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Abstract
This report documents the system engineering toolkit which can be utilised when designing a product or process. For the example in this report the author, which will be known as the systems engineer, chose a 155mm high explosive artillery shell to document the process. This report will take the process from a subsystem level QFD 2 and discover its most important component. The component will then be used in the remaining tools to discover its most important feature and propose potential manufacturing processes with control measure to ensure good quality product would be produced.
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Introduction
Systems engineering is a methodology used throughout a design process of a product or process. It can be used to take a product from the very initial stages all the way to an end solution. The reason why a lot of industries in the modern world are adapting a system method of thinking is the fact that using the tools can ‘left shift’ the design process. Left shifting is implementing more development practises earlier on in the design process in order to bring forward potential problems and issues that may not be visible until the latter stages when using standard design techniques. Identifying potential issues early on in the design process may be more difficult to see but are much easier and cheaper to fix than in the latter stages of the process. The natural and traditional approach when given a problem is to immediately try and propose a solution which is more often than not based on assumptions and previous experiences. [1] [2] The vital skills that make a good systems engineer are the ability to understand the different levels of a project, analyse and compare solutions, being creative and logical in their methods. The most important attribute however is the ability to work well within a team. Working in a team is crucial when completing a design process with the system tools as they work much better with multiple people’s opinions and ideas from different aspects of the product. [3] 
This report will document the system engineering tools which can be used when developing a product using a 155mm High Explosive (HE) shell as an example. The design process in this report will begin with a Functional Means Analysis (FMA) at a subsystem level which will lead into a QFD 2 to analyse the most important feature. The design will then be broken down into a component level which a second FMA will be completed to understand the components specific functions and features. The process will then proceed at that component level to design a manufacturing method for the component ensuring that all necessary controls are in place identified by completing a P diagram and What Why table. Finally QFD 3 and 4 will be completed to document the most important process techniques and control methods.
As mentioned above, the product being used in this report to showcase the systems way of thinking is a 155mm HE artillery shell. Below is a diagram of the shell which shows the different components that make up the munition. The munition gets fired from a howitzer using a separately loaded bag charge filled with propellant to generate the force behind the shell to fire it out the barrel. When the shell reaches the target the fuze will detonate which will provide sufficient energy to detonate the booster assembly. The purpose of the booster assembly is to amplify the detonation energy in order to detonate the HE fill. Artillery shell provide its lethal effect using fragments of the case and blast from the high explosive. 

[image: gun - ammo - 155mm How HE L15 copy]
[bookmark: _Toc165892325]Figure 1 - Image of 155mm artillery shell [4]




Functional Means Analysis (Shell)
The first step completed by the systems engineer was a functional means analysis on the shell at the level shown in figure 1. On the left hand side of the FMA are the functions of the system which are usually generated from a requirement set, either from a customer or created by the design team. For the purpose of this report the systems engineer generated the functions using previous knowledge of artillery munitions. An FMA is a structured approach of generating design concepts. Each function is considered separately and multiple means of completing that functions is put against it. The engineer can then select a mean or means for each function to create a design concept. In projects where the engineers are not confident what the ideal concept would be, a Pugh matrix can be completed which compares each concept against all of the requirements in the requirement set. [5]
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[bookmark: _Toc165892326]Figure 2 - FMA (Shell)
The above FMA was completed for the artillery shell and the selected means highlighted in yellow. 













QFD 2 (Shell)
Following on from the FMA, the means chosen can then be analysed in QFD 2 against all of the functions to gain and understanding of the most important sub-system or component of the whole system. [6] The QFD 2 for the 155mm artillery shell can be seen in figure 3. As shown the engineer analysed the relationships between each mean and function using 1, 3 or 9 depending on the relationship strength, 1 being weak and 9 strong. The importance figures are usually taken from a completed QFD 1 from which the most important function is found. As a QFD 1 was not completed for this report, a nominal figure of 5 was given for each function. 
[image: ]
[bookmark: _Toc165892327]Figure 3 - QFD 2 (Shell)
The results of the QFD 2 matrix can be used to create a chart which can be seen below. As shown the most important feature was the shell body. The system tools can be utilised at any system level which is important when completing a design so the engineer can breakdown each component individually. This report documents this by using the shell body as an example for the remaining steps. 

[bookmark: _Toc165892328]Figure 4 - QFD 2 Chart (Shell)


Functional Means Analysis (Shell Body)
As mentioned above, the system tools can be used at a system, sub-system and component level. This report will convey the remaining steps at a component level specifically on the shell body which was found to be the most important feature. To complete the remaining steps however, a further FMA and QFD 2 must be completed for the component.
To complete the FMA for the shell body, specific functions had to be discovered which was completed by analysing a current 155mm artillery shells and listing functions of each part. Shown below, exactly the same as previous FMA, the functions are listed on the left with potential means given on the right, highlighted in yellow if chosen. 
[image: ]
[bookmark: _Toc165892329]Figure 5 - FMA (Shell Body)

















QFD 2 (Shell Body)
Just like the munition, the functions of the shell body were put against the means in a QFD 2 to understand the most important mean. This allows the engineer to understand which feature of the component to focus on when designing the part and implementing the manufacturing process. This QFD 2 shows what aspect of the shell body would affect its performance and usefulness if designed incorrectly as it hits the most functions and scores the highest.
[image: ]
[bookmark: _Toc165892330]Figure 6 - QFD 2 (Shell Body)
The results of the above QFD 2 can be seen below where the internal HE cavity was found to be the most important feature of the shell body followed by the driving band and external paint. 
[image: ]
[bookmark: _Toc165892331]Figure 7 - QFD 2 Results (Shell Body)





P Diagram 1
A P diagram is a system tool which identifies the inputs of a system and relates them to the system output while taking into consideration the noise and control factors. [7] Control factors are things in the design that the engineers and designers can control throughout the process where noise factors are external aspects out of the control. There are three types of noise factors with the first being external. External noise factors are things completely out of the designers control such as the environment which can change whenever. The second type of noise factors is unit to unit. Simply these are things that can change from one item to another such as dimensions. It is important to put control measures in manufacturing processes to try and decrease unit to unit variation and set tolerances to meet customer requirements. The third and final noise factor is deterioration which is things such as ageing of material and wear on tooling. Again, it is important in the manufacturing process to implement steps to ensure the deterioration does not affect the performance of the final product. To work out these tolerances and other aspects for the design process a Taguchi experiment could be completed. A Taguchi experiment is a series of experiments in which the different parameters can be tested to analyse how they affect the performance. These experiments can then be plotted to compare which variance cause they greatest change. Those aspects which cause the biggest change are the ones which require a tighter tolerance. 
Below is the P-diagram that the systems engineer completed for the 155mm artillery shell design with all of the potential noises that could affect the outcome. Also shown are the control factors in which the engineer would need to have to decrease the noises as much as possible.
[image: ]
[bookmark: _Toc165892332]Figure 8 - P-Diagram 1





What Why Table 1
The noises and control factors discovered by completing the P diagram can then be put into a What Why table. As shown in figure 9, the control factors are listed on the right with the noises across the top, split into their three categories. Similar to the previously completed QFD’s, the relationships are scored 1, 3 or 9 along with the importance figures. Differently to QFD’s, the importance figures aren’t taken form another tool. These figures are completed by the engineering team using their knowledge to choose the more important controls. This What Why table indicated where the noises affect the controls. Therefore the high scoring controls need careful consideration further on in the process and the high scoring noises need reducing as much as possible. 
[image: ]
[bookmark: _Toc165892333]Figure 9 - What Why Table
The results of the What Why table can be seen in figure 10 and 11 below. Figure 10 shows which control factor is the highest scoring which turned out to be the body thickness. Completing this analysis gave the systems engineer a better understanding of the control factors and which one needs more time and care when manufacturing the product. Figure 11 shows that there are two noises which need controlling when designing the manufacturing process, Body thickness and body diameter. The top two noises corresponded to the top two control factors which means the engineer must take extra care when working with those tolerances. 


[bookmark: _Toc165892334]Figure 10 - Control Factor Importance


[bookmark: _Toc165892335]Figure 11 - Noise Factors Importance




Manufacturing Requirements
System engineering tools are not only useful when designing products, it can also be utilised when implementing manufacturing processes. They work hand in hand together as a separate QFD 1 and 2 can be done for the manufacturing to then feed in to a general QFD 3 and 4 with both manufacturing and system information. Below in figure 12 is a generic manufacturing requirements tree which remains unchanged for most processes. To implement a successful process, each of these requirements should be met. If some are not met then the process will either cost more than necessary or produce poor quality product. Each outcome costing the manufacturer a substantial avoidable cost.
[image: ]
[bookmark: _Toc165892336]Figure 12 - Manufacturing Requirements
Proceeding the gathering of manufacturing requirements, a general manufacturing flow must be created. It is important that the steps within the manufacturing flow follow a ‘verb noun’ relationship without suggesting any solutions. Below is the manufacturing flow for the shell body created by the engineer. These steps take the shell from the very initial step of a billet to a manufactured shell ready for high explosive filling. 



[bookmark: _Toc165892337]Figure 13 - Manufacturing Flow
Artillery shells all have one thing in common across all natures. Each munition is fired out of the same barrel which is a 155mm howitzer. As shown in figure 14, the Howitzer barrel is rifled. To engage with the rifling in the barrel, each shell has a driving band. This causes the shell to spin when it is fired which significantly improves the stability of the munition while it is in the air. This extra stability improves the range and accuracy of the shell therefore aiding the user in battle. As the driving band is a standard item on all artillery shells and made for the barrel, this report will include it with the shell as a single component of the end product. 

[image: Watervliet Arsenal adds luster, durability to today's howitzers]
[bookmark: _Toc165892338]Figure 14 - 155mm Howitzer Barrel [8]


















QFD 1 (Manufacturing)
Manufacturing QFD 1 lists the requirements down then left hand side and has the manufacturing process steps, from the flow above, along the top. Again, each relationship is scored 1, 3 or 9 and the importance has been set at 5 due to having no previous data to input. From this QFD, the engineer gains an understanding of the importance of each step in the manufacturing flow. 
[image: ]
[bookmark: _Toc165892339]Figure 15 - Manufacturing QFD 1
Figure 16 is the results from the above QFD which shows that ‘Shape Case Internal’ and ‘Shape case External’ are the most important steps by a substantial margin. This is understandable as they are the main manufacturing steps that form the shell body. This ensures that the engineer gives considerable care when choosing the manufacturing process in the next system engineering tool.

[bookmark: _Toc165892340]Figure 16 - Process Importance Chart





















Functional Means Analysis (Manufacturing)
The same process that was followed for the filled shell is now carried out for the shell body. Again, each function is listed on the left with multiple means suitable to carry out the function. At this stage the engineer can utilise the knowledge gained from the other tools to ensure the manufacturing methods chosen are not only suitable but aids control of the noises from the previously completed P diagram. The highest scoring noise from the P diagram was variation in body thickness. The engineer knew this so when deciding the manufacturing means, flow forming was chosen. Flow forming is an incremental metal forming process which uses forming rollers to push against the material in an axial direction. The mandrel, which has the internal shape of the shell, spins at a high speed as the rollers push the material into the external shape. This manufacturing process has the ability to manufacture items to a very tight tolerance to ensure consistency when manufacturing each shell meaning the variation of thickness is minimal. [9] Another noise from the P diagram is the definition of the fuze thread. Due to this a lathe was chosen to complete this task which, like flow forming, manufactures at a very tight tolerance.
[image: ]
[bookmark: _Toc165892341]Figure 17 - Functional Means Analysis (Shell Body)













QFD 2 (Manufacturing)
A third QFD 2 is the next step of the tool kit specifically for the manufacturing. This time the manufacturing process steps are listed down the left with the means along the top. In this QFD however, there are importance figures taken from the manufacturing QFD 1. This tool set does work better with actual importance figures as it gives a more accurate representation of which means is more important. The QFD matrix takes into account the performance figures in way which if a means has a relationship with a high importance function, it will score more than the same relationship with a lower importance function. This can be seen in the QFD below where both flow forming and lathe has two 9s but flow forming’s importance ends much higher due to the importance of functions it has a relationship with. As expected, following the trend of the previous tools, flow forming the body shape came out as the most important manufacturing process. 
[image: ]
[bookmark: _Toc165892342]Figure 18 - Manufacturing QFD 2

[bookmark: _Toc165892343]Figure 19 - Manufacturing QFD 2 results

QFD 3
QFD 3 is used to gain a further understand of which of the manufacturing process has a larger overall importance against the design features, control factors and noises. To complete this the engineer chose the top two scoring from all of the mentioned charts. These being ‘Shell HE cavity’, ‘Driving Band’, ‘Body Thickness’, ‘Body Diameter’, ‘Variation in Body Thickness’ and ‘ Variation in Body Diameter’. The reason for doing this QFD is that once the most important process technique is discovered, a second P diagram can be done on that process in particular to ensure the appropriate control measures are in place. Lower scoring processes from this QFD can have separate P diagrams also to ensure control measures are in place across the whole manufacturing facility but in an urgent response situation, this gives reason and understanding of where the engineer’s focus should lie. For the purpose of this report, only the highest scoring process technique will have a P diagram which will further lead into its own QFD 4. 
[image: ]
[bookmark: _Toc165892344]Figure 20 - QFD 3 matrix
As shown in the results below, flow forming scored the highest by a substantial margin. In QFD 3, ‘Oven’ and ‘Ultrasonic’ had no relationship with any of the design features, control factors or noises. This is not a cause for concern, it simply means that those manufacturing means have little involvement with the vital parts of the component. For Example, the oven in this scenario is used to dry the external paint on the shell. If this step is not complete then the shell will still produce its overall function as intended, it would just be harder to identify the munition and stop corrosion. Two important aspects of a munition but nothing that would stop the shell from detonating and creating fragments as intended. 

[bookmark: _Toc165892345]Figure 21 - QFD 3 Results





















P Diagram 2
Following the same method as earlier on in the design process, now a manufacturing means has been chosen for the most important component, a second P diagram can be completed for flow forming. As shown in figure 22, the P diagram uses the same three noise factors as previous which are external, unit to unit and deterioration. Looking at the information inputted by the systems engineer, the noises and controls are specific to the process of flow forming. By completing research about flow forming the engineer was able to identify noises which would cause issues with the end result. Using this P diagram and the subsequent What Why table, which is the next step, the engineer can look at this specific stage in the manufacturing process and suggest means to decrease the noise as much as possible.  As mentioned previously in this report, at this stage multiple P diagrams could be completed for each individual step in the manufacturing process. Shown in figure 22, the input of the P diagram is a ‘Metal Piece’ which is the blank placed on the mandrel which becomes the end work piece once the process has run. The output of this stage of the manufacturing process is an item which has the final internal and external shape of the munition but without any paint or means of attachment for the fuze. The next stage of the process is for the body to be cleaned using an ultrasonic cleaner. Another P diagram can be completed for the cleaning stage of the process with its own noises and controls that follows on from the one shown below.
[image: ]
[bookmark: _Toc165892346]Figure 22 - P Diagram (Flow Forming)






What Why Table 2
Following on from the P diagram it is important to gain an understanding of the control and noise factors found while completing the P diagram. As mentioned previously, the high scoring noises in this table should be controlled as much as possible and the high scoring controls need considerable consideration when implementing. 
[image: ]
[bookmark: _Toc165892347]Figure 23 - What Why Table (Flow Forming)
The key control from this what why was ‘Dimensions of Case’. This is understandable as the external shape of the shell is what allows the munition to perform in the manner it is intended. An artillery shell is shaped as it is to aid the aerodynamics and provide stability in the air. The Key noise factor learnt from completing this was ‘Position of Work’ and ‘Concentricity of Work’. These two noises would affect all dimensions of the item but specifically it would manufacture the shell with uneven wall thicknesses. One side of the shell would be thinner than the opposite due to the concentricity not being central. This would not only cause issues for the shell while in its flight but it would also severely decrease the effectiveness if it reaches the desired target. Due to the wall thickness difference some parts of the shell would create much bigger slow moving fragments which would still provide some effect but far from optimal. The result charts from the What Why table can be seen below.

[bookmark: _Toc165892348]Figure 24 - Key Controls (Flow Forming)

[bookmark: _Toc165892349]Figure 25 - Key Noises (Flow Forming)






QFD 4
From the P diagram and What Why table completed for the flow forming process, a QFD 4 can be completed for the engineer to generate specific control measures for each control factor found in the previous tools. Figure 26 is the QFD 4 matrix in which the control factors are listed down the left with process controls along the top. An addition to QFD 4 which is not present in any previous QFD is the operational assessment. Again, the assessment is scored using 1, 3 or 9 depending on the difficulty to control, frequency it could happen, severity if it was to happen and how hard it would be to detect. These four figures are them multiplied together to give an RPN score. This RPN score then works in the matrix the same as the importance figures used in QFD 1, 2 and 3. At this stage the engineer must analyse each process parameter that requires controlling and come up with means to do so. For this process the engineer chose to implement work instruction and operator training to ensure that the work piece is attached correctly every time, Tooling checks and machine programming to make sure that the mandrel and roller are spinning at the correct speed and purchasing specifications and supplier audits to guarantee the material used in the process is to the correct standard. 
[image: ]
[bookmark: _Toc165892350]Figure 26 - QFD 4
The most important control measure identified was the machine programming which sets the process’ speeds and movement. When implementing the process these control measures should ensure that good quality product to the design specification is produced almost every time. 

[bookmark: _Toc165892351]Figure 27 - QFD 4 Results




















Conclusion
As documented in this report, there are a huge variety of system engineering tools that can be used when designing a product or process to aid the engineer’s thinking. These tools all have slightly different uses but if used correctly and together the full design process can be documented in an organised and understandable manner. Systems engineering is proven to reduce project costs by analysing stages part by part discovering issues that could have led to massive problems and substantial costs later down the line. This report has conveyed a detailed step by step method of developing a real life product using system engineering tools which can be interpreted for any product in any industry.
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Feature Importances
Auto Loader	Bag Charges	Spin	Multi-use Fuze	RX3601 Booster	RDX/TNT	Blast	Frag	Shell Body	45	55	55	55	50	60	50	50	80	


Control Factors
Body thickness	Thread size	Driving Band thickness	case Length	HE Cavity size	Case Diameter	Fuze hole Diameter	Paint thickness	198	30	45	117	45	144	42	25	#REF!	


Noise Factors
Variation in Body Thickness	variation in Thread Definition	Variation  in Driving band thickness	Variation in Length	Variaition in HE cavity size	Variation in Body diameter	variaition in Fuze hole diameter	Variation in Paint thickness	Ageing of Copper	Ageing of Steel	Ageing of Paint	Temperature	Humidity	Material Supply	117	36	27	81	54	111	27	27	9	54	9	36	3	55	#REF!	


Process Importance Chart

Shape case External	Shape case Interal	Clean Body	Apply Internal Coating	Apply External Paint	Cure Paint	Manufacture Driving Band	Attach Driving Band	Create Fuze Thread	405	405	45	160	100	85	290	115	90	


Manufacturing Means Importance

Flow Form	Ultrasonic	Spray	Electrostatic paint stray	Oven	Swage	Lathe	729	40.5	265.5	130.5	147	231	342	


Process Techniques

Flow Form	Ultrasonic	Spray	Electrostatic paint stray	Oven	Swage	Lathe	230	0	45	5	0	55	55	


Key Controls


Position of work	Concentricity of work	Dimensions of Case	Dimensions of top face	Dimensions of internal	Mandrel Spin Speed	Tooling approach speed	261	252	288	252	180	135	189	#REF!	


Key Noise Factors


Position of work	Concentricity of work	Dimensions of case	Dimensions of Top Face	Dimensions of internal	Mandrel Spin speed	Tooling approach speed	Wear on tool	Storage of Material	Reuse of components	Operator competence	Tempreature	Humidity	243	243	108	108	117	135	135	99	27	108	216	9	9	#REF!	


Control Measure Importance

Work instruction	Training	Tooling Checks	Machine Programming	Purchasing specification	Supplier Audit	3645	3645	2241	5265	486	486	
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