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Abstract
This study focuses on the redesign of a critical subsystem within the MK48 torpedo, specifically the propeller system. The MK48 torpedo is a heavyweight weapon extensively used in naval operations. The propeller subsystem plays a pivotal role in determining the torpedo's performance, manoeuvrability, and effectiveness in engaging targets. Through a comprehensive analysis, it was determined that the propeller system required optimisation to enhance its efficiency, reliability, and overall operational capabilities. Various factors such as material selection, manufacturing processes, and design considerations were evaluated to identify the most suitable approach for redesigning the propeller subsystem. Ultimately, the study concludes that the adoption of advanced manufacturing techniques, coupled with the selection of lightweight and corrosion-resistant aluminium alloys, represents the optimal strategy for enhancing the performance and effectiveness of the MK48 torpedo's propeller system. The findings of this study provide valuable insights into the redesign process of critical subsystems within complex naval weapon systems, contributing to the ongoing efforts to modernize and optimize military capabilities in maritime environments.
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ASuW - Anti-Surface Warfare
ASW - Anti-Submarine Warfare
FMA - Functional Means Analysis
IOC - Initial Operational Capability
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1. [bookmark: _Toc165898835]Introduction
This Case Study is on the Design and Manufacture of a sub-component from the MK48 Torpedo System and will investigate the following: 
· Key customer requirements.
· Critical system functionality.
· Concept derivation and design choices
· Potential failure modes.
· Critical design features.
· The manufacturing processes involved.
· Critical process steps.
· Process control measures.
The MK 48 heavyweight torpedo is used by all classes of submarines as their anti-submarine warfare (ASW) and anti-surface warfare (ASuW) weapons. The MK 48 torpedo is a heavyweight acoustic-homing torpedo with sophisticated sonar, all-digital guidance-and-control systems, digital fusing systems, and propulsion improvements. Its digital guidance system allows for repeated upgrades to counter evolving threats through software upgrades. The last MK 48 MOD 6 production torpedo was delivered in 1996. Since then, the Navy has provided discrete improvements to MK 48 MOD 6 via upgrade kits to the torpedo's guidance and control and propulsion systems. The MK 48 MOD 6 torpedo reached Initial Operational Capability (IOC) in 1997 and continues to receive software upgrades [1].
[image: Mark 48 torpedo - Wikipedia]
Figure 1 - MK48 Torpedo

The latest version of the MK 48 is the MOD 7, which is optimized for both traditional and emerging missions. The MK 48 MOD 7 torpedo is the result of a Joint Development Program with the Royal Australian Navy and reached IOC in 2006. The MK 48 MOD 7 hardware upgrade has enabled further software improvements to the MK 48 that provide increased capability in the most challenging scenarios [2].

[image: A screenshot of a computer
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Figure 2 -Characteristics of MK48 Torpedo




2. [bookmark: _Toc165898836]Systems Engineering Tools
2.1. [bookmark: _Toc165898837]Customer Requirements 
The customer requirements are identified using systems engineering tools that offer a structured approach, using the system thinking principles. This approach is known for accurately finding the requirements of the customer/stakeholder, who is the Navy for this system and putting it into a logical system engineering format [3].   
There are different types of requirements with the main ones being Operational, Functional, and Non-Functional. These provide a way of understanding the purpose, functions, and constraints of a system. Operational Requirements define the system's fundamental purpose and constraints, while Functional Requirements specify the actions the system must perform to achieve its purpose. Non-functional requirements, further categorised into Performance, System, and Implementation requirements, set constraints on how well or how something is done within the system [4].
The model shows the connection between the requirements and their importance within the design and/or development of the system. Operational Requirements serve as the foundation, guiding the development team and anchoring the entire model. Functional Requirements detail the system's functions without specifying implementation details, ensuring a solution-neutral approach. Non-functional requirements complement Functional Requirements by defining constraints and performance expectations, ensuring the completeness and consistency of the requirements model.
[image: Navy photo]
Figure 3 - Image of MK48 Engaging with Ship: Sourced from US Navy
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	Level 1
	Originator
	Level 2
	Level 3

	Performance
	Crew
	The Navy Crew requires that the Torpedo system shall destroy the specified target (Details TBC)
	 

	 
	 
	The Navy Crew requires that the system shall have consistent performance (Details TBC)
	NFS

	 
	 
	The Navy Crew requires that the systems shall be accurate. (Dispersion at range TBC)
	NFS

	 
	 
	The Navy Crew requires that the system should have an effective range greater than 8km (4.32nmi)
	NFS

	 
	 
	The Navy Crew requires that the Torpedo shall be able to travel at high speeds through water (min 52 km/h, 32 mph)
	NFP/NFS

	User Friendly
	Crew 
	 
	 

	 
	+ Logistics
	The Navy crew requires that the Torpedo should be easy to handle (ergonomic design)
	NFS

	 
	 
	The Navy crew require that the Torpedo should have easy training characteristics.
	NFS

	 
	
	The Navy Crew requires that the Torpedo should be lightweight (Target TBC)
	NFS

	Safety
	All
	 
	 

	 
	
	Logistics, Navy and Navy crew require that the Torpedo should be IM compliant.
	NFS

	 
	 
	Logistics, Navy and the Navy crew require the Torpedo to be Resistant to environmental conditions (TBC)
	NFS

	 
	 
	Logistics, Navy and Navy crew require that the Torpedo only function when operationally required. (Details TBD)
	NFS

	Availability
	Navy
	 
	 

	 
	 
	The Navy requires that the Torpedo should be available in suitable quantity for forthcoming operations
	NFS

	 
	 
	 
	 

	Cost
	Navy
	The Navy requires the torpedo to be cost-effective (Target UPC TBD)
	NFS

	 
	 
	The Navy requires a minimum development time. (TBD)
	NFS

	 
	 
	The Navy requires high reliability (rel and conf TBD)
	NFS

	 
	 
	The Navy requires that the Torpedo has a fast production cycle (Delivery rate TBD)
	NFS

	 
	 
	The Navy requires the Torpedo to have a long service life (10 years)
	NFS

	 
	 
	The Navy requires the Torpedo to have fuelled life (5 years)
	NFS

	 
	 
	The Navy requires the Torpedo to be interoperable (TBD)
	NFS

	Easy to transport
	Logistics
	 
	 

	 
	
	Logistics require more than one torpedo to be transported at a time (Fit multiple in submarine)
	NFS

	 
	 
	Logistics requires that the Torpedo copes with the required temperature range (MTDS TBD)
	NFS

	
	
	Logistics require that the Torpedo copes with the service vibration. (MTDS TBD)
	


Figure 4 - Customer Requirements


The Level 1 section of the requirement set outlines the key criteria and expectations for the torpedo system across various fields and shows the needs and priorities of the Navy. 
In terms of performance, the Navy Crew demands that the torpedo system exhibits consistent and accurate performance, with an effective range greater than 8km and also the ability to travel at speeds greater than 52km/h underwater. These requirements emphasise the importance of precision, reliability, and operational reach in achieving mission objectives. This section one of the most important parts of the requirement set as it [5].
User-friendliness is another critical aspect highlighted in the requirement set. The Navy Crew and Logistics teams prioritise features such as ergonomic design, easy handling, and training characteristics to ensure that operating the torpedo is intuitive and efficient, even in high-pressure situations.
[image: ]
Figure 5 - MK48 Torpedo Being On-Loaded
Safety considerations are arguably the most important part of this requirement set, with the need for Insensitive Munition (IM) compliance, resistance to environmental conditions, and control functionality to mitigate risks and ensure operational safety for both personnel and the equipment/infrastructure.
Availability requirements underscore the need for adequate quantities of torpedoes to support forthcoming operations, emphasizing readiness and responsiveness in meeting operational demands.
Cost-effectiveness is a significant concern, with the Navy aiming for efficient development, production, and lifecycle management processes to optimize resource allocation and achieve maximum value for investment. The extent of this aspect often differs based on the customer's priorities and financial resources. In the case of the Navy, safety and reliability are important objectives for the torpedo production. However, for a privately funded customer, cost-cutting measures might be preferred in certain areas to maximise profits. This could involve choosing to use less expensive materials that meet basic operational needs but may lack the durability and performance under harsh conditions required by the Navy’s standards. They may streamline testing and validation procedures to save time and resources, potentially accepting higher risks associated with unverified performance. Additionally, they might relax manufacturing precision standards, accept simpler technology solutions, and order smaller quantities, foregoing economies of scale. Furthermore, they may limit lifecycle support services, opting for basic warranties rather than comprehensive maintenance and upgrades. These cost-saving measures allow the private customer to produce torpedoes that meet their budget constraints but may entail compromises in performance, reliability, and ongoing support compared to those manufactured for naval use.
Easy transportability is essential for logistical efficiency, with mandates for the ability to transport multiple torpedoes simultaneously, along with resilience to temperature variations and service vibrations to ensure reliability during transportation.
Overall, the requirement set provides a framework that addresses the performance, usability, safety, availability, cost, and transportability aspects of the torpedo system, reflecting the many considerations involved in its design, development, and deployment. The main needs for the Navy are to have a system that travels at 52+ kph, provides the enemy/target with little to no time to react and quickly eliminates a threat without having to worry about the accuracy of the system.












2.2. [bookmark: _Toc165898838]QFD 1
[image: ]
Figure 6 - QFD 1 Results
The propulsion sub-system of a torpedo is arguably the most crucial part of a torpedo due to several key factors. QFD 1 shows the functional importance of “Generate Propulsion” (i.e. Propulsions System) as it has the greatest value among all of the other functions. The propulsion system is responsible for providing the torpedo with the necessary thrust and speed to reach its target effectively/accurately. Manoeuvring swiftly and maintaining high velocities is crucial for a torpedo to avoid defence systems (e.g. decoys, launchers, jammers) and successfully engage the intended target. The propulsion system determines the range and endurance of the torpedo, allowing it to cover long distances and remain operational for extended periods. This increases its effectiveness and versatility in various operational scenarios [6].
Modern torpedoes like the MK48 often rely on sophisticated propulsion technologies that allow them to operate silently and remain undetected by enemy vessels or anti-torpedo defences. Quiet propulsion systems reduce the likelihood of detection, allowing the torpedo to approach its target discreetly, and increasing its chances of success. Additionally, propulsion systems play a crucial role in providing the torpedo with the agility and manoeuvrability required to navigate through complex underwater environments and evade terrain and/or obstacles. Torpedoes equipped with advanced propulsion technologies can do sharp turns, adjust their trajectory, and engage on moving targets effectively [4].
The propulsion system will work with other systems such as guidance and control to acquire the target location and track it. By adjusting propulsion parameters, such as speed and direction, the torpedo can optimize its trajectory to intercept the target accurately, increasing the likelihood of mission success. In summary, propulsion serves as the backbone of a torpedo's operational capabilities, influencing its mobility, speed, range, stealth, manoeuvrability, and overall effectiveness in engaging targets. A robust and reliable propulsion system is essential for ensuring the torpedo's mission success in various naval warfare scenarios [4].

[image: A diagram of a rocket
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Figure 7 - Propulsion System of MK48 Torpedo
2.3. [bookmark: _Toc165898839]Functional Means Analysis
Functional Means Analysis (FMA) serves as a vital aspect of the design process, crucial for exploring concepts and establishing their architectures. Systems engineers employ FMA to refine the functional requirements of a new product, align their functions with physical components, ensure comprehensive component listing while avoiding unnecessary ones, and comprehend the interrelations among the product's components. This chapter delineates the significance of Functional Analysis in conceptual design and proposes a methodology, followed by its application at various levels, including subsystem, system, and system of systems [1]. 


[image: MK 48 ADCAP Torpedo - U. S. Naval Undersea Museum]
Figure 8 - System Break-Down of MK48 Torpedo
[image: ]
Figure 9 - Functional Means Analysis of MK48

2.4. [bookmark: _Toc165898840]QFD 2

Figure 10 - QFD 2 Results
In the results for Quality Function Deployment (QFD) 2 for the propulsion system of a torpedo, the propeller's performance and characteristics are considered the most important factors. At this stage, the entire torpedo system has been broken down and the most important sub-system has been identified allowing for the design and manufacturing process to begin. 












3. [bookmark: _Toc165898841]Design 
[image: Technical drawing of the propeller-SRV configuration. | Download Scientific  Diagram]

Figure 11 - Engineering Drawing of Torpedo
The propeller will have a diameter of 80.8 centimetres and six blades that are angled for fast speeds. The angle of the blades was set to 40.4 degrees to make them efficient. The propeller was designed to work well at speeds up to 1.75 times the speed of the water it's moving through. The design of the blades and other parts were designed using a computer program called SolidWorks. The design also has five vanes to make less noise and put them around the propeller at specific angles. The vanes are not too big or too close to the propeller, this is to avoid making extra noise. A simple airfoil shape is used for the vanes because it is easier to manufacture.











4. [bookmark: _Toc165898842]Manufacturing Process
[image: Fig. 19.14]
Figure 12 - Design Process
Figure 12 outlines the propeller design process. It shows that the stresses on the blade are determined by how the blade interacts with the water. These stresses are vital for designing the blade and considering the operating environment. The residual stress allowance (σR) depends on factors like the size of the casting and the propeller material. Typically, it's advised to allocate 15% to 25% of the proof stress for residual stress if there's no other guidance available [10].








5. [bookmark: _Toc165898843]Material Selection
Torpedo propellers are unlike “normal” ones found on surface ships because they typically function within a well-defined velocity range and experience nearly constant body drag. This means that the loads acting on the propeller can be predictable. The propeller will be designed to prioritise high efficiency without needing to compromise due to varying operating conditions. When designed, the propeller will achieve high efficiency and minimal cavitation tendency. Given the nature of torpedo usage, the propeller can operate close to or at its design maximum [9]. The selection of material for crafting a propulsor holds immense significance. Several principles are factored into the decision-making process:
Strength: The MK48 torpedo's propeller must have superior strength to endure the stress levels encountered during operation, including launch, propulsion, and potential impacts with water upon entry. This ensures the propulsor's structural integrity and performance reliability.
Corrosion Resistance: Given the MK48 torpedo's exposure to saltwater environments, materials for the propulsor must demonstrate high corrosion resistance. This prevents degradation over multiple runs, retrievals, and training exercises, ensuring the torpedo's effectiveness and longevity.
Ease of Machining: Materials selected for the propeller should facilitate machining processes essential in manufacturing. Aluminium alloys, for instance, are preferred due to their ease of machining, which streamlines production and ensures precise fabrication of propeller components.
Special Properties: Certain production methods like forging and casting create materials with specific properties such as plasticity and uniform shrinkage. Choosing materials with these characteristics ensures successful manufacturing processes and the production of propellers with consistent quality.
Density (Weight): The density of materials used in the propeller is evaluated to avoid affecting the overall weight or trim of the MK48 torpedo. This consideration ensures optimal weight distribution, which is critical for maintaining the torpedo's stability and performance underwater.








5.1 [bookmark: _Toc165898844]Material Decision 
Aluminium alloys stand as the ultimate choice for crafting propellers destined for the MK48 torpedo, known for its perfect attributes tailored to the torpedo's demanding operational environment. In the complicated world of torpedo engineering, where precision, reliability, and durability are important, aluminium emerges as the material of choice, seamlessly meeting the stringent requirements set forth for MK48 torpedo propellers [2].
The decision to opt for aluminium alloys stems from its exceptional properties, carefully selected to ensure optimal performance and longevity in the challenging conditions encountered by the MK48 torpedo. Known for its lightweight, aluminium alloy offers a delicate balance between strength and weight, a critical consideration for propeller design. The lightweight quality not only enhances the torpedo's agility and manoeuvrability underwater but also minimises the strain on the propulsion system, maximising efficiency, and operational effectiveness [2].
Moreover, aluminium's remarkable resistance to corrosion emerges as a pivotal factor in its selection. As the MK48 torpedo operates in corrosive saltwater environments, the ability of aluminium alloys to withstand degradation over prolonged exposure ensures the propellers' longevity and reliability. This corrosion resistance is fundamental in preserving the torpedo's structural integrity, ensuring consistent performance across multiple deployments and training exercises [12].
In addition to its mechanical properties, the ease of machining aluminium alloys streamlines the manufacturing process, facilitating the precise fabrication of intricate propeller components with unparalleled accuracy. This manufacturing adaptability not only expedites production but also ensures the consistency and quality of each propeller assembly, meeting the exacting standards of the MK48 torpedo program.
Furthermore, the optimal density of aluminium alloys plays a pivotal role in maintaining the MK48 torpedo's balance and stability underwater, crucial for its operational effectiveness. By carefully balancing weight considerations, engineers can design propellers that maximize efficiency without compromising the torpedo's overall performance or trim, further underscoring aluminium's suitability as the chosen material for MK48 torpedo propellers.
In summary, the selection of aluminium alloys for MK48 torpedo propellers represents a meticulous and deliberate choice, driven by their unrivalled combination of lightweight properties, corrosion resistance, manufacturing adaptability, and mechanical integrity. As the backbone of the MK48 torpedo's propulsion system, aluminium propellers embody reliability, efficiency, and performance excellence, ensuring the continued success of this esteemed naval weapon system.




6. [bookmark: _Toc165898845]Production Methods 
Casting: Propellers for torpedoes such as the MK48 have been successfully cast, as demonstrated with the MK44 torpedo. However, a primary concern has been the insufficient strength of casted propellers. Advancements in modern aluminium casting alloys now allow for yield stresses approaching 60,000 psi, significantly enhancing strength capabilities. These alloys yield propulsors with smooth surfaces, while accurate dimensions are maintained by accounting for shrinkage during the casting process. Minor air holes on the surface can be filled with plastic to achieve a flush finish [3].
[image: Diagram of a mechanical scheme

Description automatically generated]
Figure 13 - Casting Process for a Propeller
Forging: Aluminium forgings present another avenue for propeller production, offering excellent strength potential. However, achieving precise size and shape control, especially for propeller blades, poses challenges during the extrusion of hot metal into a die. Despite this, oversized propeller blanks have been successfully forged for the MK46 torpedo. These blanks serve as initial templates for subsequent machining operations on pantographic millers. Notably, the process of flowing hot metal from a centrally heated billet into the die for blade formation results in a favourable grain orientation, enhancing the overall strength of the blades [4].





6.1. [bookmark: _Toc165898846]Production Method Decision 
Casting stands out as the preferred method for producing propellers for the MK48 torpedo due to its ability to efficiently create complex shapes while maintaining cost-effectiveness for mass production. This technique allows for the accurate reproduction of intricate blade designs crucial for optimal propulsion and manoeuvrability underwater. Additionally, casting offers flexibility in material selection, ensuring propellers meet the stringent performance standards of the MK48 torpedo. By leveraging casting's advantages, manufacturers can produce high-quality propellers that excel in harsh marine environments, meeting the demands of the MK48 torpedo fleet with reliability and efficiency.

Figure 14 - Production Method Results
In the QFD analysis for propeller manufacturing, casting emerged as the most favourable option for manufacturing aluminium alloy propellers. Through the QFD process, which evaluates various manufacturing methods against critical criteria such as cost-effectiveness, reliability, and production scalability, casting methods, notably sand casting, and permanent mould casting, garnered high ratings. These casting techniques demonstrated exceptional performance in meeting the stringent quality standards and operational demands outlined in the QFD matrix for the MK48 torpedo propellers. With the versatility, cost-effectiveness, and ability to produce complex shapes with precision, casting methods emerged as the optimal choice to ensure the propellers' structural integrity, performance reliability, and efficiency in the challenging underwater environments where the MK48 operates. 

7. [bookmark: _Toc165898847]Prototype
NC Machining: 
In the context of manufacturing propellers for the MK48 torpedo, Numerical Control (NC) milling emerges as a sophisticated and versatile option. NC milling machines, as the name suggests, are guided by coordinate numbers converted into punched holes in a tape. As the machine operates, the tape instructs the tool or part to move incrementally in various modes of motion, including rotation of the part or tool axis. 
[image: CNC Milling a Boat Propeller in Only 3 Axes : 12 Steps (with Pictures) -  Instructables]
Figure 15 - NC Milling of a Propeller
These NC milling machines typically feature from two to five axes of motion, allowing for precise control over the machining process. The NC milling machine concept holds great promise for producing propellers to the desired design specifications. These propellers can serve as a model for mass production using the casting method. 
Overall, numerical control milling offers a reliable and efficient method for manufacturing prototype propellers for the MK48 torpedo. Its precision, versatility, and potential for mass production make it an attractive option for producing high-quality propellers that meet the requirements of underwater propulsion and manoeuvrability.






8. [bookmark: _Toc165898848]Manufacturing Requirements
The manufacturing requirements for producing the MK48 torpedo involve a wide range of considerations that are vital for ensuring the efficiency, quality, and reliability of the production process. 
[image: A diagram of a supply chain management system
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Figure 16 - Process Diagram of Manufacturing Diagrams
Each of these manufacturing requirements [Fig.9] plays a critical role in ensuring the efficiency, quality, and safety of the MK48 torpedo manufacturing process, ultimately contributing to its reliability and effectiveness in naval operations.
Manufacturing Costs: Involves various expenses incurred in the production process, including labour, equipment capital costs, service/operating costs, setup costs, and material costs.
1. Labour: Refers to the skilled workforce required for different stages of production, from assembly to quality control, ensuring the timely and accurate completion of tasks.
2. Equipment Capital Cost: Includes investments in machinery and technology necessary for manufacturing processes, ensuring efficiency and precision in production.
3. Service / Operating Cost: Involves ongoing expenses for maintenance, utilities, and operational needs to sustain manufacturing operations effectively.
4. Set up Cost: Essential for establishing production lines and configuring machinery to meet specific manufacturing requirements, ensuring streamlined operations.
5. Material Cost - Metal Bits, Energetic Bits, Other: Includes expenses associated with sourcing materials needed for torpedo construction, such as metals, energetic components, and other specialized materials.
6. Maintenance Cost: Crucial for upholding the longevity and reliability of manufacturing equipment, minimizing downtime, and ensuring consistent production output.

Manufacturing Capacity: Determines the maximum output a manufacturing facility can achieve within a given timeframe, ensuring the ability to meet production demands effectively.
1. Supply Chain Management: Involves coordinating material sourcing, logistics, and inventory management to maintain a steady flow of components and materials for production.
2. Target Production Rate 10 per Year: Specifies the desired output level, guiding manufacturing planning and resource allocation to meet demand effectively.
Reliable Manufacture: Ensures consistent adherence to quality standards and specifications throughout the manufacturing process, minimizing variability and defects.
1. Repeatable Performance: Guarantees consistency in product quality and functionality across multiple production cycles, ensuring uniformity and reliability.
2. Effective Maintenance: Involves implementing proactive maintenance strategies to prevent equipment failures and optimize production efficiency.
3. Low System Outage: Minimizes disruptions to manufacturing operations by implementing measures to mitigate downtime and equipment failures.
Quality: Ensures that each MK48 torpedo meets stringent quality standards, reflecting its reliability, performance, and safety.
1. Defect Free: Strives for zero defects in the manufacturing process, minimizing rework and ensuring that each torpedo meets specifications.
2. Effective Test and Inspection: Involves rigorous testing and inspection protocols to validate the performance and safety of each torpedo before deployment.
Safety: Prioritises the safety of personnel and equipment throughout the manufacturing process, adhering to industry regulations and best practices.
1. Non-Explosive: Ensures that manufacturing processes involving energetic components are conducted safely and securely, minimizing the risk of accidental explosions.
2. Environmental Impact: Minimizes the environmental footprint of manufacturing operations by implementing sustainable practices and waste reduction strategies.
3. Regulatory Compliance: Ensures adherence to relevant laws, regulations, and industry standards governing manufacturing processes and product safety.
4. Risk Management: Identifies and mitigates potential risks associated with manufacturing operations, safeguarding against disruptions and liabilities.
5. Training and Development: Invests in the continuous training and development of personnel to enhance skills and knowledge, ensuring competency and efficiency in manufacturing tasks.
6. Security: Implements measures to safeguard sensitive information, facilities, and materials from unauthorized access, theft, or sabotage.

8.1. [bookmark: _Toc165898849]Manufacturing QFD 1
QFD 1, or traditional Quality Function Deployment, plays a pivotal role in ensuring that the MK48 torpedo meets the exacting requirements and preferences of its end users, such as naval forces or defence agencies. By capturing and prioritizing customer needs and preferences, QFD 1 guides decisions related to the design, features, and performance of the torpedo. It focuses on aspects like reliability, performance, safety, and ease of use to enhance customer satisfaction and meet quality standards.
On the other hand, Manufacturing QFD 1 specifically addresses the manufacturing processes involved in producing the MK48 torpedo. It emphasizes the alignment of manufacturing operations with customer requirements and product specifications to ensure efficient, cost-effective, and high-quality production. Manufacturing QFD 1 delves into factors such as production capacity, equipment capabilities, material sourcing, labour requirements, and supply chain management to optimize manufacturing processes. 

Figure 17 - Manufacturing QFD 1 Results
While appearing similar at first glance, QFD 1 focuses on customer requirements and product design, Manufacturing QFD 1 specifically addresses the optimization of manufacturing processes to produce the MK48 torpedo efficiently and effectively, meeting quality, cost, and delivery targets. Both approaches are essential for ensuring that the MK48 torpedo not only meets customer expectations but also undergoes seamless and reliable manufacturing to maintain its status as a sophisticated naval weapon system
9. [bookmark: _Toc165898850]Reflection and Conclusion
This case study delves into the intricate process of designing and manufacturing a sub-component for the MK48 Torpedo System, shedding light on various critical aspects such as customer requirements, system functionality, concept derivation, potential failure modes, critical design features, manufacturing processes, critical process steps, and process control measures. The MK48 torpedo has complex features like acoustic-homing capabilities, digital guidance-and-control systems, and propulsion advancements. 
Customer requirements, derived through systems engineering tools, form the foundation of the design and manufacturing process, ensuring that the torpedo system aligns with the needs and priorities of the Navy. These requirements span various categories, including performance, user-friendliness, safety, availability, cost, and easy transportability, reflecting the multifaceted considerations involved in torpedo design and deployment.
In the context of propulsion, which serves as the backbone of torpedo operations, QFD analysis plays a crucial role in identifying key functional requirements and optimizing manufacturing processes. While QFD 1 focuses on customer requirements and product design, Manufacturing QFD 1 specifically addresses the intricacies of manufacturing processes, emphasizing efficiency, cost-effectiveness, and quality assurance. Casting emerges as the preferred method for producing aluminium alloy propellers, aligning seamlessly with the stringent requirements and functionality of the MK48 torpedo.
Overall, this case study underscores the careful approach required in designing and manufacturing critical components for sophisticated naval weapon systems like the MK48 torpedo. By integrating customer requirements, system functionality, and manufacturing optimization, the process ensures that the final product meets the highest standards of performance, reliability, and effectiveness, contributing to the defence capabilities of submarines worldwide.
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10. [bookmark: _Toc165898852]Appendix
	Manufacturing Functionality
	Importance
	Propeller
	Gearbox
	Battery or Power Source
	Cooling System
	Sensors and Control Systems
	Exhaust System
	Housing / Casing
	Mounting Brackets
	Thermal Insulation
	Seals and Gaskets
	Cabling and Wiring
	Control Electronics
	

	Manufacturing Requirements
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Manufacturing Requirements  detail

	Manufacturing Costs
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Labour
	5
	3
	3
	1
	1
	3
	1
	9
	3
	1
	3
	3
	3
	 

	Equipment capital cost
	5
	3
	3
	9
	3
	1
	3
	3
	1
	3
	3
	3
	3
	 

	Service / Operating Cost
	5
	3
	9
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	 

	Set up cost
	5
	9
	9
	3
	1
	3
	3
	1
	3
	3
	3
	3
	1
	 

	Material Cost - Metal Bits
	5
	3
	9
	 
	1
	1
	3
	1
	1
	3
	3
	3
	1
	 

	Material Cost - Energetic Bits
	5
	1
	1
	3
	1
	1
	1
	1
	1
	1
	3
	1
	1
	 

	Material Cost - other
	5
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	 

	Maintenance Cost
	 
	1
	9
	1
	3
	1
	1
	3
	1
	1
	1
	1
	3
	 

	Manufacturing Capacity
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Supply Chain Management
	5
	3
	1
	1
	3
	3
	1
	1
	1
	1
	3
	3
	3
	 

	Target production rate 10 per year
	5
	9
	9
	9
	3
	9
	3
	9
	1
	9
	3
	9
	9
	Based on a required 1,000 MK48 stockpile. Estimation of prouction time for 1 MK48 being 5-8 weeks. 

	Reliable Manufacture
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Repeatable performance
	5
	9
	9
	3
	3
	3
	1
	1
	1
	1
	3
	3
	3
	 

	Effective Maintenance
	5
	3
	9
	1
	3
	3
	3
	3
	3
	3
	3
	3
	3
	 

	Low system outage
	5
	1
	3
	1
	1
	3
	1
	1
	1
	1
	3
	1
	1
	 

	Quality
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Defect Free
	5
	3
	9
	3
	3
	9
	3
	3
	3
	3
	3
	9
	9
	 

	Effective test and inspection
	5
	9
	9
	9
	3
	9
	3
	3
	3
	3
	3
	9
	9
	 

	Safety
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Non-Explosive
	5
	3
	3
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	 

	Environmental Impact
	5
	1
	3
	1
	9
	 
	9
	1
	1
	3
	9
	 
	 
	 

	Regulatory Compliance
	5
	1
	3
	1
	1
	1
	3
	1
	1
	3
	1
	1
	1
	 

	Risk Management
	5
	1
	3
	3
	3
	3
	3
	3
	1
	3
	3
	3
	1
	 

	Training and Development
	5
	1
	3
	1
	1
	3
	1
	3
	1
	1
	1
	3
	3
	 

	Security
	5
	9
	3
	3
	3
	9
	3
	3
	3
	3
	3
	3
	9
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Maximum: 1,500 yards (1371.6 meters)

Specd

offcially: 28+ knols: 32.2 mph: 51.52 kmh
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The Navy Crew requires that the munition system shall 

destroy the specified target (Details TBC)

5
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consistent performance (Details TBC)

5

3 3 9

The Navy Crew requires that the systems shall be 

accurate. (Dispersion at range TBC)

5

3 1 9 9 9 9 3 9 9

The Navy Crew requires that the system should have 

an effective range greater than 8km (4.3nmi)

5

9 1 3

The Navy Crew reauires that the munition shall be able 

to travel at high speeds through water (80 knots (150 

km/h; 92 mph))

4

9 3 3 3

The Navy crew requires that the munition should be 

easy to handle (ergornomic design)

3

9 9 3 3

The Navy crew require that the munition should have 

easy training characteristics.

3

3 3 1 1 9

The Navy Crew requires that the munition should be 

relatively light weight (Target TBC)

4

3 3 9 3 3 3 3 9 9

Logistics, Main Customer and Navy crew require that 

the munition should be IM compliant.

2

1 3 3 9 3

Logistics, Main Customer and the Navy crew require 

the munition to be Resistant to environmental 

conditions (TBC)

2

1 3 3 3 3 9 9

Logistics, Main Customer and Navy crew require that 

the munition only Functions when operationally 

required. (Details TBD)

5

9 9 9

The main customer requires that the munition should 

be avaialble in suitable quantity for forthcoming 

operations (TBD)

4

9 9

The main customer requires the munition to be cost 

effective (Target UPC TBD)

3

3 3 3

The main customer requires a minimum development 

time. (TBD)

2

9 1

The main customer requires high reliability (rel and 

conf TBD)

5

3 3 3 9 3 9 9

The main customer requires that the munition has a 

fast production cycle (Delivery rate TBD)

3

1

The main customer requires the munition to have a 

long service life (10 years)

4

3 3 3 3 3 3
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3

9 3 3 3
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5
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Logistics require more than one munition to be 

transported at a time (Fit multiple in lorry TBD)

4

3 3

Logistics requires that the munition copes with the 

required temperature range (MTDS TBD)

4
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service vibration. (MTDS TBD)

3
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Relative 

Importance Equal

Relative 

importance 

Weighted

Hesh

FS Blast

FS Blast and 

Frag

Smart FS 

Blast

WHATs - Customer Requirements How much:- From QFD 1 

The Navy Crew requires that the Torpedo system shall destroy the 

specified target (Details TBC)

7.3 5

0 1 2 1

The Navy Crew requires that the system shall have consistent 

performance (Details TBC)

8.6 5

0 0 0 1

The Navy Crew requires that the systems shall be accurate. 

(Dispersion at range TBC)

9.4 5

0 1 1 2

The Navy Crew requires that the system should have an effective 

range greater than 8km (4.3nmi)

7.8 5

0 0 0 0

The Navy Crew reauires that the Torpedo shall be able to travel at high 

speeds through water (80 knots (150 km/h; 92 mph))

8.3 5

0 -1 -1 -2

The Navy crew requires that the Torpedo should be easy to handle 

(ergornomic design)

4.2 5

0 0 0 -1

The Navy crew require that the Torpedo should have easy training 

characteristics.

2.6 5

0 0 0 0

The Navy Crew requires that the Torpedo should be relatively light 

weight (Target TBC)

1.8 5

0 1 1 1

Logistics, Main Customer and Navy crew require that the Torpedo 

should be IM compliant.

5 5

0 0 0 0

Logistics, Main Customer and the Navy crew require the Torpedo to be 

Resistant to environmental conditions (TBC)

5.5 5

0 0 0 0

Logistics, Main Customer and Navy crew require that the Torpedo only 

Functions when operationally required. (Details TBD)

5.1 5

0 0 0 -1

The main customer requires that the Torpedo should be avaialble in 

suitable quantity for forthcoming operations (TBD)

2.2 5

0 2 2 -1

The main customer requires the Torpedo to be cost effective (Target 

UPC TBD)

2 5

0 0 0 -1

The main customer requires a minimum development time. (TBD) 4.4 5

0 0 0 0

The main customer requires high reliability (rel and conf TBD) 1.2 5

0 0 0 -1

The main customer requires that the Torpedo has a fast production 

cycle (Delivery rate TBD)

3.1 5

0 1 1 1

The main customer requires the Torpedo to have a long service life 

(10 years)

3.5 5

0 0 0 0

The main customer requires the Torpedo to have fuelled life (5 years)

3.6 5

0 1 1 -1

The main customer requires the Torpedo to be interoperable (TBD) 3.8 5

0 0 0 0

Logistics require more than one torpedo to be transported at a time (Fit 

multiple in submarine)

3.5 5

0 0 0 -1

Logistics requires that the Torpedo copes with the required 

temperature range (MTDS TBD)

3.3 5

Logistics require that the Torpedo copes with the service vibration. 

(MTDS TBD)

3.5 5

0 21.4018 28.7187 1.19553

0 30 35 -15

Ranking 100

0 -8.59819-6.28134 16.1955


