Table 2. The MMP is also connected to the Design Preamble Program (DPP) and the Design Analysis Program (DAP). The DAP contains a hardcoded KCL script that automatically sets up the analytical capabilities available in Paramarine, including the audit function. As indicated by the purple dashed box in Figure 6, all programs interact with Paramarine, while only the four programs in the blue dashed box work with MATLAB.

Within the programs of the Network Block Approach, designers can quickly search and modify Design Building Block (DBB) data through tabular menus, fully leveraging Excel’s spreadsheet functionality. For example, altering the shape of 200 components can be achieved by copying a single cell across the component list in the relevant program. Without these NBA-integrated tools, the same task in Paramarine would require locating each DBB object individually, expanding it, and manually adjusting its geometry, three repetitive steps multiplied by 200, making the operation significantly more time-consuming. The subsequent subsections explain the Physical Loop and Logical Loop processes in more detail.

3.1 PHYSICAL LOOP PROCESS

The Physical Loop governs the development of the submarine’s geometric and spatial definition, including the pressure and external hull forms, internal arrangements, and the 3D representation of major equipment and system connections. The process is executed in two main stages: a “coarse” stage and a “finer” stage, as shown in Figure 5.

In the coarse stage, the design is developed ab initio to define the initial weight and space models for architecturally centred submarine synthesis. This stage employs three programs: the Hull Geometry Program (HGP), the Volume Granularity Program (VGP), and the Weight Granularity Program (WGP). The coarse stage produces a design with a level of granularity that is typically sufficient for the concept phase of the submarine design (see Purton, 2016, for example). However, as the research delves into the greater detail required for the distributed ship systems, the Physical Loop process can be progressed to a finer level of detail. At this level, four additional programs: the Equipment Database Program (EDP), Component Granularity Program (CGP), System Preamble Program (SPP), and System Connection Program (SCP), extend the model to include detailed system components and routing information. These programs develop the submarine design to the level of resolution needed for network-based system synthesis while retaining the flexibility appropriate to concept phase of the design.
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3.1 (a) Design Granularity and Design Fidelity

The Physical Loop applies the design granularity and design fidelity framework introduced in Section 3 to structure how the submarine model develops from ‘coarse’ representations to ‘finer’ system-level descriptions. Figures 5 and 6 illustrate this progression and the tools that support it.

Design granularity refers to the progression of data from broad, high-level information, such as weight data, to more detailed data, such as volume (spatial data), equipment, and system routing. As the design evolves, the data becomes increasingly ‘more’ specific, moving from basic characteristics to precise components and interconnections within the vessel.

Design fidelity, on the other hand, refers to the breakdown of data from high-level concepts to finer levels of detail. This involves a shift from broad categories, such as zones or decks, to more detailed elements like individual cabins or specific spaces within the ship. A higher design fidelity represents a more detailed and refined design, which allows for deeper analysis and decision-making at every stage of the design process.

Design granularity advances along the x-axis of Figure 4, moving from general weight information to specific volume, equipment, and routing data. Each level corresponds to a dedicated set of programs.

The first level, the Weight Granularity Program (WGP), defines features based solely on weight sizing without spatial geometry. These data follow the UCL submarine weight groups in the Ship Work Breakdown System (SWBS) (UCL-NAME, 2014). The WGP applies design algorithms for each weight group and converts the results into Design Building Block (DBB) objects in Paramarine with a single command.

When weight data are combined with spatial geometry, the design progresses to the Volume Granularity Program (VGP) level. The VGP represents internal spaces such as compartments, spaces, or tanks and converts these definitions into DBB objects linked to the hull geometry. The Hull Geometry Program (HGP) manages parameters such as pressure-hull dimensions, external structural arrangements, and appendages, defining the scalable hull model used in Paramarine (see Figure 2 and Table 1).

At this stage, weight data from the WGP can be assigned to the volume objects within the VGP, specifying their x, y, and z locations relative to the vessel body axes (X, Y, Z) (see Burcher and Rydill, 1994). Consequently, the second level of granularity produces a model comprising volume-based DBB objects with associated weight attributes.

As the concept develops further, the design advances to Component Granularity, the third level in Figure 4. This level focuses on the definition of system components and routing. The Equipment Database Program (EDP) allows the designer to populate equipment attributes based on components with the same fit and function as industry-standard parts. Each entry includes its local centre of gravity (CoG) and its position relative to its local part datum. The Component Granularity Program (CGP) then places these equipment items as occurrences within the submarine, referencing the vessel’s global CoG and coordinate system. Together, these programs ensure that equipment data are consistent, scalable, and directly traceable from industrial definitions to ship-level representation.

Design fidelity, represented on the y-axis of Figure 4, reflects the refinement within each level of granularity. The flexible UCL Design Building Block (DBB) concept allows the model to evolve along both axes until sufficient detail is achieved to inform the Requirements Elucidation process.

At the highest fidelity, the equipment-level DBB objects are interconnected using the System Preamble Program (SPP) and System Connection Program (SCP). The SCP defines the object-to-object connections, while the SPP specifies their physical attributes, such as cross-section shape (rectangular or circular) and routing paths through the vessel. Together, these programs establish a coherent data structure that links physical geometry, equipment, and system connectivity within the Physical Loop.

3.1 (b) Types of DBB Objects

The use of Design Building Block (DBB) objects in Paramarine provides significant flexibility, as multiple types of DBB objects are required to define the submarine design. These objects fall into two main categories: descriptive DBB objects (marked with an asterisk *) and numerical DBB objects (Pawling, 2007).

Descriptive DBB objects are used for functional or zonal definitions. A functional DBB object may represent the UCL functional groupings of Float, Move, Fight, and Infrastructure (FMFI) (Andrews et al., 1996). These groupings organise a warship’s systems according to their primary roles: Float includes buoyancy, stability, and structural integrity; Move encompasses propulsion and steering; Fight covers combat and mission systems; and Infrastructure supports all other functions such as power distribution, habitability, and auxiliary services. Zonal DBB objects describe spatial areas, such as a watertight compartment within the dry spaces, an external Main Ballast Tank (MBT) outside the pressure hull, or a free-flood area within the hull appendages (see Burcher and Rydill, 1994).

Numerical DBB objects, in contrast, contain quantifiable design data such as weight, volume, equipment dimensions (length, beam, height, and weight), or system connection parameters (length, diameter, and mass per unit length). These objects are structured according to the levels of design granularity described earlier and summarised in Table 3, ranging from weight granularity to component granularity, as illustrated in Figure 4.

As shown in Table 3, the numerical DBB objects are further grouped according to their design function:

• objects defining individual weights,

• objects describing geometric volumes,

• objects detailing system equipment or components, and

• objects defining system connections.

Each of these categories is supported by a specific program within the design process. The Weight Granularity Program (WGP) and Volume Granularity Program (VGP) define weight and volume DBB objects, respectively. The Component Granularity Program (CGP) develops equipment-level DBB objects, and the System Connection Program (SCP) defines interconnections between them. Together, these programs ensure that the DBB objects at each level of granularity accurately represent both the physical and functional elements of the evolving design.

3.1 (c) DBB Hierarchical Breakdown

The development of the DBB model in Paramarine was intuitive but limited to a single hierarchical structure. For example, in a Master Building Block (MBB) hierarchy representing the entire ship characteristics (Andrews and Pawling, 2003), there are four functionally descriptive Groups of DBBs: Float, Move, Fight, and Infrastructure. Each of these functionally descriptive DBB Groups could then contain three zonal DBBs representing the forward, mid, and aft zones. In this example, the hierarchy reaches the third level, resulting in a total of 17 DBBs (1 MBB + 4 functional groups + 4 functional groups × 3 zonal DBBs = 17 DBBs).

However, working within this structure posed practical challenges. If the designer wanted to focus on a specific spatial zone, such as the aft zone, they would need to individually expand each of the four functional group DBBs and then navigate through multiple nested levels to access the relevant data. This process becomes even more complex when additional descriptive layers are introduced, such as Ship Work Breakdown Structure (SWBS) groupings, equipment packages, or subsystem definitions, which can extend the hierarchy to five levels (Mukti et al., 2021). Managing both functional and spatial definitions within the same hierarchy was therefore found to be inefficient and time-consuming.
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To address this limitation, the Network Block Approach (NBA) introduced an alternative hierarchical system. Initially, system components and connections were modelled as daughter objects under a parent system DBB in Paramarine, but this approach generated unnecessary descriptive DBBs, increased the Gulfs of Execution (Pawling, 2007), and reduced efficiency. The improved NBA hierarchy organises system equipment and connections within a separate structure, allowing all system connections to be hidden or rerouted easily when equipment locations change. This arrangement also accommodates non-distributed components such as escape towers, ladders, and doors.

The hierarchical tree used in the NBA (Figure 7) retains functional, packaging, and spatial or zonal information but classifies DBB objects according to the type of data they contain: weight, volume, system equipment or components, and system connections. This organisation avoids mixing different types of numerical DBBs under the same parent object, except for the overall Master Building Block (MBB). By grouping DBBs based on data type, commonality is achieved among those containing numerical information, improving the management of design data, particularly in large early-stage designs involving hundreds of DBB objects.
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A further advantage of the new hierarchy is its consistent depth, which simplifies the visualisation and navigation of DBB objects. Designers no longer need to search through multiple nested descriptive levels to access numerical data. This structure improves workflow efficiency and reduces the time required to update or review individual DBBs. The visual hierarchy also mirrors the evolution of design granularity from weight and volume levels to component and connection levels (see Figure 4). Overall, this approach provides a clearer and more organised design process, particularly beneficial for the design synthesis of complex submarine systems.

3.1 (d) Semi Automatic Routing

The Paramarine Computer-Aided Ship Design (CASD) system (Qinetiq, 2024) was used to model system routing and connections, addressing a limitation identified in earlier UCL DBB research at the PhD level (Pawling, 2007; Purton, 2016). In this study the focus is on distributed ship systems modelling, specifically the routing of these systems within Paramarine. Two routing approaches were developed: a point-to-point framework and a highway framework.

The point-to-point framework begins once the design reaches the third level of granularity, or component granularity. After the DBB objects at the equipment level are defined, direct connections can be created between them. This method offers a quick way to generate system routes during early-stage design. However, since individual components may not yet have unique x, y, and z coordinates, routing paths can overlap, resulting in a less accurate representation of system layouts.

The highway framework follows a similar process but includes an additional step in which the designer defines dedicated system “highways” that host multiple system runs. Routing paths are then guided along these predefined corridors. The highways are represented by longitudinal lines extending from the forward to the aft sections of the vessel, and the designer specifies how many are required for each distributed system. Figure 8 illustrates this, where 28 squares represent the available system highways.
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In this framework, system connections are assigned to the selected highways. When defining the highways, allowances are made for the cross-sectional space occupied by internal pressure-hull ring frame stiffeners. This approach enables designers to assess how much space should be reserved for system routing early in the design process, preventing congestion as the design evolves. It supports proactive management of spatial constraints and ensures that system routing can be integrated smoothly within the vessel’s structural configuration, reducing the likelihood of layout complications in later design stages.

3.1 (e) Naming Convention

In the example submarine design developed to test the Network Block Approach (NBA) (Mukti, 2022), it was necessary to progress the model to the component granularity level to enable distributed ship system synthesis.

This resulted in a substantial increase in the number of Design Building Block (DBB) objects with numerical data, which exceeded one hundred at the component level. To manage this growing complexity, a structured naming system was introduced to make design data easier to identify, revise, and develop. The convention adopted consistent, chronological, and descriptive naming principles (Stanford University, 2021), in which DBB objects with numerical data were identified using alphabetic codes separated by underscores.

Each object name began with “BB” (Building Block) to indicate its inclusion within the Master Building Block (MBB) hierarchy. This prefix was followed by a code identifying the level of granularity, such as “NL” for numerical (weight granularity), “VL” for volume (space or volume granularity), and “DB” for database (system equipment or component granularity). In this system, an “NL” object referred to a DBB without a physical entity, such as weight or power data, whereas “VL” and “DB” objects represented physical entities, including volumes or equipment.

This structured naming framework is summarised in Table 4, with further details provided in Tables A1, A2, and A3 in Appendix A, which describe the naming conventions applied across different design granularities.
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3.2 LOGICAL LOOP PROCESS

The Logical Loop process encompasses the SUBFLOW analysis and simulation stages, which provide network-based sizing for different types of submarine systems.

Table 5 illustrates two options when using SUBFLOW for sizing distributed ship systems. The first option involves using the SUBFLOW network along with the calculated length from the Physical Loop process, which enables direct system sizing through a derived length-to-weight ratio or a derived length-to-volume ratio. The second option utilises the SUBFLOW network with a steady-state energy flow response simulation, which can be applied to size ship systems that are dependent on network (energy) flow, such as the heat removal system.

This flexibility allows certain systems to be sized directly from geometric data without running a full energy simulation, while others benefit from dynamic network analysis. As the system network definition became more detailed, it was found that the extent of design margins decreased, reflecting the increased accuracy achieved through the iterative coupling of the Physical and Logical Loops.

A MATLAB script was developed to automate the repetitive tasks within the Logical Loop process, allowing the designer to focus concurrently on Physical Loop development. As shown in Figure 9, the script performs three main functions: pre-processing, solver execution, and post-processing.

The pre-processing stage reads the input data defined by the designer in the Component Granularity Program (CGP) and the System Connection Program (SCP). The post-processing stage then writes the results back to the Equipment Database Program (EDP) and the System Preamble Program (SPP) for design review and iteration.

Once the results are written back into the spreadsheet, the designer can assess and justify the size of each system arc according to the relevant distributed system technology. This process enables an efficient feedback loop between analysis and design, ensuring that system sizing remains consistent with the evolving physical layout of the submarine.
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3.2 (a) SUBFLOW Network Model

For early-stage ship design applications, the SUBFLOW network model was simplified to include only two node types and two arc types, balancing analytical capability with modelling efficiency. The node and arc definitions were implemented within the Component Granularity Program (CGP), where their physical characteristics are specified.

As illustrated in Figure 10, both nodes and arcs can exist as either numerical (NL) or physical (DB) entities, depending on their level of granularity. Within the SUBFLOW framework, nodes are functionally categorised as terminal or hub nodes. Terminal nodes represent the sources or sinks of a given commodity, while hub nodes act as distribution or collection points that link multiple network branches.

Similarly, arcs can be classified as either numerical or physical. Numerical arcs represent logical connections that capture relationships or interactions not associated with a physical conduit. An example is a numerical arc that captures wild heat within a compartment, connecting to an HVAC inlet node to quantify the total heat load in that space. These arcs exist logically within the energy balance but do not correspond to an actual pipe, duct, or cable.

In contrast, physical arcs represent tangible connections such as piping, ducting, or cabling that physically transport the commodity between components. The classification of each arc is determined by the technology and commodity it represents, ensuring that both the logical network behaviour and the physical system configuration are consistently defined across the Logical Loop.

3.2 (b) SUBFLOW Operational Matrix

The MATLAB implementation of the Logical Loop process enabled the creation of a matrix-based framework that allows user intervention in the SUBFLOW network formulation code. This framework, referred to as the Operational Matrix, represents the temporal relationship between the submarine’s operational architecture and its distributed systems. It is automatically generated from the inputs defined in the Component Granularity Program (CGP) and the System Connection Program (SCP).

The mathematical model within SUBFLOW was not hardcoded, except for the continuity condition that ensures energy conservation throughout the system network. The formulation process was iterative, designed to achieve a feasible steady-state energy flow simulation. The detailed structure of the Operational Matrix is discussed in Mukti et al. (2024a).
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In summary, the number of columns in the Operational Matrix corresponds to the number of arcs in the SUBFLOW network. The matrix is organised into several groups of boxes arranged in rows:

• The first box contains the objective function coefficients, each of which is set to zero since the steady-state energy balance is being solved.

• The second box includes equality constraints for continuity and the energy coefficients for each node, which can be positive or negative.

• The third box defines the inequality constraints.

• The final two boxes specify the lower and upper bounds for the energy variables associated with nodes and arcs in the system network.
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The “operational” aspect refers to the supply or demand of a commodity at each node for a particular operating condition. For example, different submarine states, such as snorting or sprinting submerged, require separate Operational Matrices. These conditions are implemented in MATLAB using loops, as indicated in Stages 8 to 0 in Figure 9.

The Operational Matrix is designed to be both scalable and simplified, supporting full automation of the SUBFLOW process. It enables the energy balance, expressed as a linear programming system of equations, to be solved within seconds. This ensures that the total energy demand within the submarine matches the total available supply, achieving equilibrium for a given design configuration. SUBFLOW can then perform steady-state simulations of power flow within the system networks, providing insight into the temporal behaviour of submarine systems under specific operational scenarios.

Importantly, the use of SUBFLOW provides early and quantitative estimates of system space and weight requirements, supporting exploration of alternative configurations in line with the Requirement Elucidation philosophy (Andrews, 2018a). Once the SUBFLOW analysis is completed in MATLAB, the resulting network layout is visualised as part of the post-processing step in the Logical Loop. This process is demonstrated in the case study presented in Section 4.

3.2 (c) SUBFLOW Multiplex Visualisation

The SUBFLOW multiplex network integrates multiple ship system technologies within a unified 3D representation. In this configuration, nodes are arranged along the Z-axis to avoid overlap in the X–Y plane, forming a clear and structured view of system connectivity.

The visualisation concept was inspired by the London Underground map, which prioritises directional clarity over physical scale. Similarly, the SUBFLOW multiplex network depicts the submarine’s spatial organisation in terms of forward–aft, upper–lower, and port–starboard relationships, allowing designers to understand system topology and interactions at a glance.

To enhance readability, the multiplex visualisation uses node shape differentiation and colour coding to represent different ship system types and their functional roles. Significant design effort was required to manually assign unique x, y, and z coordinates to each system component node within the 3D SUBFLOW network. This ensured that the visualisation accurately captured both the logical network relationships and the spatial distribution of systems within the submarine.

One of the most significant advantages of the Network Block Approach is its ability to integrate the visualisation of energy flow within the distributed systems network from the earliest design stages. In the SUBFLOW model, each node and arc carries energy attributes that represent the magnitude and direction of flow, whether electrical, mechanical, thermal, or pneumatic. This provides designers with a visual and quantitative means of assessing system efficiency, redundancy, and interdependence. An example of this capability is shown in the case study, where the energy flow between key systems is depicted for the baseline submarine design.

4. A SUBMARINE BASELINE CASE STUDY

To evaluate whether the proposed approach could capture design-style decisions for distributed ship systems at the equipment level and validate them against available data, a case study was developed for a 2,500-tonne ocean-going, conventionally powered submarine (see Table 6).

The baseline design was derived from the database used in the annual UCL Submarine Design Exercise (UCL-NAME, 2014), which provides representative design parameters and payload configurations for concept-level submarine synthesis.
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4.1 DESIGN DEVELOPMENT

Although the major design decisions are summarised in Table 6, numerous detailed choices were made throughout the submarine design process, particularly in synthesising both the physical and logical representations of the distributed ship systems much earlier than in the traditional approach (see Chapter 1 of Burcher and Rydill, 1994). These decisions were shaped by the unique characteristics of the technologies employed in each system.

For the baseline case study, the following ship systems were included to test the applicability of the new approach: fuel oil (FO), electrical (EL), mechanical (ME) as part of the propulsion system, heat removal (HV), water distribution or trim and ballast (TB), high-pressure air (HP), low-pressure air (LP), hydraulic (HY), and data transmission (DT) systems. Figure 11 illustrates the implementation process for the baseline study, which was performed through several iterative steps using the programs listed in Table 2.

The study began by sizing the submarine using a simple synthesis spreadsheet that estimated the initial weight and space balance in a manner similar to pre-DBB synthesis (see Burcher and Rydill, 1994). The Weight Granularity Program (WGP) and Volume Granularity Program (VGP) were then used to define and adjust the submarine’s internal arrangement at this coarse stage. With these programs, the designer created 21 volume objects representing the main internal spaces of the submarine and attached 181 weight data items as attributes (see Figure 12, top). At this point distributed weights, such as those associated with ship systems, were initially centralised at the longitudinal centroid of the pressure hull, with assumed z-coordinates based on previous submarine data (UCL-NAME, 2014).

The volume objects and their associated weights were then integrated with the hull using the Hull Geometry Program (HGP) to establish an initial longitudinal balance. This resulted in a more refined definition of the volume objects, incorporating fluid weights for tanks under fully loaded submerged conditions (see Figure 12, middle). Major items such as diesel engines, propulsion motor, escape towers, and torpedo tubes were also modelled at this stage to help size the volume objects using the Component Granularity Program (CGP) (see Figure 12, bottom). This phase marked the first part of the Physical Loop process, as shown in the NBA implementation in Figure 11.

The design was subsequently developed beyond the level of granularity illustrated in Figure 12 (bottom). Certain system style choices, such as zoning for electrical distribution, could only be evaluated once this level of definition was reached. The detailed procedure for developing the distributed ship systems and their associated technologies is presented in Section 4.2, which discusses the subsequent parts of Logical and Physical Loops processes (see the lower portion of Figure 11).

4.2 DEVELOPMENT OF SHIP SYSTEMS

The development of each system’s network required a deep understanding of the individual distributed ship system technologies and how the underlying physics of each system influenced the formulation of its network model. The architecture of each system was shaped by its specific type, the technological variations between components, and the redundancy strategies applied at both component and connection levels.

The process began by decomposing the design from volume granularity to component granularity (see Figure 4), supported by a preliminary sketch of each system’s network. This sketch was guided by style decisions appropriate to each submarine system and was formulated within the first part of the Logical Loop process (Figure 11). The SUBFLOW multiplex framework was used to organise zoning and spatial distribution in the port-starboard, and forward-aft locations.

The network sketch defined the number of system components and connections required. Baseline equipment data were researched and entered into the Component Granularity Program (CGP) and scaled through SUBFLOW analysis. Simultaneously, connections between submarine system components were defined using the System Preamble Program (SPP) and the System Connection Program (SCP) (see Table 2). This enabled each system network to be logically visualised in MATLAB/SIMULINK and verified against the intended style configuration.
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Since the goal was not to finalise the design but to keep the process open for revisions, simplifying assumptions were made for each system’s technology. This kept the network simple enough for concept-level application while maintaining sufficient system complexity for meaningful analysis.
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Detailed components/fittings such as valves, flanges, glands, and local connections (pipes, ducts, or cables) were not individually modelled but accounted for through appropriate design margins. These margins were adjusted manually in the SCP and CGP. In this case study, the systems ranged from electrical cabling networks to fluid transfer systems transporting gases and liquids.

Figure 13 presents the resulting distributed systems network developed using the SUBFLOW multiplex framework. The fuel oil (FO) system acted as the primary energy source, transferring power to other distributed ship service systems, including data (DT), electrical (EL), mechanical (ME), heat removal (HE), hydraulic (HY), trim and ballast (TB), and air systems (HP and LP). The network comprised 231 nodes and 468 arcs. The node shapes and colour coding are summarised in Table 7, and the arc colours representing each system are listed in Table 8.
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The network logic shown in Figure 13 was then translated into a physical representation through the NBA program suite during the second part of the Physical Loop process (Figure 11). Each system component was assigned to its corresponding volume block (see Table B1). Since this stage occurred before network-based sizing, simplified inputs were applied in the Component Granularity Program (CGP) and the System Connection Program (SCP) to facilitate rapid visualisation in the CASD system. These simplifications enabled the designer to develop the ship systems design both physically and logically at the same time.

The model was first configured using a point-to-point routing definition, which produced overlapping connections due to the 468 system connections (see Figure 14 (See Figure 5.6 in Mukti (2022) for an enlarged definition). For visibility, all connection sizes were adjusted, and the 231 system components were positioned at the centroids of their respective DBB volumes, represented by simplified spheres. This resulted in an initial visualisation of 14 distributed ship systems within the Paramarine CASD environment.
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Beyond the second part of the Physical Loop process (Figure 11), the mathematical models for SUBFLOW were defined in the CGP. As introduced in Subsection 3.2 (a), this process involved three categories of input:

• Node type (hub or terminal),

• Energy coefficient for each system component, and

• Calculated power demand for each user component.

A total of 230 components were modelled, which resulted in a total of 230 components × 3 categories of input = 690 additional inputs for SUBFLOW, in addition to the 181 weight data entries previously defined in the first part of the Physical Loop process in Figure 11.
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Before power information from SUBFLOW could be converted into spatial and weight data, power-to-volume and power-to-weight ratios were derived for each node. Only nodes designated as “DB” were translated into physical entities. However, some “DB” nodes served only to complete the network topology and aid routing decisions (see Figure 10). For instance, DB nodes representing valves in the air intake or diesel exhaust systems were included in the DS3 network but had no physical geometry.

In the third part of the Physical Loop process (Figure 11), a more refined Paramarine model was created to demonstrate NBA’s capability for physical routing. Using Paramarine’s graphical interface, each system’s components were arranged compartment by compartment (see Figure 15), akin to the ship design sketching process (Mukti et al., 2024b). This digital “sketching” approach allowed the designer to visualise, iterate, and refine the physical arrangement of distributed systems in three dimensions while maintaining architectural coherence of the overall submarine.

In total, 230 unique x, y, and z coordinates for the system components, were all stored within the Component Granularity Program (CGP). The process was completed in under an hour, even though manually modelling this number of components in Paramarine would normally require several hours or even days of repetitive object creation and editing. The significant reduction in modelling time highlights the benefit of the NBA’s integrated automation, which eliminates redundant manual work while preserving the designer’s direct control over system placement and routing decisions.

The refined submarine model is shown in Figure 16, which presents the stepwise arrangement of system components in the 3D layout. The process began with major components according to the FMFI functional breakdown (Figure 16, top), followed by placement of the electrical (EL), mechanical (ME), and data (DT) systems (Figure 16, middle). The remaining systems listed in Table 8 were arranged subsequently (Figure 16, bottom).

This case study generated 170 hub nodes and 500 equality constraints, automatically produced in MATLAB within seconds from the inputs in the CGP and SCP. The designer then refined the size of each node and arc through the Input Data Centre, with flexibility to adjust, duplicate, or reassign power flows computed by SUBFLOW. For example, the arcs in the fuel forward subsystem initially showed zero flow because the optimisation selected the fuel aft node as the main supplier to the diesel engines (see Figure C1 in Appendix C). While this might not always reflect desired operational redundancy, it identified the maximum flow demand likely to occur if the forward fuel tanks were unavailable. The designer could then size the fuel aft arcs accordingly. This demonstrates that the optimisation results did not constrain the system design but rather provided quantitative insights to guide the designer’s judgement in refining system sizing and configuration during the overall submarine design process.
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5. SENSITIVITY ANALYSIS

To validate the capability of the UCL Network Block Approach (NBA) for synthesising distributed ship service systems in submarines, it was necessary to examine its sensitivity to key design decisions. To achieve this, the NBA was applied to three supplementary case studies, each exploring different design variables and system configurations. These case studies are briefly outlined in Sections 5.1, 5.2, and 5.3, with full details provided in Mukti (2022). The resulting system sizing and performance outcomes are summarised in Tables 9, 10, and 11.

5.1 EFFECT OF VARYING AN ASPECT OF VESSEL PERFORMANCE

The first demonstration investigated the impact of varying one of the key performance characteristics impacting on the sizing of submarine systems: the maximum speed required for short periods submerged (i.e., sprint).

In this case study, the maximum submerged speed of the baseline submarine (from Section 4) was varied as follows: 20 knots for Variant A (baseline), 18 knots for Variant B, and 16 knots for Variant C.

The results from the SUBFLOW simulations for these variants are presented and discussed in Section 6.1.2 of Mukti (2022), where each arc in the network is labelled to show how changes in maximum speed influence the flow through the systems network.

Because the Network Block Approach (NBA) allows refinement of distributed ship systems’ weight and space, the compartment density assumption from the initial UCL sizing study (UCL-NAME, 2014) was used as the basis for resizing the relevant compartments. Although some compartments were area driven rather than volume driven, the overall submarine size was reassessed at the end of the third part of the Physical Loop process (see Figure 11). The order in which the spaces were allocated was considered the control variable in this investigation. This allocation remained unchanged across all three speed variants, and it was found to be insignificant in affecting the final results.

Under the sprint submerged condition, the energy source was the battery system, with total power outputs of 4.7 MW for Variant A, 3.8 MW for Variant B, and 3.0 MW for Variant C. This energy was distributed to meet the submarine’s functional power demands, including the Float, Move, Fight, and Infrastructure functions. The power flow was modelled in SUBFLOW as a steady state network simulation, which partitioned energy into three zonal loads, forward, mid, and aft, as detailed in Section 6.2.1 of Mukti (2022).

From the SUBFLOW network simulation, it was found that incorporating bus and switchboard nodes, each with a 1.5% efficiency loss, resulted in a total efficiency loss of 9%. This was a significant increase compared to the initially assumed 2% efficiency loss. The added efficiency loss impacted the sizing of the heat removal system and, ultimately, the initial sizing of the power generator, which serves as the source of electrical energy for the submarine.

The sizing results from this investigation are summarised in Table 9. Table 9 illustrates that the total weight and space of the submarine systems were driven by the choice of maximum speed. A lower maximum speed resulted in reduced weight and space for the distributed systems. Specifically, the total pressure hull volume of the submarine systems was reduced by 5% and 4%, and the weight by 6% and 4%, respectively, when the maximum speed was reduced by 2 and 4 knots.

Conversely, the range and endurance for the design variants with lower maximum speeds, i.e., Variants B (18 knots) and C (16 knots), showed increases of 11% and 23% for range and 25% and 54% for endurance, respectively, compared to the baseline design (Variant A). As expected, the size of the diesel engines and the associated supporting systems (fuel and lubricant oil systems) were not affected, since the size of the diesel engines was more sensitive to the snort speed than the maximum submerged speed. This only applied when the number of battery cells was derived from the Indiscretion Ratio (IR) (Burcher and Rydill, 1994), rather than from the maximum submerged speed. Some system components, such as information data and hydraulics, were not directly affected by changes in the power flow and, therefore, were not significantly impacted by variations in the maximum sprint speed, although further detailed design investigations when developed might reveal otherwise.

From this study, it was found that reducing the maximum speed from 20 knots to 16 knots resulted in an 11% reduction in the weight of the submarine distributed systems, equivalent to around 53 tonnes. However, the overall impact on the submarine design was a change in the total submerged weight by only 4% (110 tonnes), with a predicted cost impact of approximately 6% due to the 4-knot reduction in maximum speed.

Although these findings were relatively small, the speed investigations demonstrated that the UCL Network Block Approach (NBA) is sensitive to the impact of varying the maximum submerged speed, which is a critical factor in overall design requirements for a conventionally powered submarine.

5.2 EFFECT OF VARYING MICRO STYLES

The investigation in the previous section highlighted the relatively small impact on submarine systems and overall boat sizing from varying a major demand, such as the maximum submerged speed. In the next investigation, the Network Block Approach (NBA) was used to assess the effect of different style decisions at the micro level within a selected submarine system (see Figure 2). Specifically, the focus was on varying the electric (EL) system configuration.
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For this study, the baseline design (Variant A) requirement was altered to include variations in the electrical system style. In the baseline design, Variant A, a ring EL system had been adopted and featured four redundant bus nodes on the port and starboard sides of the vessel. On the other hand, Variant D employed a simpler configuration with a single bus line, significantly reducing the number of redundant bus nodes and directly connecting switchboards between different zones.

In the sprint submerged condition for Variant D, 4.7 MW of power was sourced from the submerged energy node (EE SM) and transported to the battery nodes (ND SE). The battery breaker node (PD SE) captured 4.4 MW of energy and divided it into two parts: 4.3 MW for the aft part of the ship, to meet the high load demands for maximum speed operation, and 188 kW for the forward part of the vessel, mainly for the hotel load in the forward zone. Detailed SUBFLOW network results are provided in Section 6.2.2 of Mukti (2022).

The architectural comparison of the two design variants is shown in Figure 17. In the top image, Variant A is depicted with cabling routed along both the port and starboard sides, while in the bottom image, Variant D’s electrical distribution line is only routed along the port side of the submarine. Since these variants represented changes at the micro style level of the baseline SSK study, the overall design impacts were relatively minor. As shown in Table 10, the overall submarine submerged displacement remained unchanged when switching from a ring bus to a single line for power distribution. However, the maximum submerged speed performance was affected by the power loss difference between the two network configurations. As a result, Variant D saw a 5% reduction in maximum submerged speed performance compared to the baseline design. While this decrease may be considered marginal, it is still notable given the concept-level assumptions involved.

The differences in some of the distributed systems between the two design variants were found to be insignificant. This is because the resultant hull size did not change, nor did some system connection lengths, which were calculated through the proposed routing framework as part of the Physical Loop process. This included systems such as the information data (DT) system and the low-pressure air (LP) system. However, Table 10 shows that the electrical (EL) system in Variant D was lighter (by 4.8%) than in Variant A, due to the adoption of the single bus line. On the other hand, the weight of some heat removal systems (HV and LO) in Variant D increased by 30-80% from Variant A to Variant D due to the greater power loss between the two design variants.

Overall, while the design shift from a ring bus system to a single line resulted in some power distribution losses and small design changes, the impact on the submarine’s performance, space, and weight was relatively marginal, particularly given the accuracy to be expected at the concept level of the study.

5.3 EFFECT OF VARYING MAIN STYLES

In this investigation, the baseline design (Variant A) was modified to incorporate an Air Independent Propulsion (AIP) system using the SUBFLOW simulation. Two proven AIP systems were considered: the Stirling AIP power system (Kagawa, 1991) for Variant E and the Proton Exchange Membrane Fuel Cell (PEMFC) system (Psoma and Sattler, 2002) for Variant F. A very small 140 kW power output demand was selected as the control variable for both AIP systems. The study aimed to investigate the impact of adding this power source to the non-AIP baseline design, by focusing on its effect with regard to overall submarine size and performance, particularly in relation to the Indiscretion Ratio (IR) of the submarine.

The first step in the investigation was to calculate the extended submerged duration enabled by the additional 140 kW power from the AIP system. This increased submerged endurance, was known as the AIP endurance. Once the AIP duration was known, the total energy required by the AIP was calculated, which led to the estimation of the oxygen storage tank size (LOX tank). The use of oxygen for breathing during AIP operation was also factored into the LOX tank sizing, replacing the need for oxygen candles as defined in the Weight Granularity Program (WGP). This step initiated an initial layout investigation through the Physical Loop process.

Figure 18 (top) shows how the AIP module was integrated into the submarine’s design, with the AIP system placed as a new pressure hull section between the Engine Room and the Control Room. This added a 16% increase in submarine length in both Variants E and F compared to Variant A. To maintain longitudinal stability, the mid trim and compensation tank was repositioned next to the new AIP section. Another significant design decision involved accommodating two 3.6 m diameter LOX tanks, which led to an 11% increase in the pressure hull’s diameter compared to Variant A. The additional AIP section also required some ship system connections to be lengthened, including the trunking (HV) system in yellow, the electrical (EL) system in magenta, the high-pressure air (HP) system in orange, and the water distribution (TB) systems in dark blue. These changes in system connections were a direct result of the added AIP section.

The two LOX tanks were placed in the lower part of the hull, one on each side, with the Stirling AIP plant located above them. This configuration ensured proper integration of the AIP system while maintaining the submarine’s longitudinal balance and functionality.

The investigation demonstrated that incorporating an AIP system, such as the Stirling or PEMFC, impacted both the submarine’s physical size and system layout. The inclusion of an AIP system led to a notable extension in the submarine’s length and an increase in hull diameter, which affected the design of several ship systems and the overall performance, particularly in terms of endurance.

The weight and volume packing density assumptions from Thornton (1994) were used to estimate the auxiliaries for the Stirling system, including helium and nitrogen tanks, a generator control cabinet, and a power distribution panel.
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Figure 18 (bottom) shows the initial layout of the alternative PEMFC AIP system within the overall vessel design. Unlike the Stirling AIP, the PEMFC system only included one large LOX tank, while methanol, another critical fuel, was stored externally in the keel. The methanol was contained in flexible plastic bags, 36 in total, each holding 0.9 m³, preventing contamination with seawater.

A key decision in the PEMFC design study was to lengthen the submarine also by 16% compared to Variant A. Despite this, the oxidant space for the PEMFC AIP was about 40% smaller than for the Stirling AIP study, requiring only one LOX tank, which allowed the pressure hull diameter to remain the same. Similar to the Stirling AIP, Thornton’s (1994) assumptions were used to estimate the auxiliaries needed to provide the additional 140 kW of electricity for the PEMFC system.

The SUBFLOW simulation results of this third sensitivity analysis were organised around submerged operating conditions, including snort, sprint, and submerged AIP use. The addition of the AIP module altered the power flow. The SUBFLOW steady-state simulation showed that the Stirling AIP did not contribute to the forward power demand. In contrast, the PEMFC produced 78 kW for propulsion at sprint submerged speed, with an additional 63 kW for hotel loads (see Section 6.2.3 of Mukti (2022) for more details). However, the high power demand during sprint submerged conditions (5 MW) could not be met by either the 140 kW or 500 kW AIP systems, so lead-acid batteries were still necessary.

The wholeship sizing impact is summarised in Table 11. The Stirling AIP system led to a submerged displacement of about 3700 tonnes (a 48% rise) for Variant E, compared to the 2,500 tonnes of Variant A. For the PEMFC AIP system, the increase was smaller, with a 15% rise to 2870 tonnes. The Indiscretion Ratio (IR) for the PEMFC system was 3% lower than for the Stirling system.

Despite the improved IR, Table 11 shows that incorporating AIP required larger diesel engines and batteries to meet the different speed requirements. For the Stirling system, the diesel engine weight increased by 21% compared to Variant A, while for the PEMFC system, it rose by 7%. Similarly, the battery size increased by 25% for Variant E and by 8% for Variant F.

The sizing impact on the distributed ship service systems, as shown in Table 11, was proportional to the overall submarine size changes. In terms of the Weight Group (WG) breakdown, the WG 2 for Variant E was more than double that for Variant A, due to the larger propulsion motor and a 25% increase in battery cells.

As a result, the overall submerged displacement for Variant E was nearly 50% larger than Variant A, while Variant F saw a 15% increase. In terms of procurement costs (UPC), the Stirling AIP and PEMFC AIP systems led to a 45% and 17% increase, respectively, over the procurement costs of Variant A, excluding the costs of the AIP systems themselves, which were unavailable.
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6. DISCUSSION OF SENSITIVITY ANALYSIS

The research aimed to create a holistic approach integrating both physical and logical architectures of distributed ship service systems early in the submarine design process, moving beyond traditional methods that often separate these elements and fail to capture their complex interdependencies.

This goal was accomplished through developing the novel Network Block Approach (NBA), which combined the UCL Design Building Block (DBB) philosophy with network based systems design, utilising tools like MATLAB and the proven Paramarine Computer Aided Design system. The result was a comprehensive, flexible approach that enabled designers to model complex submarine systems at varying levels of detail, supporting high-level strategic design decisions as well as micro-level, detailed analyses.

The key findings highlighted the impact of the Network Block Approach (NBA) at various levels. At the strategic level, integrating the design for ship systems early in the process was shown to facilitate a more adaptable and innovative concept design phase, allowing designers to explore configurations and styles that would typically be limited by more rigid, traditional approaches. Tactically, the research underscored the benefits of transparency within the design process; the NBA provided a “glass box” environment where designers could develop and modify design algorithms, free from the constraints of hardcoded processes. This transparency improved collaboration and informed decision-making by making the reasoning behind design choices more accessible.

The functional categorisation of distributed ship service systems is crucial in the design of complex vessels such as submarines, where traditional classifications like the Ship Work Breakdown Structure (SWBS) may be constraining. By using the FMFI breakdown (Float, Move, Fight, and Infrastructure) from the UCL Design Building Block (DBB) approach, designers can better organise submarine systems based on their intended functions. This approach provides a more nuanced and integrated view of system architecture, particularly for submarines that engage in multifaceted roles beyond simple propulsion. For instance, reassigning power generation from the Move category to Infrastructure and then creating a dedicated Support category better reflects the latter category’s cross-functional importance in supporting life support and operational functions, thereby refining the scope of each functional group (see Figure 19 and Andrews (2023)).

However, the study also recognised several challenges and emergent issues. One of the main hurdles was the significant data input required for the Network Block Approach (NBA), which, although yielding detailed and informative results, placed a substantial burden on designers, especially during the early stage ship design when detailed data might not be readily available. Additionally, the reliance on manual data transfer between tools posed efficiency challenges, hinting at a need for enhanced automation to streamline processes without sacrificing flexibility.

The balance between detailed ship systems modelling and practical design management was another important point of discussion. While comprehensive modelling provided valuable insights, there was a risk of overwhelming designers with excessive information, particularly in the early stages of submarine concept design. The Network Block Approach (NBA) allows this balance to be managed through selective application of the level of detail, where greater modelling effort is focused on systems that have the strongest influence on the overall concept design balance.

While a parametric approach (Burcher & Rydill, 1994; SAWE, 2001) might suffice for basic estimates, it falls short of capturing the complex interactions that arise between different submarine system configurations and technologies. Traditional methods treat distributed systems through broad statistical or geometric approximations, which overlook the dependencies between energy, space, and functionality. The NBA overcomes this limitation by explicitly representing those interactions, allowing the designer to assess their impact from the earliest design stages.

The sensitivity studies demonstrated that this targeted approach could produce tangible design benefits. For example, in the sprint speed variants, the network analysis identified a 9% efficiency loss caused by bus and switchboard nodes, which would have been overlooked in a traditional top level sizing approach. This loss propagated through the energy balance, altering the requirements for the heat removal and power generation systems and ultimately affecting displacement and cost estimates. Such findings confirm that detailed network-based modelling adds real value by identifying inter system effects that might otherwise emerge only in much later design reviews.

In contrast, systems that have weaker coupling with spatial or energy dependencies, such as grey water system networks, can initially be represented using simplified data, with more detailed modelling introduced later as the design develops. This flexibility ensures that additional modelling effort is directed only where it is likely to influence key design trade-offs, maintaining a practical balance between accuracy and efficiency in the early stage design process.

Looking forward, the research emphasised that further validation of the Network Block Approach (NBA) through additional case studies and comparisons with real-world submarine designs would strengthen its credibility and applicability. Exploring new technologies, such as rim-driven propulsion systems or Integrated Full Electric Propulsion (IFEP), is also recommended to further investigate the approach’s capabilities.

Ultimately, the proposed approach has significant implications for improving the design of distributed ship systems in early stage ship design, supporting a more integrated and responsive design environment. By facilitating a quick 3D modelling that incorporates physical, logical, and operational aspects of submarine systems, the Network Block Approach (NBA) enables submarine and ship designers to better assess space allocation and predict the impact of new design decisions. The research also suggested that the NBA could have broader applications, such as investigating future ‘green shipping’ for surface ship or offshore vessel design, where similar challenges for complex distributed ship systems design exist.

7. CONCLUSION

The proposed approach has the potential to significantly enhance the quality of 3D-based submarine distributed systems design, raising the question of whether such detailed analysis is necessary during the Concept Phase. Typically, submarine concept investigations do not delve into this level of detail for every project, but this research highlights that such an approach could be valuable in the Concept Phase, particularly when addressing uncertainty in the design of vital and complex submarine systems. This is especially relevant when considering new distributed ship systems technologies or significantly different submarine systems configurations. In these cases, simple algorithms based on a limited set of parameters might well be inadequate.

One might argue that a parametric coefficient for various distributed systems styles could provide a quick estimate in the early stage ship design. For instance, a ring main electrical system might be assigned a 1.5 factor relative to existing scaling algorithms (UCL NAME, 2014). However, as shown in the Case Study in Section 5.2, even for a micro-level decision, such a parametric approach failed to capture the different impacts of choosing a single or ring bus configuration for the electrical system. The Network Block Approach demonstrated that the single bus configuration resulted in a lower weight, though not necessarily a lower space demand.

Thus, it was concluded that a few design parameters, such as submerged displacement, hull volume, endurance, personnel number, propulsion power, or a mix of these, are insufficient to capture the complexity and interrelated interactions between disparate systems styles. This is because the style influences the selection of relevant design algorithms, and various systems can differ significantly between submarine types. If the designer seeks to integrate a new distributed ship systems technology or a different style, the Network Block Approach (NBA) provides a useful approach for assessing the impact on the submarine’s overall design. However, it is important to emphasise that the NBA is only a guide for a first estimate of distributed ship systems components and connections, while offering a more reliable starting point than the current parametric approach.

The main objective of this paper was to demonstrate that the UCL Network Block Approach (NBA) can be used to explore the impact of different design decisions on distributed ship systems, including sizing implications and their effect on overall submarine design. The studies looked at vessel performance, particularly maximum submerged speed, which influenced the size of the electrical (EL) system, as well as the mechanical (ME) and heat removal systems (e.g., HV, CW, LO, FW, and SW). The research also explored design style decisions at both the micro and main levels. It was found that even at the micro-style decision level, the NBA revealed sensitivity to design choices, due to the integration of SUBFLOW analysis and sophisticated 3D whole ship architecturally centred synthesis using Paramarine.

SUBFLOW, as part of the Network Block Approach, was used to solve the energy balance for the submarine’s distributed systems, rather than providing an “optimised” solution for a single system. This approach was necessary because focusing on a single system’s optimisation could lead to sub-optimal results for the entire boat, as it would not account for broader design considerations. Given the many conflicting objectives in submarine design, it is highly questionable to sub-optimise individual systems in isolation, especially in a highly interactive system like a modern submarine (Andrews, 2021).

The UCL Network Block Approach (NBA) offers a less constrained network solution compared to other approaches and has been shown to be effective in the Concept Design phase of submarine systems. It provides valuable insights into complex system interactions and cramped routing issues much earlier than can traditional methods. The three sensitivity investigations presented in Section 5 further demonstrate the broad applicability of the NBA in Concept Design investigations for complex vessels like submarines.

8. FUTURE WORK

The main areas of future work are outlined below, ranked in order of significance, though each topic is discussed in more detail in Mukti (2022):

8.1 EXPANSION OF CASE STUDIES

Beyond the sensitivity studies presented in this paper, a particularly valuable next step would be to apply the Network Block Approach to explore a wider range of innovative ideas in submarine design, including various styles of distributed ship systems and “radical” future submarine concepts, in line with the Requirement Elucidation approach in the Concept Phase for complex vessels (Andrews, 2018a).

A particular example would be to assess the impact of a technology transition, such as the shift from hydraulic to all-electric actuation. This type of investigation would demonstrate the full potential of the NBA to capture how changes in system technology propagate across spatial, energy, and functional domains within the submarine design. While the change from hydraulic to electric actuation might appear straightforward at the component level, it carries far-reaching implications for power generation, heat removal, routing, and maintainability. The ability of the NBA to trace these interdependencies from the early design stages makes it well suited for such analyses, and this forms a recommended direction for future research.

8.2 IMPROVING LOGICAL ARCHITECTURE DEVELOPMENT

The process of developing logical architectures for distributed ship systems could be enhanced by creating a “library” or database of system diagrams (see Chalfant and Chryssostomidis, 2017). Such a library would allow designers to explore systems and subsystems in semi-isolation from the overall submarine design, enabling the creation of reusable candidate configurations that can be readily integrated, compared, or substituted during subsequent concept studies. This modular capability could support faster iteration and promote innovation by allowing focused analysis of individual systems before full ship architectural integration. Additionally, implementing a user-friendly “drag and drop” feature for sketching system networks directly on a computer screen (Mukti et al., 2024b) could streamline the design process, making it more accessible and efficient.

8.3 ROBUST DISTRIBUTED SYSTEMS ROUTING

A more advanced automatic routing system for distributed ship systems could be developed. The current limitation arises mainly from Paramarine’s geometric modelling environment, which does not automatically detect or resolve routing clashes between system connections and other internal structures. While the Network Block Approach conceptually supports such automation, its implementation is constrained by the host ship architecture software capabilities. Enhancing Paramarine or integrating the NBA with an alternative CASD platform, capable of automated clash detection, would enable more robust routing density assessments and provide insight into how high-density routing affects internal space, while remaining suitable for concept level submarine studies.

8.4 IMPROVING EXECUTION TIME

The execution time for the suite of Network Block Approach programs could be reduced. This would enable designers to conduct more iterations when investigating submarine system designs, both in terms of the spatial architecture of the vessel (physical architecture) and the configuration or architecture of the distributed ship systems (logical architecture). Faster execution should enable more comprehensive design explorations and better decision-making.

8.5 EXTENSION TO OTHER COMPLEX VESSELS

The application of the Network Block Approach could be extended beyond submarines to other complex vessels, such as surface warships, Floating Production Storage and Offloading (FPSO) ships, Offshore Support Vessels (OSVs), and drilling ships. This expansion could consider aspects like maintenance and supportability, helping to evaluate the impact of various distributed systems style choices on the design and lifecycle of these vessels.

8.6 VALIDATION WITH REAL SUBMARINE DESIGNS

Although the UCL 2,500 tonne submarine was initially used to establish the design style and payload characteristics, the Network Block Approach (NBA) did not simply reference this baseline. Instead, it numerically re-derived the distributed ship systems (DS3) characteristics through the combined Physical and Logical Loops. The NBA produced system weights and spatial allocations that were directly comparable with the UCL design data.

As demonstrated in Mukti (2022), the majority of DS3 weight groups showed close agreement with UCL-NAME data, with differences typically below 5% and an overall submerged displacement deviation of less than 1%. The remaining discrepancies were mainly due to not detailing specific components at this stage (for example valves and junctions), together with minor variations in system style choices.

This outcome confirms that the NBA can not only analyse an existing concept but can also derive an early-stage submarine design consistent with established UCL design baselines, thereby validating its generative capability.

To strengthen this validation further, the Network Block Approach could be applied to several real industry project and technically distinct submarine designs. Comparing the resulting system sizing data would enable the development of more generic design coefficients, such as weight-per-length estimates for cabling or pipe supports. This would enhance the robustness and transferability of the method, allowing it to be confidently used for a wider range of submarine configurations.

8.7 INTEGRATION WITH VIRTUAL AND AUGMENTED REALITY

Integrating the NBA with Virtual Reality (VR), Augmented Reality (AR), or Mixed Reality (MR) technologies could provide more insightful physical models of submarine designs. Such integration would allow designers to better visualise the complex interactions between physical and logical architectures, offering a more intuitive understanding of system layouts. This is considered achievable using the existing programs within the Network Block Approach suite, enhancing the overall design process.

These proposed areas of future work, aim to improve the overall efficiency, flexibility, and applicability of the Network Block Approach, while expanding its potential to designing other complex vessels and advancing the adoption of new technologies into the design process.

9. ACKNOWLEDGEMENTS

This research was funded through the UCL Joint Scholarship Programme and the Indonesia Presidential Scholarship, established by former President Susilo Bambang Yudhoyono for the top 100 talents in Indonesia. Additional support was provided by the U.S. Navy’s Naval International Cooperative Opportunity Program (NICOP). The authors would also like to thank the two reviewers for their extensive and very insightful comments on what is acknowledged to be a complex and demanding paper. Many of those comments are now reflected in the final version of the paper.

10. REFERENCES

1. Andrews, D. (2012). Marine requirements elucidation and the nature of preliminary ship design.  International Journal of Maritime Engineering, 154(A4).

2. Andrews, D. (2013). The True Nature of Ship Concept Design – And What it Means for the Future Development of CASD. 12th International Conference on Computer and IT Applications in the Maritime Industries. Cortona, Italy, April 2013.

3. Andrews, D. (2017). Submarine Design Is Not Ship Design. RINA Warship Conference: Naval Submarines & UUV’s. Bath, UK, June. Royal Institution of Naval Architect: 10.3940/ rina.ws.2017.21.

4. Andrews, D. (2018a). The Sophistication of Early Stage Design for Complex Vessels. RINA IJME Special Edition, 160 Part A: 10.3940/rina.ijme. 2018.SE.472.

5. Andrews, D. (2018b) Choosing the Style of a New Design - The Key Ship Design Decision. Trans RINA, 160 (Part A1): 10.3940/rina.ijme. 2018.a1.457.

6. Andrews, D. (2021). Who Says There Are No Real Choices in Submarine Design? WARSHIP Virtual Conference, June. Royal Institution of Naval Architects.

7. Andrew, D. (2023). Capability vs Availability in Submarine Design. Warships 2013 RINA Conference Delivering Submarine Capability and Availability with Agility, Bath, UK, June 2023.

8. Andrews, D., Cudmore, A.C., Humble, P., et al. (1996). SUBCON - A New Approach to Submarine Concept Design. RINA Warships Proc. Symp. Naval Submarines 5: The Total Weapons System. London, UK, June: 10.3940/rina.warship. 1996.13.

9. Andrews, D. and Pawling, R. (2003). SURFCON A 21st Century Ship Design Tool. The 8th International Marine Design Conference. Athens, Greece, May 2003.

10. Babaee, H., Chalfant, J., Chryssostomidis, C., et al. (2015). System-level analysis of chilled water systems aboard naval ships. IEEE Electric Ship Technologies Symposium (ESTS). Old Town Alexandria, VA, USA, June: 10.1109/ESTS. 2015.7157921.

11. Bole, M. and Forrest, C. (2005). Early stage integrated parametric ship design. International Conference on Computer Applications in Shipbuilding (ICCAS 2005). Busan, South Korea, September.

12. Brefort, D., Shields, C., Habben Jansen, A., et al. (2018). An architectural framework for distributed naval ship systems. Ocean Engineering, 147: 10.1016/j.oceaneng.2017.10. 028.

13. Brown, A. (2020). Design of Marine Engineering Systems in Ship Concept Design. SNAME Chapter 1, Marine Engineering Series. Alexandra, VA. 

14. Brown, A. (2022). Concept Exploration Process, Methodology and Design Tools for Teaching Naval Ship Design. Naval Engineers Journal. 134.

15. Brown, D. and Andrews, D. (1980). The Design of Cheap Warships. Proc. of International Naval Technology Expo 80. Rotterdam, Netherlands.

16. Budell, R. (2014). Future Submarine Programmes: Observations Lessons. RINA Naval Submarines & UUV’s. Bath, UK, June. 

17. Burcher, R. and Rydill, L. (1994). Concepts in Submarine Design. Cambridge ocean technology series. Cambridge, England: Cambridge University Press.

18. Chalfant, J. and Chryssostomidis, C. (2011). Analysis of various all-electric-ship electrical distribution system topologies. IEEE Electric Ship Technologies Symposium. Alexandria, VA, USA, April: 10.1109/ESTS.2011.5770844.

19. Chalfant, J. and Chryssostomidis, C. (2017). Application of templates to early-stage ship design. IEEE Electric Ship Technologies Symposium (ESTS). Arlington, VA, USA, August: 10.1109/ESTS.2017.8069268.

20. Collins, L.E., Andrews, D. and Pawling, R.J. (2015). A New Design Approach for the Incorporation of Radical Technologies: Rim Drive for Large Submarines. 12th International Marine Design Conference (IMDC). Tokyo, Japan, May, 2015.

21. Dijkstra, E. (1959). A note on two problems in connexion with graphs. Numerische Mathematik, 1 (1): 269–271. doi:10.1007/BF01386390.

22. Gillespie, J. (2012). A Network Science Approach to Understanding and Generating Ship Arrangements in Early-Stage Design. Ph.D. Thesis, University of Michigan, USA.

23. Hu, Y. (2016). Dimension Prediction of Marine System Equipment Based on First Principles. Master’s Thesis, Delft University of Technology. Netherlands.

24. Hüttermann, M. (2012). DevOps for developers. The expert’s voice in web development. New York, NY: Apress.

25. Jurkiewicz, D., Chalfant, J. and Chryssostomidis, C. (2013). Modular IPS machinery arrangement in early-stage naval ship design. IEEE Electric Ship Technologies Symposium (ESTS). Arlington, VA, April: 10.1109/ESTS.2013. 6523722.

26. Kagawa, N. (1991). Noise and Vibration Characteristics of a 3 kW-class Stirling Engine. JSME international journal. Ser. 2, Fluids engineering, heat transfer, power, combustion, thermophysical properties, 34 (4): 10.1299/ jsmeb1988.34.4_575.

27. Langland, B., Leonard, R., Smart, R., et al. (2015). Modelling and data exchange in a concurrent and collaborative design environment for electric ships. IEEE Electric Ship Technologies Symposium (ESTS). Old Town Alexandria, VA, USA, June: 10.1109/ESTS.2015.7157924.

28. Mathworks (2024) Math. Graphics. Programming https://www.mathowrks.com/products/matlab.html (Accessed: 27 Nov 2024).

29. Microsoft (2021) Buy Microsoft Excel Spreadsheet Software or Try Excel, Free. https://www.microsoft.com/en-gb/microsoft-365/excel (Accessed: 27 June 2021).

30. Mukti, M. (2022). A Network-Based Design Synthesis of Distributed Ship Services Systems for a Non Nuclear Powered Submarine in Early Stage Design. Ph.D. Thesis, University College London, UK.

31. Mukti, M., Pawling, R. and Andrews, D. (2021). Distributed Ship Service Systems Architecture in The Early Stages of Designing Physically Large and Complex Vessels: The Submarine Case. IJME, 163: https://doi.org/10.5750/ijme.v163iA2. 755.

32. Mukti, M., Pawling, R., & Andrews, D. (2024a).  Operational Matrix Framework for Energy Balance Analysis for Early Stage Design of Complex Vessels. proceedings of the 15th International Marine Design Conference (IMDC 2024). Amsterdam, Netherlands, June, 2024.

33. Mukti, M., Pawling, R., & Andrews, D. (2024b). Computer aided sketching in the early-stage design of complex vessels. Ocean Engineering, 305, 117407.

34. Newman, M. (2010). Networks: An Introduction. Oxford University Press. 

35. Parsons, M., Robinson, K., Kara, M., et al. (2020). Application of a Distributed System Architectural Framework to Naval Ship Concept and Requirements Exploration. Naval Engineers Journal, 132 (4): pp. 105–124.

36. Pawling, R. (2007). The Application of the Design Building Block Approach to Innovative Ship Design. Ph.D. Thesis, University College London, UK

37. Pawling, R. and Andrews, D. (2018). Seeing Arrangements as Connections: The Use of Networks in Analysing Existing and Historical Ship Designs. Marine Design XIII: Proceedings of the 13th International Marine Design Conference (IMDC 2018). Aalto University Helsinki, Finland, June, 2018.

38. Psoma, A. and Sattler, G. (2002). Fuel cell systems for submarines: from the first idea to serial production. Journal of Power Sources, 106 (1–2): pp. 381–383. doi:10.1016/S0378-7753(01) 01044-8.

39. Purton, I. (2016). Concept Exploration for a Novel Submarine Concept Using Innovative Computer-Based Research Approaches and Tools. Ph.D. Thesis, University College London, UK.

40. Qinetiq (2024) Marine Design Software https://www.qinetiq.com/en/what-we-do/services-and-products/marine-design-software (Accessed: 27 Nov 2024).

41. Rigterink, D. (2014). Methods for Analysing Early Stage Naval Distributed Systems Designs, Employing Simplex, Multislice, and Multiplex Networks. Ph.D. Thesis, University of Michigan, USA.

42. SAWE (2001) SAWE RP-14, 2001: Weight Estimating and Margin Manual for Marine Vehicles. Long Beach, CA. Society of Allied Weight Engineers, Inc. 

43. Shields, C. (2017). Investigating Emergent Design Failures Using a Knowledge-Action-Decision Framework. Ph.D. Thesis, University of Michigan.

44. Sowa, J. (1983). Conceptual structures: Information processing in mind and machine. https://www.osti.gov/biblio/5673179 (Accessed: 5 December 2020).

45. Stanford University (2021). Best practices for file naming. https://library.stanford.edu/research/data-management-services/data-best-practices/best-practices-file-naming (Accessed: 22 January 2021).

46. Stapersma, D. and de Vos, P. (2015). Dimension prediction models of ship system components based on first principles. 12th International Marine Design Conference 2015. Tokyo, Japan, May.

47. Thornton, G. (1994). A Design Tool for the Evaluation of Atmosphere Independent Propulsion in Submarines. Master’s Thesis, Massachusetts Institute of Technology, USA.

48. Trapp, A. (2015). Shipboard Integrated Engineering Plant Survivable Network Optimisation. Ph.D. Thesis, Massachusetts Institute of Technology, USA.

49. UCL-NAME (2014). Submarine Data Book. London: UCL Department of Mechanical Engineering, Naval Architecture and Marine Engineering.

50. UK MoD – Defence Equipment and Support (2007). Maritime Acquisition Publication. No 01-070 Surface Ship and Submarine Margins Guidance.

51. de Vos, P. (2018). On early-stage design of vital distribution systems on board ships. Ph.D. Thesis, Delft University of Technology, Netherlands.

52. Wolfe, J. and Roa, M. (2017). Advanced Methods for Tabulation of Electrical Loads During Special Modes of Marine Vessel Operation. IEEE Transactions on Industry Applications, 53 (1): pp. 667–674. doi:10.1109/TIA.2016.2602343.

APPENDIX A

[image: ]

[image: ]

[image: ]

APPENDIX B

[image: ]

[image: ]

APPENDIX C

[image: ]

OPS/images/TB1.jpg
Table B1: hist of volume blocks of submarine case study
defined in the Volume Granulasity Program (VGP) (Figure 12)

Zones_ Volume Blocks Description
External BB_VL_FL_FF_EA Free flood volume aft occu-
Spaces. ‘pied by equipment

BB_VL FL MB_  External main ballast tank
MA volume aft





OPS/xhtml/Nav.xhtml




Contents





		DESIGN OF DISTRIBUTED SHIP SYSTEMS IN THE EARLY STAGE DESIGN OF COMPLEX VESSELS THROUGH A SUBMARINE EXAMPLE



		1. INTRODUCTION



		2. DESIGN OF SHIP SYSTEMS



		2.1 RELEVANT SYSTEMS ATTRIBUTES



		2.1 (a) Style Decision on Submarine Systems



		2.1 (b) Distributed Systems Framework









		2.2 VARIOUS APPROACHES TO DESIGNING SHIP SYSTEMS IN ESD



		2.2 (a) Parametric Approach



		2.2 (b) Sizing from the First Principles



		2.2 (c) High Fidelity Analysis



		2.2 (d) Network Theory









		2.3 INITIAL DEVELOPMENT OF THE PROPOSED APPROACH









		3. A COMPREHENSIVE APPROACH TO SHIP SYSTEMS DESIGN



		3.1 PHYSICAL LOOP PROCESS



		3.1 (a) Design Granularity and Design Fidelity



		3.1 (b) Types of DBB Objects



		3.1 (c) DBB Hierarchical Breakdown



		3.1 (d) Semi Automatic Routing



		3.1 (e) Naming Convention









		3.2 LOGICAL LOOP PROCESS



		3.2 (a) SUBFLOW Network Model



		3.2 (b) SUBFLOW Operational Matrix



		3.2 (c) SUBFLOW Multiplex Visualisation















		4. A SUBMARINE BASELINE CASE STUDY



		4.1 DESIGN DEVELOPMENT



		4.2 DEVELOPMENT OF SHIP SYSTEMS









		5. SENSITIVITY ANALYSIS



		5.1 EFFECT OF VARYING AN ASPECT OF VESSEL PERFORMANCE



		5.2 EFFECT OF VARYING MICRO STYLES



		5.3 EFFECT OF VARYING MAIN STYLES









		6. DISCUSSION OF SENSITIVITY ANALYSIS



		7. CONCLUSION



		8. FUTURE WORK



		8.1 EXPANSION OF CASE STUDIES



		8.2 IMPROVING LOGICAL ARCHITECTURE DEVELOPMENT



		8.3 ROBUST DISTRIBUTED SYSTEMS ROUTING



		8.4 IMPROVING EXECUTION TIME



		8.5 EXTENSION TO OTHER COMPLEX VESSELS



		8.6 VALIDATION WITH REAL SUBMARINE DESIGNS



		8.7 INTEGRATION WITH VIRTUAL AND AUGMENTED REALITY









		9. ACKNOWLEDGEMENTS



		10. REFERENCES



		APPENDIX A



		APPENDIX B



		APPENDIX C

















OPS/images/T11a.jpg
Battery cells (lead
acid)

Type of Submarine
Systems
Data D) system
Fuel oil (FO) system
‘Electric (EL) system
Mechanical OME)
system
entltion (HV)
system
Lubricant il (LO)
system
Chilled water (CW)
system
FWISW heatsystems
Hydrmlc ()
system
Trim bllast (TB)
system
High-pressure sir
(EP) system
Low-pressure air
P system
Totl submarine
systems
‘Weight Group
Classfication
W 1 stmucture
WG 2 main propl-

WG 3 electrical

WG 4 control and
commumications

WG S ship services
WG 6 outft
WG 7 payload
WG 8 fixed ballast
WG 9 varible load
Total WG
‘Exploration of impact of style,

‘major items, and performance
characteristics

Weight  Space ()
)
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%

Weight  Cost
@ (Emi)
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100%  100%
100% R
100%  100%
100%  100%

100%

125%
Weight  Space
) )
8% 931%
139%  1239%
78 1303%
1069%  1261%
197%  139%
1043%  1241%
100%  1108%
135%  1236%
1002%  1001%
07 99.8%
o08%  99.5%
8% 97.3%
067%  1215%
Weight  Cost
0 (EmiD)
1044% 144
u80%  2180%
1B52%  135.2%
1005%  1015%
s1%  1sI%
135%  1135%
W -
1m4% 1324%
W% 1458%

Effectof varying Main styles on overall design.

108%
Weight  Space
0 )
1768%  93.4%
1083%  108.2%
6% 141%
1087%  108.7%
% 1202%
1083%  108.3%
06%  1085%
1338%  107.9%
1002%  1001%
1026%  1013%
1009%  100.6%
1086%  1160%
135%  109.4%
Weight  Cost
(Emi)
7% 137%
143%  1443%
1218%  1218%
1005%  1015%
1091%  109.1%
1042%  1042%
n6s% -
104%  104%
168%  17.8%

Independent
varisbles









OPS/images/FC1.jpg
Figure C1: SUBFLOW mulfiplex nefwork generated for the baseline submarine design described in Section 4.2,
reproduced in A3 format from Mukti (2022). The diagram illustrates the complete set of 231 nodes and 468 arcs
representing the response of distributed ship service systems during snorting operating condition, arranged using the
‘multiplex framework to show forward to aft and port to starboard relationships. Individual node labels are not visible at
A4 scale, but the figure is included to provide a clear representation of the overall nefwork structure, system interactions.
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BB_VL_IA RM_ Fresh water tank
W
BB_VL_FH RM_  Weapon stowage compart-
Wws ‘ment
BB_VL IA RM_ Accommodation
A0
BB_VL_FH RM_  Space for Air Turbine Pump
™ (ATP) and Water Round
‘Torpedo (WRT) tank
BB_VL IA_RM_BF Battery forward
BB_VLIADV.OF  Fueltank forward
BB_VL_IA RM_SG Sewage tank
BB_VL_FH RM_  Torpedo Operating Tank
To (on

BBVLFLTBIF Trim tank forward
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Table 1. Listing of style topics relevant to submarmne design (Andrews, 2021)

Stealth Protection __Human Factors Sustainability Margins Design style
‘Acoustic signature Underwater  Accommodation  Mission duration Space Robustess
‘weapon effect Escape
Magnetic Fire Access Watches Weight Adaptability
Infra-red Shock Maintainability Stores Vertical and Longitu-  Upgradability
dinal centre of gravity  Modularity
Radar cross section Damage  Autonomation (su-  Maintenance cycles Power Operational
control  pervised automation) serviceability
Visual Collision Ergonomics Refit philosophy Services ‘Producibility
Other signatures (g, Above water Upkeep by exchange  Board Margin (for
optical, pressure, Elec-  Weapon effect future upgrades)
tro Magnetic (EMD))
Corrosion Manufacture o~ Advancement Margin

‘board (e.¢.. additive
‘manufacturing)
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‘Esploration of impact
of style, major tems,
and performance
characteristics

Electric (EL) system 100% 100%  95%  96%  91%  92%
Mechanical (ME) system ~~ 100%  100%  80%  80%  63%  63%
Ventilation (HV) system ~ 100%  100%  91%  88% 3%  78%
Lubricant oil (LO) system - - - - - -
Chilled water (CW) system ~ 100%  100%  83% 4% 8% 6%
FW/SW heat systems 100% 100% 9%  100% 9%  100%
“Trim ballast (TB) system - - - - - -
High-pressure air (HP) system - = = - - =
Total submarine systems  100%  100%  94%  95%  89%
Weight Group Classification  Weight Cosr (¢ Weight ~Cost (€ Weight  Cost (€
@ omi) @) omi) 9 mi)
WG 1 structure: 100% 100% 98% 9% 9%  96%
WG 2 main propulsion 100% 100% 94%  94%  88%  85%
WG3 electrical services  100%  100%  96%  96% 9% 9%
WG 4 control and communi- - - = = = -

cations
WG 5 ship services 100% 100% 9T%  98% 9%
WG 6 outit 100% 100% 100% 9%  98%
WG 7 payload - - - - - -
WG S fixed ballast 00% - 98% - % -
WG9 variable load 100% 100% 9%  89% 8%  89%
Total WG 100% 100% 98% 9% 9%  94%
‘Effect of varying a performance characteristic, mainum speed for short periods submerged, l.ndqxndmi

on overall design
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‘Table 2. The description of each program 1n the Input

Data Centre

Program __ Description Function

MMP  Main Menu Pro-  Execution menu fo compile

gram all programs

DPP DesignPreamble  Hardcoded design setup
Program

DaP Design Analysis  Hardcoded analysis setup
Program

HGP ‘Hull Geometry Tnput for hull size
Program

VGP  Volune Granulari- Input for spaces
ty Program

WGP Weight Granulari- Tnput for weight
ty Program

EDP Equipment Data-  Input for equipment data

base Program
CGP Component Gran- Input for systems equipment
ulasity Program  amangement and SUBFLOW

PP System Preamble  Tnput for systems connec-
Program tions

sce System Connec-  Tnput for systems connection

‘tion Program and SUBFLOW
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‘Table 3. Numerical DBB objects in the Network Block

Approach (NBA)
Numerical Design Building Numerical Data
Block Objects
‘Design Build- ) Permanent weight
ing Block Weight Spatial (5. 3. 2
(DBB) objects coordinates)
or “building
block” objects in SWBS group

‘Paramarine
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"Table 4. Naming convention framework as the design

granularity identifier
Granularity Physical Numerical Data
Tdencifier ‘Entity
N No  Parametric ‘gross’ weight
‘Numerical - Used. or Power service (input or
in weight or com- output)
‘ponent granularity
e Yes  Length beam height (L. B,
Volume — Used in H) of a volume DBB object,
‘volume granularity
DB’ Length, beam, beight (L. B,
Database - Used H) of a piece of equipment,
in component Volume of a piece of equip-
‘eranularity ‘ment, Weight of a piece of

equipment
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Table 5. Companison of use of SUBFLOW with the
Logical Loop process

Choiceof  Systems Notes.
Processes  Sizing

SUBFLOW Lengthto  Less effort but not sensitive for
Network  weightand  sizing distributed systems that
Only volume  were network flow dependent,
rtios  eg. the heat removal system
SUBFLOW  Powerto Energy balance and the heat
Network+  weightand removal system can be calculated
EnergyFlow  volume but require more engineering
Simulation  ratios definitions and inputs
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‘Table 6. The realisation for the baseline case study, following the decision making sequence for complex vessels
outlined in Figure 1 in a similar manner to the submarine example in Figure 4 of Andrews, (2021)

Process Step (Figure 1) Selection Decision / Realisation for baseline case study
Perceived need ‘Demonstrate the application of the Network Block Approach (NBA)
Outline of initial requirements ‘Tnitial SSK ke parameters desired (capabilities)

‘Payload equipment for anti-ship or anti-submarine weapon, countermeasures, sonar systems

(1 cytindrical Bow Passive Sonar (BPS). 6 Passive Ranging Sonars (PRS). and 2 Flank Array

Sonars (FAS)). Radar mast non-penetrating telescopic. Submarine Electronic Warfare, Com-
‘munications fit, and Combat Management Systems

Initial Performance Value
Complement/ accommodation 46 personnel
Operational environment density range 1-1.025 tonne/m?®
Deep Diving Depth 250m
Patrol length 49 days
Selection of style of emerging Style Level Choice
ship design Macro Level ‘Non nuclear (SSK)
Main Level Diesel-electric power plant
‘Medium size ocean-going submarine
Single hull with casing
‘Two watertight bulkheads
‘Micro Level Detailed styles for ship systems
Selection of major equipment ‘Ship systems components and configurations
and operational sub-systems
Selection of whole ship perfor- General Performance Value
‘mance characteristics Sprintspeed. 20 knots (2x5)
Submerged speed. 5 knots (17 hrs)
Snort speed 6.5 knots (5 hrs)
* Time Snorting Time Submerged 2%
Sub Level Value
For ship systems Energy balance
Selection of synthesis model fype ‘The Network Block Approach (NBA) Physical Loop and Logical Loop processes

“Note*- IR — Indiscretion Ratio — see definition in Burcher & Rydill (1004)
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‘Table 7. Shape and colour coding for difterent types of

nodes
Type of Granularity Shape  Colour
Nodes Coding  Coding
Terminal Numerical (NL) Star []
Component 0B)  Circle
Hub Numerical (NL) Star ]

Component 0B) ~ Circle
Component 0B) ~ Circle u
-Heat exchanger
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In'terms of granularity In terms of SUBFLOW

Terminal node
! 2 for energy source and sink
e ‘08’
Numerical Physical node based on Hub node:
(nonphysical) node equipment database ; Tocaphite siiof.
H i i i energy load or
H ) I | to connect between
Numerical arc: Physical ar: i 0S% syaienms
Nonphysical connectionif  Physical connection between H
one of the BB is NI’ 85_0B (piping, cabling, etc.) Typesof | Basedon DS3 commodity
s T “EL, DT et

Figure 10. Types of nodes and arcs in the Network Block Approach in terms of granulasity framework (purple) and
SUBFLOW simulation (blue)
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Table 8. Colour coding and description of arcs for vanous
ship systems technology

Service Systems Naming  Colour Coding
Commodity Convention

Fuel oil FO —
Electrics EL —
Data DT —
Mechanical ME —
“Trim and ballast SW —
SW (cooling) T8

High pressure air HP —
Low pressure air P —
Hydraulics HY —
Air intake HVIN —
Airheat HVHE —
Air exhaust HVEX —
Chilled water ow —
Lubricant oil L0 —
Freshrwater W —

(cooling)
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Table A2: Naming convention for volume granulanty in
NBA

BB VL XX XX XX

Granularity identifier

(VL)

Functional group

(FH.MV.IA, FL)

Type of Volumes

(RM. TB. DV. FF.

MB,WY)

Volume name with

spatial extent
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Table 9. Normalised results for the performance case study (Section 5.1). figures are given as a percentage of the
characteristics for Variant A

Process Step Selection Decision / Realisation for Case Study Description
Perceived need ‘Seasitivity analysis by varying a performance chaacteristic, maximum speed for short periods _ Topic
‘submerged
Outline of initial ‘Common iniial requirements as in the baseline design Control
requirements Tnitial Performance Value .
Accommodation 46 personnel
Patrol endurance 49 days
Selection of style Common syl selections
of emerging ship Style Level Choice
design Macro Level Non muclear (SSK)
Main Level Diesel-electric power plant
‘Medium size ocean-going submarine
Single hull with casing
‘Two watertight bulkheads
Micro Level As the baseline design
Selection of major ‘Common systems configurations as in the baseline design
:qmb':nx Major equipment lmpulm:nm(:f;:::l:vdswlcmdmbmndsmp
Selection of whole Common whole ship performance asin the baseline design
ship performance General Performance Value
characteristics
Submerged speed 5 knots (17 hs)
Snort speed 6.5 knots (<61rs)
Design Variant Variant A Variant B VariantC  Independent
(baseline varizbles
design)
Masinuum speed (knots) 2 18 16
Specific Performance Value Control
Tndiscretion ratio B% Varies
Submarine systems perfor- As inthe baseline design
‘mance
Selection of synthe- ‘The UCL Network Block Approach (NBA)
sis model type
Selection of basis ‘Common basis for decision making in initial synthesis

for decision making  UpC while meeting S* criteria  Speed. longitudinal and vertical stability. e g submerged
in initial synthesis

BG02
Energy balance for systems energy supply is equal fo energy demand
Synthesis of ship Inifal submarine resulfant characteristic Dependent
!'5"“‘";:" and archi- ‘Surfaced displacement 100% 05% 01% varizbles
Submerged displacement 100% 8% 96%
‘Maximum speed range 100% 1% 123%
‘Maximum speed endurance 100% 125% 154%
Diesel generators - - -
Total pover requied for systems 100% 3% 88%
Type of Submarine Systems  Weight Space  Weight  Space  Weight  Space
) () (te) o) (te) ()

Fuel ol (FO) system = & = E = =
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‘Table Al: Naming convention for weight granulanty in
NBA

BB NL X _3000000K

Granularity identifier (NL) _

UCL Weight Group classi-
fication (1 to 9)

Object name
PR Y
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Figure 12. Design progression of the submarine case study showing volume blocks and weight data (top), including the
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Table A3: Naming convention for equipment/ component
granularity in NBA
BB DB XX XX XX x
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Figure 14. Initial routing in the second part of the
Physical Loop process for the SSK Baseline Design





OPS/images/T10a.jpg
Design variant Variant A Variant D Independent

(baseline design) variables
Micro Style for ELsystem  Ring bus configuration  Single bus configuration
Selection of major Common systems configurations as in the baseline design Control
‘equipment and opera- Major equipment Distributed ship systems redundancy variables
tional sub-systems
Selection of whole ship ‘Common whole ship performance as in the baseline design
performance charac- General Performance Value
feristics Sprint speed 20 knots (52 hrs)
‘Submerged speed 5 knots (17 hs)
Snort speed 6.5 knots (<61rs)
Specific Performance Value
Indiscretion satio 3%
‘Submarine systems performance As inthe baseline design
Selection of synthesis ‘The UCL Network Block Approach (NBA)
‘model type
Selection of basis for Common basis for decision making in inital synthesis
decision making in UPC while meeting S*criteria  Endurance at different speeds Longitudinal and
initial synthesis ‘vertical stability, e.g.. submerged BG=02
Energy balance for submarine systems  Energy supply is equal to energy demand
Synthesis of ship gross Initial submarine resultant characteristic
size and architecture Submerged displacement (te) 100%
‘Maximum speed range (am) 100%
‘Maximmum speed endurance (ir) 100%
Solid ballast fraction (%) 100%
‘Type of Submarine Systems ~ Weight  Space
Data (DT) system 100%  100%
Fuel oil (FO) system 100%  100%
Electric (EL) system 100%  100%
Mechanical (ME) system 100%  100%  962%  1804%
Ventilation (HV) system 100% 100%  1BLT%  92.5%
Lubricant oil (LO) system 100%  100%  1804%  I315%
Chilled water (CW) system 100%  100%  88.6%
FWISW heat systems 100%  100%  935%
Hydraulic (HY) system 100%  100%  992%
“Trim ballast (TB) system 100%  100%  1001%
Highpressure air (HP) system  100%  100%  98.8%
Low-pressure air (LP) system 100%  100%  98.6%
Total submarise systems 100%  100%  98.1%
Weight Group Classifications ~ Weight ~ Cost  Weight
WG 1 structure - - -
WG 2 main propulsion 100%  100%  98.9%
WG 3 electrical services 100% 100%  89.8%
WG 4 control and commumications - - .
WG 5 ship services 100% 100%  90.7%
WG 6 outft = - 2 &
WG 7 payload = - = -
WG 8§ fixed ballast = N = =
WG vasiable load - - - -
Total WG 100%  100%  %94%  95.5%
‘Exploration of impact  Effect of varying micro level styles. aselected distributed ship systems routing choice, on  Independent
of style, major items, overall design variables
and performance
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Figure 13. SUBFLOW Multiplex 3D nefwork of the overall distributed systems for a submarine baseline case study
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Figure 16. Refined systems model during the third part of the Physical Loop process, which shows the progress made in
‘placing and arranging the distributed submarine systems, compartment by compartment and system by system, within
the SSK Baseline 3D layout
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Figure 1. A representation of the overall ship design
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out in Appendix A of Andrews (2018a)
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Investigate the Physical Architecture and Solution of DS3 in Paramarine to ensure sufficient space and
buoyaney for the reied DS3 from SUBFLOW.

Figure 15. The schematic of performing 3D layout arrangement of distributed ship systems at the fine stage
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Figure 18. The physical architecture of design Variant E (top) and Variant F with methanol stored externally in the keel
(bottom), which shows a 3D perspective of the AIP module in the overall submarine 3D layout and major components of
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Figure 17. The physical architecture for the micro style case study, which shows a 3D perspective of the clectrical (EL)
system (in magenta) routing style of Variant A (top). adopting the ring routing configuration on the port and starboard
sides of the vessel and Variant D (bottom), adopting single configuration just routing on the port side of the vessel
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Figure 3. The logic of the Network Block Approach
showing a high level process of Physical Loop process in
purple and Logical Loop process in blue
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Figure 19. Illustrative energy flow of various submarine systems based on functionality on the submarine design study
showing Float in blue, Move in yellow, Fight in red, Infrastructure in green, and Support in purple with the energy
i Yo il bt Kl 2w
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Figure 6. The detailed breakdown of the Input Data
Centre, showing multiple programs in green, Paramarine
interface in purple and MATLAB interface in blue
(see Table 2 for the description of each program)
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Figure 7. Design Building Block hieratchy adopted in the Network Block Approach showine descriptive DBEBs (*)
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‘Table 10: Normalised results for the micro style case study (Section 5.2), figures are given as a percentage of the
characteristics for Variant A

Process Step Selection Decision / Realisation for Case Study Description
Perceived need ‘Seasitivity analysis by varying micro styles on distributed ship systems sizing and overall _ Topic
design
Outline of initial ‘Common initial requiements as in the baseline design Coatrol
requirements Tnitial Performance Value variables
Accommodation 46 personnel
Patrol endurance 49 days
Selection of style of ‘Common style selections
emerging ship design Style Level Choice
Macro Level ‘Non miclear (SSK)
Main Level Diesel-electric power plant
Medium size ocean-going submarine
Single hull with casing
‘Two watertight bulkheads
g oy o ehake s
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‘Table 11: Normalised results for the main style case study (Section 5.3), Iigures are given as a percentage of the
characteristics for Variant A

Process Step Selection Decision / Realisation for Case Study Description
Perceived need Sensitvity nalysis by varying mai styles, ATP choices Topic
Outlne of initial requirements ‘Common iniil requirements 25 inthe baseine design Consol
il Performance Value
Accommodation 46 persomnel
Patrol endurance 9 days
Selection of style of emerging ‘Common sty selections
ship design Style Level Choice
Macro Level ‘Non mclear (55K)
Main Level AP power plant
Medium sze ocean.going submarine
Single hull with casing.
Two watertight bukbeads.
Micro Level 5 the baseline design
Design Variant VariamtA VariantE VariantF  Independent
(baseline design) varibles
Main Style for ATP NoAP Stiring ATP PEMFCAR
Selection of major equipment  AIP Configuration  BaselinenoAlP  Dieselfuclwiti  Methanol with
and operational sub-systems liquid oxygen liqud oxyzen
Common systems configurations s in the baselne design Control vari-
ables
AP power output Low power 2570 kW AIP modules
Major equipment 2614 MW diesels
‘Submarine Systems. s n the baseline design
equpment
Selection of whole ship perfor- ‘Common whole ship performance 2 in the baselne design
Rt General Perfor- Value
Sprnt speed 20knots (-2 h5)
‘Submerged speed. Sknots (-17hss)
Snortspeed 65 knots (-61s)
‘Specific Perfor- Value
Indiscretion ratio 2%
‘Submarize systems s n the baseline design
performance
Selection of synthesis model (ype The UCL Network Block Approach (NBA)
Selection of bass for decision ‘Common basis or decision making i initial synthesis
making ininiial sathesis UBC while mesting Endurance at iferent speed
S*crteria. Longitudinal and vertcal sabiliy. e . submerged BG-0.2
Enerey balance for energy supply i equal to energy demand
Systems
Synthesis of ship gross size and Inial submarine resultant characteistic Dependent
architecture variables
Surfaced displace- 100% 147.8% 1a9%
‘ment (te)
‘Submerged displace- 100% 178% 1a9%
‘ment (te)
AP indiscretion 100% a a
o ()
Diesel generators 100% e 107%





