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[bookmark: _Toc137806434][bookmark: _Toc165898805]Abstract
This report has been completed as an investigation into the ways of designing and manufacturing a high explosive squash head anti-tank round for use in the challenger 2 main battle tank. This has been done as part of the Design and Manufacture case study for the Advanced Systems Engineering module. This report has aimed to research and apply solutions to effectively develop a suitable anti-tank round. During this process several systems engineering tools have been applied to improve upon the design and manufacture process. This has allowed for a concept to be developed that will meet the customer requirements and efficiently complete its purpose. The tools used in this process have been explained and the results shown in this report to demonstrate how they function.
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1 [bookmark: _Toc165898806]Introduction
1.1 [bookmark: _Toc165898807]Task Overview

[image: A military tank shooting a cannon

Description automatically generated]As part of the advanced systems engineering module a task has been set to perform a Design and Manufacture case study. The topic of this case study has been chosen as the design and manufacture of a high explosive shell fired from a Challenger 2 Main Battle Tank shown in Figure 1. This tank is currently in service with the British Army, Royal Army of Oman, and the Ukrainian Air Assault Forces [1]. The tank is equipped with an L30A1 120mm rifled gun and can carry up to 47 rounds [2]. To complete this task a system engineering approach will be applied to the design and manufacture of the round. This will be done by first analysing the requirements for the round and then moving through to the manufacturing process and how the process can be achieved efficiently. This will be done with the aid of several tools to rank importance of features and requirements to achieve the best result. Figure 1

1.2 [bookmark: _Toc165898808]Background Research 

As previously stated, this task will focus on the design and manufacture of a high explosive round for the Challenger 2 Main Battle Tank. This tank entered service in 1998 being developed and manufactured by Vickers Defence Systems before being acquired by BAE systems [2]. This tank replaced the previous main battle tank used by the British Army known as the Challenger 1. While these two tanks appear similar and share the same caliber of main gun the Challenger 2 is an extensive redesign of its predecessor. The Challenger 2 like all British tanks since the WW2 era Centurion tank do not carry High Explosive (HE) projectiles [3]. This is because traditional high explosive was deemed ineffective after WW2 and instead High Explosive Squash Head (HESH) rounds were adopted. This was because traditional high explosive rounds have very poor performance when penetrating armoured or reinforced targets such as other tanks or concrete bunkers. Because of this HESH rounds will be the focus of this report.
 


1.3 [bookmark: _Toc165898809]HESH Rounds

HESH rounds are a type of explosive projectile primarily used in tanks that utilise a plastic explosive to deliver an effect to a target. An example of a typical HESH round can be seen in figure 2. These rounds function by using a base detonating percussion fuse to initiate detonation of a plastic explosive after it contacts a target. These rounds typically fly slower than other commonly used tank round such as Armour Penetrating Fin Stabilised Discarding Sabots (APFSDS) as use chemical energy rather than kinetic to deliver damage [4]. These rounds once fired from a tank gun contact a target and begin to deform flattening against the target which is where the name squash head is derived from [4]. As the round deform a pressure wave will begin to travel backwards which once reaching the detonator will cause it to function detonating the high explosive fill [5]. 
Unlike other anti-tank and structure rounds a HESH round does not rely on penetrating the target to deliver effect but instead transmits a shock wave through the target. This shock wave travels through the target until it reaches a medium of a different density which is typically the metal-air interface in a tank. As the shock wave produced by the HESH round is a compressive one as it reaches a medium of a lower density energy is reflected as a tension wave [6]. This is known as impulsive loading and causes a high stress zone in the material leading to spalling and separation in the target material. This is the primary mechanism of damage for the round using the target rather than the shell to deliver the behind armour effect [5]. To prevent early detonation of the shell the front of the shell is filled with an inert material shown in figure 2, this is used to help form the shape of the squash head to to prevent premature detonation of the explosives.

[image: Tiger II vs 165 mm HESH Rounds -]
                                                                                                         Figure 2




2 [bookmark: _Toc165898810]Key Customer Requirements

[bookmark: _Toc165898811]2.2 Rationalised Requirements 
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Description automatically generated]Figure 3 shows the key customer requirements that have been assessed by using a pairwise diagram. This tool has allowed for the requirements to be ranked and the most important requirements shown. This comparison shows that the most important requirements are for consistency, accuracy, and deliver effect. This is because the main purpose of the product is to deliver an effect to the target, and this cannot be done without achieving the intended performance and being accurate. As without these requirements the munition would likely not hit the target and not deliver the required effect. The other key requirement highlighted by the tool is the need to function only when needed. This is both a performance and safety requirement as if the munition functioned prematurely, it would not have the same effect on the target and could potentially harm the user or an unintended target.Figure 3








Figure 4 shows the results from the pairwise comparison of the rationalised requirements. This displays the results in the form of a chart to allow for an easier to read representation of the results. From this chart it is clear to see which functions should be priorities during the design process and which ones have less of an impact on the system. As previously mentioned, this shows that accuracy, consistency and the performance of the effect are critical to the design process. Other important requirements that can be seen on this chart include a requirement for an effective firing range. This is because the challenger 2 that the round will be used with is accurate up to around 3km so the round needs to be able to match the performance of other rounds.  This chart also displays that a long service life and minimum development times are not priorities when compared to other requirements.
Figure 4


3 [bookmark: _Toc165898812]Critical System Functionality
3.1 [bookmark: _Toc165898813]QFD 1 Table

[image: A white and red grid with black text

Description automatically generated with medium confidence]To determine the critical system functionality a QFD (Quality Functional Development) 1 tool was used. QFD is a process that uses a set of tools to define and rank customer requirements [7]. This allows for measurable targets to be set for design so that focus can be directed at important issues within a system and sub assembly. This technique was first developed in Japan in the 1960s and has been adopted by many large engineering-based companies such as Toyota [7]. The benefit of using this technique is that it reduced time to develop a product. This is because it allows for a system to be designed and implemented correctly the first time reducing the need to go back and fix mistakes. By implementing this method, it also ensures that a not only is the product designed correctly the first time but that the correct product is developed to meet the customer requirements. A QFD 1 table can be seen below in figure 5 that was used to relate the system requirements of the HESH shell being developed to the functionality.Figure 5

This QFD 1 process was completed by listing the rationalised requirements for the user on the left and side and the functions that of the system and then ranking the importance 1, 3, and 9 as shown in figure 5. The functions that were selected to be used in this tool were Detonate explosive, Arm Munition, Load Munition, Arm Weapon, Stabilise Projectile, Provide Motive Force, and Identify Munition. These functions were selected as they are the most important when it comes to the use of the HESH round when used in a tank. The most important of these functions were rated as 9 while the less were rated 3 and the lowest rated 1. From looking at the different rankings from the table it shows clearly that some functions such as stabilise projectile, Provide Motive Force, and Detonate Explosives have been ranked higher than others. This is because they are critical in the munition performing its function and reaching the target. 


3.2 [bookmark: _Toc165898814]QFD 1 Functional Importance Chart.
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Description automatically generated with medium confidence]As with the Pairwise comparison the QFD 1 table can be displayed in a chart format and is automatically generated by the tool this can be seen in figure 6. This allows for the ranking of the functions against the requirements to be easily seen. From this table it is very clear that there is a distinct difference between some of the functions with four of the being ranked relatively similarly as of high importance. The other three functions displayed on this chart can be seen as being ranked similarly low. Figure 6



The reason why there is a two district groups shown in figure 6 is likely due to the functions directly relating the operation of the munition being of more importance to the design. The less Highley rated features all relate to the operation of the tank and the weapon system itself which while should be considered in the design is to the most important aspect. This is because if the importance was focused on identifying the munition, loading it into the gun, and then firing the gun if the munition does not function correctly, it is a complete failure. Similarly, this chart shows that the flight of the munition to the target has been rated higher than that of the actual detonation of the explosive. This is because for a HESH round to be effective it needs to accurately hit the target as the amount of explosives is not significant enough to damage the target from a distance. This is why the motive force propelling the projectile to the target providing the range, and the stabilising of the projectile providing the accuracy are the most critical functions of the munition.

4 [bookmark: _Toc165898815]Concept Derivation and Design Choices

4.1 [bookmark: _Toc165898816]Function Means Analysis

Now that the functions of the munition have been explored and the critical functions found the next stage is to look at methods of delivering these functions. This is done via a tool called a Function Means Analysis (FMA). FMA is a structured approach to generating, documenting, and selecting system design concepts [8]. This is done by listing the required functions of a system and then listing solutions to each of the functions. During this process it is encouraged to have a range of solutions ranging from what is commonly used, developing methods, and even methods that have never been used before but could be implemented in the system. To complete this process for the design of the HESH round the following functions were selected. Detonate Explosive, Arm Fuze, Stabilise Projectile, Deliver Effect, Squash On target, Provide Motive Force, Initiate Booster, Identify Round, Support Explosive, Load Munition, Aim Weapon, Support Fuze, and Fire Weapon. This includes the critical functions that were discovered in the QFD 1 process. 
To complete this process research was done into how HESH rounds have been designed in the past and the composition of current rounds. Due to classification issues, it is difficult to find much information regarding HESH rounds currently in service especially regarding the L31A7 round currently used by the Challenger 2 tank [5]. Because of this for some of the means of achieving the function generic solutions have been used. The completed FMA for the design of the HESH round can be seen below in figure 7. This lists the functions along the left-hand side of the table and then the potential means of achieving these functions to the right. After completing this table, it is then reviewed to determine the most credible options which are then highlighted in yellow. 
[bookmark: _Toc165898817][image: A screenshot of a chart
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From this FMA the chosen means of completing the function are shown highlighted in yellow in figure 7. From this the chosen means of completing the function can be seen this also includes the the methods for achieving the critical functions. These have been decided as a propellent to provide motive force, Spin to stabilise the projectile, A percussion fuze to activate the detonator, plastic explosive to produce effect, percussion to fire the weapon, and paint to identify the round. These means of producing the function can then be taken from the design of the munition and analysed further for the manufacturing process.








5 [bookmark: _Toc165898818]Potential Failure of Critical Failure

5.1 [bookmark: _Toc165898819]Failure modes

To analyse the failure modes of the critical functions a tool known as Failure Mode and Effects Analysis (FMEA) can be used. This method was developed in the 1940s by the U.S Military to develop an approach for identifying all possible failures in a design, Assembly or Manufacturing Process [9]. Failure Modes refers to the means in which something might fail especially when it may affect the user. The effects analysis refers to then studying the consequences of these failures. Figure 8 shows a typical approach to FMEA, this starts with a system analysis focusing on the structure and function analysis. Once his has been completed the failure and risks can then be analysed, this then allows for optimisation to be done and any solutions to failures to be implemented. Once this process has been completed any failures that cannot be mitigated are then communicated so that the user is aware of them.
[image: How to do Failure Mode and Effect Analysis (FMEA)]In a FMEA view of failure there are five methods of failure. These are no function, over function, under function, intermittent function, or unintended function [10]. To take an example of and FMEA approach to the HESH munition the plastic explosive can be analysed. For the first failure mode no function is the explosive not detonating and no effect being produced. For the second over function would be the explosive detonating with too much force causing damage to unintended targets. Under function would be the explosive not all detonating or not detonating at the correct time. For intermittent function would be the explosive only detonating sometimes when the munition was fired. The last mode of failure would be the most dangerous for a HESH round as unintended function would mean the round detonating when it shouldn’t such as when in storage or when handled by the tank crew. This failure mode would then have the most risk mitigation done with safety features implemented such as arming mechanisms, insensitive munitions, storage and handling conditions, and finial risk communication would be done with warning signs.Figure 8

6 [bookmark: _Toc165898820]Manufacturing process
6.1 [bookmark: _Toc165898821]Manufacturing QFD 1

For the manufacturing process the same tool was used as the design process by using Quality Functional development 1. The completed QFD 1 table can be seen below in figure 9. This shows the manufacturing functionality importance ranked against the manufacturing requirements. This is done by using a relationship matrix to capture the data in one place [7]. As with the design process by using a QFD approach time and cost can be saved by decreasing the chance of a late design change. QFD also allows for an accurate record of decisions to be made that can be demonstrated if the customer ever asks to for a design choice to be justified.
[image: A chart with red and yellow squares

Description automatically generated]This table in figure 9 shows the completed importance ranking for the manufacturing requirements and functions associated with the HESH round. This table shows the tanking with the most important features shown in red, the less shown in orange and the least shown in yellow. This table also shows the total value of each of the columns at the bottom and from this the importance of each function is shown from this the manufacturing of the Explosive Fill and the Detonator have been given a high importance.Figure 9


As with the design QFD process the tool then automatically generates a chart to display the results of the table in an easier to read visual format shown in figure 10. This allows the most important features to stand out even further which are the Manufacture of Explosive, Manufacture of Detonator, and Manufacture of Propellent. The chart also highlights the least important features which can be seen as the manufacturing of the casing and the fitting of the fuze. In practice this means when the HESH round is manufacturing money can be directed to the most important features and better machinery is used. This also has a relation with safety as the processes linked with explosives have been given a higher importance as more care will need to be given when dealing with them due to the higher risk. This is reflected in the process that don’t involve explosives or are non-intrusive such as manufacturing the casing, fitting the fuze and filling the shell being of less importance. 

[image: A graph with a bar chart
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7 [bookmark: _Toc165898822]Critical Process steps

7.1 [bookmark: _Toc165898823]QFD 2 

To further develop the manufacturing process a QFD 2 was also completed. This allows for a more in-depth analysis to be done using a level 2 matrix [7]. This looks specifically at assemblies and systems that have the most impact on a product when it is being manufactured. This process also gives specific process which will be used in the manufacturing stage. The completed QFD 2 table can be seen below in figure 11. This table as with the others used in this process lists the manufacturing features against the functionality with the relationship being ranked. This allows for the most important process to be highlighted and the relationship between them shown. This will allow for common processes to also be highlighted so that these can have particular attention paid to them during the manufacturing process.
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Figure 12 shows the chart generated by the manufacturing QFD 2 process. This char clearly shows the critical processes in the manufacturing of the HESH round. From this the most important feature can be seen as the procurement of raw materials. This is because this stage of manufacturing will affect the entire product, as if inferior quality raw materials such as metals or explosive precursors are procured the system will not function as intended. Another key function shown in this table is the mixing of the explosive compositions. This is because if the explosives are not properly mixed failure of the system could occur.  This could be via no function if the correct formulation is not produced, intermittent function if the explosive mixture is inconsistent or unintended function if the mixture as large impurities causing friction in the explosive and potentially unintended detonation. 
The less important functions discovered rom this process can be seen as being the forging and cast melting process. This is because the forging process only relates to the casing of the explosive and while it is important to meet the design criteria errors can be corrected in the CNC marching process when they are discovered by quality control. Similarly, the cast melting process has been given a lower importance as any mistakes in this process can be corrected by the pressing of the explosive into the required shape.
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8 [bookmark: _Toc165898824]Process control Measures

8.1 [bookmark: _Toc165898825]Controls

[image: Process of Controlling - GeeksforGeeks]Process controls are methods of ensuring that a process has been carried out to set standard to achieve the desired output [11]. The steps involved in a process control system can be seen below in figure 13. This process is done by first setting standards for performance, in a manufacturing context this will come in the form of quality control steps such as meeting tolerance. This is done via the use of feedback loops by measuring the performance of a machine or the properties of a product and then comparing them with the standards. This is done to increase the quality of products, increase safety, lower costs, and to save time [insert reference]. When a process control system has been implemented records can be kept of the results of the testing to analyse trends in the process. This can help identify where defects are coming from and allows for effective corrective action to be taken.Figure 13

For the context of manufacturing the HESH round process controls can be put into place surrounding things such as the manufacturing of the shell casing. For this to work a tolerance must be set for the diameter and weight of the product. This then allows for all produced casings to be checked against this standard and any that do not meet it rejected. If theses casings are also stamped with the date, time, and machine they were manufactured at then this allows for analysis of trends over time. This will allow for patters to be recognised such as a particular machine having more failures or a time of day being more prone to out of tolerance products. This will then allow for corrective action such as maintenance or environmental controls to be implemented increasing quality and safety. This will also have the added benefit of saving money and preventing reputation damage from having to recall products. 

9 [bookmark: _Toc165898826]Conclusion 
[bookmark: _Toc165898827]9.1 Discussion

This report has explored the design and manufacturing stages associated with the lifecycle of a HESH round used by the challenger 2 tank. This has been achieved via the use of a systems engineering approach employing several tools to ensure that the requirements of the product are met, and quality is improved. Research has also been conducted into the existing products used currently on the challenger 2 platform and other tanks. Efficient methods of development have also been researched and applied to this process. This process has discovered the advantages of forward planning when it comes to designing a system with a focusing being place on developing the correct product and doing it correctly the first time. When applied this approach allows for time, money, safety and reputation of a manufacture and designer to be improved. A solution has also been found for the need to develop an IM compliant HESH round for use in the Challenger 2 tank. This report has found that particular attention needs to be given to the design stage for a product as it is the easiest and least disruptive way to correct an error at the start of a process.
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