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Abstract


In this report the writer will generate a case study on an in-service system, which is the 155mm shell. Research will be concluded on the kit to understand its applications in industry and to develop a holistic view of the munitions as whole. The design has already been pre-determined but additional systems engineering tools will be adopted to understand things such as the shells functions and various means to achieve these. The writer will then depict the shell casing and develop the potential noise factors in manufacturing this steel casing. With implementation of control factors into the manufacturing process a comprehensive map can be made of the design through to the manufacturing and disposal of the munition. The writer will determine a conclusion and highlight the use of systems engineering and its application in the product life cycle.
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1.Introduction

In this assignment the writer will generate a case study for an established subsystem, such as a round of ammunition, propelling charge and in this case a 155mm artillery shell (See Figure 1). The writer will implement various system engineering techniques such as performing a functional analysis, establish the key areas of the subsystems and select one of these key areas to show the manufacturing process. This will enable a manufacturing process and means to be established with an additional schematic to provide the reader an understanding into systems engineering and how its implemented into the design through to the manufacturing stage of a products life, and the positive impact that the systems engineering approach has on the Concept, Assembly, Desing, Manufacturing, In- Service and Disposal (CADMID) cycle of a product. The writer will give an overall picture of the design and eventually break down one of the subsystems, in this case study it will be the casing used in the munition.

[image: Major order from a NATO customer: Rheinmetall wins framework contract for 155mm  artillery ammunition in the mid three-digit million euro range - EDR  Magazine]
(Figure 1- 155mm Artillery Shell) 

2.Background

Since this report focuses on the 155mm artillery shell as the designed subsystem, it's crucial to conduct background research, not only on the subsystem itself but also on the broader system. To fully understand the context and take a comprehensive approach to our analysis.
The 155mm artillery shell is operated and used within various guns, for example the Howitzer(Figure 2). A 155mm shell is loaded into the breech. This shell includes a projectile at the front and a casing with propellant at the back. Depending on the howitzer design, the propellant might be pre-loaded into the shell casing or come in separate charges that are added manually.

[image: M198 howitzer - Wikipedia]
(Figure 2- M198 Howitzer)
The breech is then securely closed, for pressure control and maximum propulsion to be obtained. The crew is then challenged with aiming the device occordonly based on the target location and a firing mechanism is then operated- wether that be electronically or remote. Additional recoil systems are in place to ensure that the shell is propulsioned as intented and no knockback effects cause any unmitigated consequences.
The 155mm shell is a common artillery ammunition type used by many military forces around the world. Its popularity stems from its balance of range, firepower, and versatility. This shell has been predominanly used since the early 19th Century via the French and World War 1. Its characteristics are widely recognised and the evidence to why they are still the prefered use to date.
 
3. Subsystem
As the report is being generated based on an established subsystem, the concept and initial design phases can already be pre-determined. From a basic schematic of the shell itself (See Figure 3). For the shell we can see its broken into 3 sub sections.

[image: 155mm M107 shell configuration | Download Scientific Diagram]
(Figure 3- 155mm Shell Drawing)

These sub sections Include,
· Detonating Fuze- the detonating fuse is known as the core of high explosives generally with pentaerythritol tetranitrate (PETN), plastic sheathing (polyethylene jacket), enclosed in PP yarn, and natural-synthetic fiber for waterproofing and resistance. The PETN is in the covering of plastic, textile, and waterproofing material. The amount of abrasion resistance, flexibility, and tensile strength of every covering varies. This becomes a means of quick, easy, and secured initiation of detonator-sensitive industrial explosives and offers a secured path for the initiation of all the non-electric detonators. The external finished diameter of the detonator fuse is usually around 0.2 in 5 mm [1].
· Casing- The casing is utilised to hold the propellant, these are usually high strength materials, with other factors such as durability, corrosion resistance, and ductility being considered.
· High Explosive- The High explosive explosive is designed to detonate, generating a powerful shockwave and high temperatures. This explosion produces significant energy, leading to the desired destructive effects upon impact or airbust.

This shell combines advanced technology with logistic simplicity, giving the user higher performance, in a cost effective manner. It comprises of a high tensile,  body and is fitted with a user-selected fuze, for greater operational flexibility. The shell body features a thin wall, which is optimised for high fragmentation and blast effect [2]. Howitzer fires can strike targets up to 15 to 20 miles away with the shell making them highly valued by ground forces to take out enemy targets from a protected distance. This is preffered shell choice for current conflict in Ukraine, who are using around 7,000 shells on average a day. 
For this case study the shell casing will be the key component analysed and designed through to its manufacturing stage. As highlighted as a metal case on the schematic,  further design choices and material properties will be assigned further in the report.  

4.. Key Customer Requirements

From the initial background research, it gives an insight into the applications a 155mm shell can provide, however it is key to determine what the customers needs are and how they can be provided. The 155mm shell can be used for smoke screening, guided projectiles, and illuminations. In this case study the customer requires a high explosive 155mm shell that can cause mass exports of blast and fragmentation. 
From a system engineering perspective this provides a high-level request from the customer and the product they desire however it does not highlight the underpinning requirements such as safety, compatibility, and user friendly. These are implicit requirements in which the features and characteristics of the product experience that customers will expect. For the 155mm shell we can say the implicit requirements are:

· Structural Integrity- The shell must be able to withstand the high pressures and stresses of firing without deforming, cracking, or failing. This ensures safety for the artillery crew and operational reliability.
· Safe Handling and Transportation- The shell should be designed and constructed to minimize the risk of accidental detonation during storage, handling, and transportation. This requires durable materials, secure fusing mechanisms, and stable explosives.
· Accuracy and Consistency- The shell must have predictable ballistic properties, ensuring consistent trajectories and targeting. This requires careful engineering of the shell's shape, weight distribution, and centre of gravity.
· Interoperability- The shell must be compatible with various artillery platforms, especially those used by NATO or other allied forces. This includes ensuring proper fit within different howitzers and compliance with standard ammunition specifications.
· Regulatory Compliance- The shell must meet international and national regulations regarding explosives, safety, and environmental impact. This includes compliance with military and civilian safety standards.
· Quality Control- The shell must be subject to rigorous quality control processes during manufacturing to ensure consistency and safety. This involves inspection, testing, and certification at various stages of production [3].
Above are some examples of the implicit requirements set out by the production team. They provide the customer the main key out ie generate a high blast and fragmentation 155mm shell. And still incorporate the areas in which the customer may not specify but would expect in the product itself. 

5. Critical System Functionality

For the critical system functionality it is any system function, the compromise of which would degrade the effectiveness of that system in achieving the core mission for which it was designed. See figure 4 for one of the matrices highlighting the functional importances for the shell.

[image: A graph with a bar chart
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(Figure 4- Functional Importances)
From this we can determine the motive force to be the key functional importance, this will be added into the design of the shell casing. To ensure the Propulsion, provides the motive force and power to propel the shell forward and hit its intended target. This can be generated by engines, motors, or other sources of mechanical energy. The table provides an overall view of the functional requirements, these all would need to encompass further requirements within themselves. Such as the motive force, would have to dissipate the necessary energy and provide the optimum density for the projectile to reach its destination. 

6. Design Choices
In determining the design choices, a Function Means Analysis was used as it’s a highly structured approach to generating, selecting and documenting system design concepts. The resulting table is used to show all potential design options simultaneously, making it easier to apply selection/de- selection criteria to help generate whole system concept solutions [4].

[image: A screenshot of a computer screen
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(Figure 5- Functional Means Analysis)
From the graph above it has highlighted each of the functions discussed within the left column and a list of all the means to achieve each section on the right. From this graph it is important to provide all the possible solutions and eliminate them down after as shown. The green highlighting the methods chosen for further analysis and the yellow for potential usage. It is important to generate all these methods and potential ideas, as systems engineers its important to introduce new ways of system operation as it’s the only way things will ever evolve. Such as texting over the phone was more commonly written letters, or horsedrawn vehicles are now automobiles. 

To break down the graph we can look at each of the functions and means of achieving them:
Deliver effect- A thermobaric weapon, also known as an aerosol bomb or fuel-air explosive, operates in two stages. The First Stage is the initial charge which disperses an aerosol cloud composed of fine material, which can include carbon-based fuel and tiny metal particles. The Second Stage, a cloud is then ignited, resulting in a fireball, a massive shock wave, and a vacuum effect. The vacuum rapidly sucks in all surrounding oxygen. The blast wave from a thermobaric explosion can last significantly longer than that of a conventional explosive therefore increasing capability and mission success [5].
Maintain Structural Integrity- Steel casing was the chosen option for maintaining integrity in the system. Steel is commonly used in industry as it’s a more cost-effective method when compared to brass. It operates at high pressures and sustain large influxes in stresses such as those in performance of the system. This will allow for a motive force to be put on the casing, achieving the functional importance, and meeting the customer requirements. As this refers to the shell, the steel casing manufacturing process will be developed within this case study as an example. 
Gun Barrell Alignment- Obturating band and fins were the appropriate mechanism for achieving the correct alignment through the firing process and stability in flight. Obturating bands are essential components in artillery and other ballistics applications. They serve to create a tight seal for the propellant gases within the shell casing. The casing of a shell, typically made of steel or cast iron, is often too rigid to deform adequately and create an effective seal within the barrel. To address this, a softer material, known as an obturating ring (or driving band), is used to ensure a proper seal [6]. The fins adopt flight control and offer control of the system and prevent side to side oscillations to ensure the target is met.
Hit Target Effectively- High speeds of velocity via gunpowder initiation and a base bleed system were the chosen solutions. Gun powder provides the necessary kinetic energy of the shell to achieve optimum range and engage with the target. Base bleed is technology most used in artillery shells to increase their range and produce drag reduction during flight. The concept involves a mechanism at the base of the shell that helps improve its aerodynamic efficiency [7].
Separate from Casing- Lubricant (Petroleum Jelly) and gunpowder propellant. These are critical components in barrel use, they increase safety, act as a cleanser for the barrel, promote the correct functionality and overall performance.
Resist Gravitational Force- Supersonic Velocity, Steel Casing and a steep nose cone are the methods used for preventing the gravitational force from effecting the performance of the kit. Supersonic velocity refers to speeds that exceed the speed of sound when a projectile travels at supersonic speeds, it can cover more distance in a shorter time, reducing the effect of gravity over that distance. 
Again, the casing is introduced, adding to the points on maintaining structural integrity, the steel casing provides the projectile with significant structural strength and durability. This robustness ensures that the projectile can withstand the high pressures and stresses of supersonic travel, allowing it to maintain its trajectory without deforming or breaking apart.
A steep nose cone, typically in a conical or ogive shape, is designed to reduce the amount of drag during operation by allowing the air to flow smoothly over the projectile. This streamlined shape minimizes air resistance, helping to maintain a stable and consistent trajectory.
Even Blast Distribution- Using multiple detonators or detonation points allows for a uniform detonation to occur and allow for the energy to dissipate over the system effectively and achieve heightened reliability and performance outcomes.
Distribute Weight Evenly- Resonant Acoustic Mixing (RAM) is a cutting-edge method designed to improve the characteristics of explosives, especially in munitions and warheads. This technique uses low-frequency, high-intensity vibrations to mix explosive components quickly and efficiently in one step. Unlike conventional mixing methods that use blades, RAM avoids the use of moving parts, reducing the risk of accidental ignition or explosion, Engineers at BAE Systems achieved a remarkable increase above 15% increase in munition explosive power by using RAM technology. [8] [9]. The key aim Is to pack the explosive as dense as possible to pack as much explosive quantity, while still maintaining safety as friction is reduced while still allowing the impurities in the explosive for high performance detonation to occur. 
Accommodate attachment of fin and shell- Threading was the chosen solution for both the fin and shell. Threading creates a strong and stable connection between the fin and the shell. This is crucial because these components experience significant forces during launch and flight, requiring a secure attachment to prevent detachment or loosening. Therefore, reducing the impact of vibration, Threading allows for precise positioning and alignment of fins on the shell. This is especially important when the fin's orientation affects the shell's aerodynamics and stability in flight. It can allow for standardized connections, enabling components to be interchanged across different systems or configurations. This promotes compatibility and interoperability in military and aerospace applications.
Prevent Premature Arming- An accelerometer and delay fuse was introduced to prevent premature arming. Accelerometers detect acceleration along one or more axes. They use various technologies, such as piezoelectric crystals, capacitive sensors, or microelectromechanical systems (MEMS), to measure changes in motion or orientation. If the system does not experience the atmospheres, it will not arm and fuse therefore eliminating the potential cause of detonating inadvertently and increasing the safety of the system. 
A delay fuse is another line of defence adopted, A time-delay fuse (also commonly known as a machine or slow blow fuse) is designed to allow a current which is above the rated value of the fuse to flow for a short period of time without the fuse blowing [10].

7. Failure Modes

As the system being analysed is already in service, the design choices have already been determined. The functions and how they will be met have been generated. It is critical to understand were these may go wrong so processes or changes in the system can be implemented before manufacturing has been introduced, to avoid a financial problem, timelines to be disrupted and ultimately not meeting the customer requirement. 
A P-Diagram was introduced to identify the noise factors (See Figure 6). A P-Diagram or Parameter Diagram is a pictorial tool to represent the design of a system, sub system and or a component. It highlights the inputs, intended and unintended outputs, noise factors and control factors and is used extensively in product design.
[image: A diagram of a company
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(Figure 6- P-Diagram)
From the P-Diagram it allows for easy interpretation of the noise factors effecting the performance of the casing. These cover all noises, whether that be external such as temperature changes or wind speed. Unit to unit such as dimensional variation and material property variation. Or deterioration which identifies barrel wear issues, and the effects aging equipment can have. Not only does this allow for a better understanding of the system it allows for each component to be broken down and determine the key noise factors of that system (See Figure 7). 


[image: A graph with blue and purple bars
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(Figure 7- Noise Factors)

From the graph developed, it paints a clear picture of the main noise factors that will impact the shell. Material property variation providing the greatest value and subsequently being the key issue in our system. From this we can begin to develop control factors and determine ways to overcome any noises our system faces before it goes through the manufacturing process. 

8. Critical Features

The length of a 155mm shell casing varies depending on the specific type of ammunition. For example, a typical M107 high-explosive (HE) artillery shell has a casing length of about 840 mm, but this can vary with different types of shells, such as those designed for longer ranges or specialized applications [11]. These dimensions are considered the key features on analysis, as they provide the optimum diameter for the suitable high explosive quantity, provides a tight breech, and ensures a safe, operating system. 


9. Manufacturing Process

Manufacturing the steel casing of a 155mm shell involves a complex process that requires precision engineering, advanced machinery, and quality control. The casing is an essential part of the artillery shell, providing the structural framework and housing the propellant and explosive. High Fragmentation Steel (HF-1) will be used in manufacturing, it is commonly used in various ammunition components including artillery and mortar munitions. MIL-S-70703 is the governing specification for this material, however chemistry requirements are in accordance with MIL-S-50783 [12].

The manufacturing process can be seen below (Figure 8):

[image: A diagram of a company
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Stage 1- Steel Selection
The first stage of the process is to obtain the steel from the manufacturer. This must be a sustainable model to provide the necessary produce the customer requires. As identified, 6-8 thousand a day worth of 155mm shells is being used in current military operations. 
The steel used in these operations is HF-1 as described above, it has the necessary properties to sustain high pressure environments and is widely used in industry from research. As we are generating this steel through the hot formation it is critical that the material is at a high standard and isn’t subject to any deviations and property damage.
Stage 2- Quality Control 
The raw steel is subject to rigorous quality checks to ensure it meets the necessary specifications for strength, hardness, and durability. The quality control process begins with inspecting the raw materials used in steel production. This includes checking the chemical composition, dimensions, and surface condition of the incoming steel [13].
From the use of systems engineering techniques, it was identified that material property variation would be the most performance limiting factor and had to be addressed. This allows the production of the steel to be of a high standard and worth the additional inspections to ensure no subpar materials are used in manufacturing. From the schematic above, the green circle shows successful materials that are ready for manufacturing, and the red circle suggesting quality control failure. Following the material being issued back to the manufacturer for further inspections. 
Stage 3- Hot Forging
Hot Forging, the billets are heated to high temperatures and then subjected to a forging process. This involves using heavy machinery to press or hammer the billets into the desired shape. The heat makes the steel malleable, allowing it to be shaped without cracking. Heating the metal increases its malleability, reducing brittleness and making it easier to deform without cracking. This allows for complex shapes and designs. The high temperatures involved in hot forging make it easier to shape the metal into desired forms with less resistance compared to cold forging or machining. Hot forging is ideal for creating complex geometries that would be challenging to achieve through other methods, allowing for intricate designs and precise tolerances [14].
Stage 4- Heat Treatment

The Steel is then heated to a temperature beyond its transformation point to create a solid solution of carbon and iron, then its rapidly chilled to transform it into interstitial solid solution of carbon in iron. This process boosts the hardness and strength of the steel without altering its shape, but it also makes the steel more brittle.
It must be noted that Inadequate quenching or tempering can cause issues like insufficient hardness, cracks, warping, and degradation of dies, tools, and jigs. In processed items like mechanical components, machining tools, and functional parts, these issues can lead to breakage or bending after assembly, resulting in customer complaints and potential claims for damages.

To meet quality requirements for specific applications, it is crucial to perform quenching and tempering under the correct heat treatment conditions tailored to the steel [15].

Stage 5- Machining and Finishing
Machining and finishing operations typically involve multiple processes like precision grinding, electroplating, bead blasting, polishing, anodizing, powder coating, sandblasting, painting, and more. All of these will be considered in manufacturing the product to ensure each specific finishing process, or a combination of operations based on the desired characteristics of the final part. These finishing techniques are used to enhance or add specific properties to the fabricated component.
Stage 6- Quality Control/ Testing
Processes such as metallography are implemented, the basic steps for correct metallographic specimen preparation include grinding and polishing and etching to reveal the structure of the specimen. Metallographic and material graphic specimen preparation seeks to find the true structure of the material. Metal testing plays a pivotal role in quality assurance, safety and reliability of metals used in various industries and applications. The process has the capability to extend the life of metals used in infrastructure or machinery by making sure materials have the right strength and corrosion resistance. It also provides the customer with additional protection as it ensures they are abiding by all the relevant legislation and regulation regarding the materials application. 
If the product fails quality control via failed testing or engineering judgment, the following process will be implemented. Similarly to the previous initial quality control check of the materials, the circle provides sufficient evidence that the equipment and materials are fit for purpose and will be issued for customer use. The red circle suggests that the system has failed and will be re-mapped back into the initial quality control section for further inspection. Furthermore, this will be down to a manufacturing error in which the material will be sent back to the initial manufacturer for further inspections.
Stage 7- Assembly and Packing
Assembly of the casing will be completed and ready to be transported for the additional components to be installed, such as the High explosives, detonator units etc. Once installed they will be safely packed in accordance with relevant legislation to ensure the safety and reliability of the equipment in align with the implicit requirements stated by the manufacture.

10. Conclusion

The writer used industry research, systems engineering tools to develop the 155mm shell case. The customer requirements provided, and additional Implicit requirements identified allows the group to determine the key areas of the shell, to determine the customers’ expectations and performance output of the shell. From the use of the functional analysis and background research it allows the reader to develop an understanding of the shells use and what its main applications are on operation. Understanding its key operational uses, we can determine the key functions and develop various ways to achieve this as provided in the functional means analysis. Further systems engineering tools were used to identify noise factors and ways to of controlling these in the manufacturing process to avoid any performance and safety related issues with the 155mm shell. 
The writer provided a manufacturing flow chart for the reader to follow and ways of achieving each stage. These can be manipulated depending on the key requirements for the shell. The hot forging for example is heavily used in the steel manufacturing industry and allows for ease of manufacturing without effecting the product performance. 
This process would be followed for each individual component and assessed at every level to ensure all components are compatible and ready for use in assembly. This case study just gives an insight into some of the many systems engineering tools that can be applied to ensure the munition being developed generates its optimum performance for the customer and following all the additional requirements described.
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