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Abstract
A 4.5” naval projectile has been used as a worked example to demonstrate the usefulness of systems engineering toolsets in ensuring a robust design including functional decomposition, design Quality Functional Deployment (QFD) 2, P-diagram and What/Why table. The systems engineering ethos was used to transform the design into the manufacturing stage, using the critical component identified from the design QFD2 process as an example. The manufacturing tools used included: QFD1, QFD2, Functional Means Analysis (FMA), QFD3, P-diagram, What/Why table and QFD4. This report demonstrates the usefulness of these tools in creating a robust design and manufacturing process, by analysing and understanding the challenges prior to spending time and resource on creating expensive prototypes.
Introduction
Systems engineering is a fundamentally different approach to traditional design and manufacture. Traditional design involves a design team gathering requirements, designing, and manufacturing prototypes, followed by subsequent testing of this prototype. One major flaw with this method is that it is a costly and time-consuming process as emergent functionality, and characteristics present themselves after significant financial and resource investment. This then requires re-design and testing to rectify.
Systems engineering on the other hand is a more methodical approach whereby the gathered requirements are first analysed to ensure that the design proposal is actually fit for the intended purpose, and only once this is confirmed significant resource is spent on designing the system correctly. Essentially, systems engineering is all about designing the right system, subsystem, or component, then designing the system, subsystem, or component right. This ‘left shifting’ ethos allows emergent behaviour to be identified and dealt with earlier in the design stage, prior to financial investment into non-functioning prototypes.  Whilst the initial analysis phase in the systems engineering approach might seem more labour-intensive and lengthier, the ability to identify and remove emergent characteristics early, means that the systems approach is often quicker when compared to the traditional approach. Figure 1 summarises the two approaches.
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[bookmark: _Toc165814010]Figure 1 – Comparison of the systems and traditional approach to design [10].
This report will demonstrate the use of tools fundamental to the system engineering approach using a 4.5” projectile as a case study.

Systems Engineering Toolset
Functional Decomposition
Functional decomposition is a useful tool in eliciting functionality at a subsystem level, in which the functional requirements can be derived from. It is a simple process in which each component of the subsystem under analysis is labelled describing its function and written in the required verb-noun relationship as expected of Functional requirements. Figure 2 demonstrates the functional decomposition carried out on a 4.5-inch naval round. For the purposes of this task, only the projectile subsystem was under investigation, therefore the propelling charge case, fuze, booster and basebleed subsystems were ignored.
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[bookmark: _Ref165808181][bookmark: _Toc165814011]Figure 2 – Functional decomposition of 4.5-inch naval round. 
Quality Functional Deployment (QFD) 2
QFD2 utilises the component functionality gathered from the functional decomposition described in Figure 2 and compares the relationship to how those functions are carried out. Prior to QFD2 a FMA can be used to compare different means of achieving the functions required when designing a new system, but for the purposes of this exercise, the existing means highlighted in Figure 2 are sufficient. The QFD2 matrix can be found in Annex A; the results of QFD2 are depicted in Figure 3.

[bookmark: _Ref165808212][bookmark: _Toc165814012]Figure 3 – Critical design features from QFD2.
Typically, QFD1 would be completed in which the relationship between non-functional requirements are compared to the functional requirements, eliciting the critical functionality of the subsystem. These values determined from QFD1 would then be imported into the ‘Importance’ column in QFD2. As QFD1 was not carried out, an importance value was given scored as either 1, 3, 5, or 9 from least to most important. 
Figure 3 highlights the importance of the shell body, the QFD2 process has identified it as the most critical feature. This component will continue the systems engineering process of which the next tool is a parameter diagram or P-diagram.
P-Diagram
P-diagrams are essential in creating a robust design and can be used by engineers to identify and categorise variation within the design, known as noise factors. There are 3 types of noise considered in a P-diagram, external, unit to unit and deterioration. External noises are typically environmental weather conditions such as wind, rain, humidity etc. Deterioration noises are variations introduced to the system that are caused by components becoming progressively worse, for example, corrosion, metal fatigue, thermal degradation etc. Unit to unit variation occurs between individual components that are being controlled in the design. In the 4.5” shell body example, one of the factors that needs to be controlled to ensure aerodynamic stability in flight is the outer geometry. If, for example, the ogive geometry was too wide, the shell centre of gravity and moment of inertia would not be stable, potentially causing balloting mid-flight. This is a very dangerous and unpredictable scenario in which the shell could land well away from the intended target potentially causing harm to civilians or friendly forces. However, there will always be a tolerance associated, as it is not practical to manufacture shell bodies to the exact same outer geometry on every occasion. The tolerance needs to be carefully considered as a highly restrictive tolerance will lead to a considerable reject rate and will be extremely costly to implement a manufacturing process with extremely tight tolerance. Conversely, a relaxed tolerance will lead to reduced performance or more importantly a safety incident in which the weapon system and/or personnel/civilians could be affected.  
The ‘Cliff edge’ analogy is often used to describe this relationship and is shown in Figure 4. 
The P-diagram carried out on the 4.5” shell body can be found in Annex B. 
Required customer performance







[bookmark: _Ref165808305][bookmark: _Toc165814013]Figure 4 – ‘Cliff edge’ analogy to achieving a robust design [9].


Figure 4 highlights the importance of robust design. By tuning the design parameters to achieve the highest possible performance (blue highlighted point on Figure 4), the design will be too sensitive to noises causing it to ‘fall off the cliff’ and consistently fail to satisfy the required customer performance. Conversely, designing the system to cope with the noises and less sensitive to variation i.e. the red highlighted area in Figure 4, will ensure that the required customer performance is consistently achieved. 
What-Why Table
Once the noise factors have been identified using the P-diagram, a What-Why table was used to identify which noise factors are likely to affect which control factors and subsequently the output performance of the design feature. The relationship between how much variation a noise may cause to the control factor is scored 9, but tools such as a pairwise comparison could be used to determine this value. Figure 5 and Figure 6 highlights the critical control factors and noise parameters elicited from the What-Why table. 
The completed What-Why table can be found in Annex C.

[bookmark: _Ref165808363][bookmark: _Toc165814014]Figure 5 – Critical control factors highlighted from What-Why table.

[bookmark: _Ref165808368][bookmark: _Toc165814015]Figure 6 – Critical noise factors highlighted from What-Why table.
As highlighted in Figure 5, weight has been identified as the most important factor to control in the design of the 4.5” shell body, suggesting that potentially multiple noises can affect the output by influencing this control factor. By highlighting the critical control factor, a design team can focus on where to apply finances and resource to ensure a robust design. Additionally, as described in 2.11, during the manufacturing phase, control measures can be introduced into the manufacturing process to reduce the emergence associated with this noise. 
The What-Why table can also highlight which noise factors are consistently affecting multiple control factors in a design which in turn will affect the output requirements namely the conformance of the component to a build standard. As shown in Figure 6, the variation in thickness has been identified as the critical noise factor. For example, as shown in Figure 2, the base of the shell is much thicker than the ogive for a number of reasons. Firstly, it has to support the weight of the HE during gun launch but also provides structural integrity to prevent the body collapsing when the driving band is pressed on. If the thickness of this region of the shell body was too thin, it could collapse under setback forces or during driving band pressing. Conversely, if the ogive was too thick, the increased weight at the nose of the shell would affect the centre of gravity, thus leading to reduced range or aerodynamic instability. 
At a design stage, identifying this noise, which is highly influential in many design parameters, will allow design engineers to specify much tighter tolerances on these parameters. Conversely, the variation in wavy band geometry is not as influential in terms of conformance to a build standard and overall shell performance, so a more relaxed tolerance is acceptable. 
The noises described thus far are indirect noises; they affect the output of the component by affecting the control factors of said component. The external noises identified in Figure 5 (wind, rain, air pressure and humidity) are potentially direct noises in which these factors directly affect the output performance of the component, as opposed to affecting this via the control factors. Wind, for example, will directly affect the aerodynamics of the shell  body in flight; stronger cross winds will cause the shell to drift off target, therefore this noise will need to be accounted for via the fire control system of the weapon platform. 
Manufacturing Requirements
Similarly with designing a system, the manufacturing of that system, subsystem or component must also adhere to requirements. Typically, manufacturing engineers should be present during the design phase as it is possible that due to limited manufacturing capabilities, the design may need to be altered to accommodate. Using a different example of shaped charge liners, a design team may stipulate the use of a liner with an angle of 55° to achieve a required penetration characteristic, but due to non-ideal manufacturing capability, this penetration target may not be achieved. Therefore, investment would need to be made to improve the manufacturing method or a design iteration would need to be made to accommodate the non-ideal manufacturing method, such as by changing the liner angle to 45° and adding a plane wave generator.
To elicit the functional requirements from a manufacturing perspective, a process flow was used in which the generic manufacturing steps were placed in sequence, described in a verb-noun relationship. Importantly, these steps are solution independent at this stage. Figure 7 depicts the process flow for the manufacture of the 4.5” shell body. 



[bookmark: _Ref165808424][bookmark: _Toc165814016]Figure 7 – Shell body manufacturing process flow.
The functional requirements determined from the process flow in Figure 7 were used to populate the horizontal axis of QFD1.
Figure 8 summarises the manufacturing requirements in a tree diagram format [1], which were also populated into QFD1 on the vertical axis. 

[bookmark: _Ref165808440][bookmark: _Toc165814017]Figure 8 – Manufacturing requirements tree diagram. 
QFD1
Manufacturing QFD1 is compiled in the same way as a design QFD1 in which the relationship between functional and non-functional requirements are compared based on the how strongly the two correlate, either none, 1, 3 or 9 (weakest to strongest relationship). Similarly, the non-functional requirements are scored in terms of importance, either by an arbitrary scale e.g. 1 to 5 or using tools such as a Pairwise comparison. The QFD1 matrix can be found in Annex D, with results highlighted in Figure 9. 

[bookmark: _Ref165808463][bookmark: _Toc165814018]Figure 9 - Critical process functionality identified from QFD1.
The results from QFD1 allow a manufacturing team to understand which of the manufacturing processes are most important in satisfying the manufacturing requirements. Understanding this allows them to focus in on these most important processes and allocate more resource into means of achieving these most important functions. For example, forming of the internal and external case are the most important, therefore more budget and resource should be spent on equipment to ensure these functions are achieved accurately. Conversely, clean cavity is the least important function, suggesting the project team should not necessarily spend a large portion of the budget on equipment to carry out this functionality well, when there are more important processes to consider.  
FMA
A FMA was carried out whereby the functional requirements derived from Figure 7 were placed vertically on the left-hand side, and a selection of methods of carrying out the functions were suggested. The FMA is shown in Table 1, with selected means highlighted yellow. 

[bookmark: _Ref165808487][bookmark: _Toc165754886]Table 1 – Manufacturing Functional Means Analysis (FMA) [2].
[image: ]
Induction heating was selected as the means of heating the billet as it is an industry standard method with a number of advantages over the alternative means, such as: fast heating due to the heat being directly applied to the billet, rather than loss of energy to surroundings, increased efficiency thus reducing service/operating costs and improved safety [3].  
Flow forming has been selected as it is also a widely used manufacturing method in the defence industry to produce highly precise components to extremely tight tolerances. There are further benefits compared to the alternative means identified including, less waste due to utilisation of a tubular blank (known as a preform) as opposed to a large block billet, thus reducing material costs. As flow forming uses a series of rollers to force material against a shaped mandrel, this process also causes elongation of the preform [4]. This is ideal as it means an additional capability specifically to elongate the shell body is no longer required, significantly reducing the equipment capital costs, and therefore one less piece of equipment that could potentially breakdown, holding up manufacture. 
Quenching and tempering are heat treatment processes used industry wide to enhance the mechanical properties of materials, especially steels. Quenching is a process in which the steel is heated to extremely high temperatures, then rapidly cooled in a quenching medium such as oil or water to improve the hardness and strength of the material [5]. This quenching process makes the steel very brittle, so is usually followed by tempering whereby the steel is heated to lower temperatures (compared to quenching) and left to cool at a slower rate, typically in air. This ensures the steel is more malleable to improve material ductility. A combination of the two processes ensures that the required mechanical properties are achieved. 
Similarly, machining has been selected to form the driving band recess and adjust final weight as it is also an industry standard practise and is currently used in the manufacture of 4.5” shell bodies. 
QFD2
Following the FMA, manufacturing QFD2 was carried out in which the relationship between the means selected in the FMA were compared to the manufacturing functionality determined from the process flow in Figure 7. The QFD2 matrix can be found in Annex E with results highlighted in Figure 10. 

[bookmark: _Ref165808540][bookmark: _Toc165814019]Figure 10 – Process importance identified from QFD2.
Figure 10 highlights the critical processes in the manufacture of 4.5” shell body, namely flow forming closely followed by induction heating. As is expected when carrying out QFD2 following a FMA, the matrix shown in Annex E highlights the leading diagonal between functionality and feature relationships. However, it is also important to look at groups clustered away from the central diagonal, as this can identify emergent (unexpected) interactions that are not likely to have been considered, which are often detrimental to the overall system. Figure 11 highlights the leading diagonal in the QFD2 matrix, in addition to potential emergent interactions encircled.
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[bookmark: _Ref165808557][bookmark: _Toc165814020]Figure 11 – Screenshot of QFD2 matrix with potential emergence identified.
As previously mentioned, to provide the shell body with the necessary structural hardness and ductility, quenching and tempering heat treatment processes are carried out. In particular, tempering is the heating of the steel and subsequent air cooling to improve toughness and ductility. In Figure 11, the interaction encircled is also suggesting that tempering is taking place, as the billet (before it has been shaped) is being heating to 1000°C then allowed to cool in air to allow geometry shaping. Therefore, when the tempering process takes place later in the shell body manufacturing process, it is important that this initial tempering step is accounted for when determining the temperature and duration of the latter tempering process. If this initial tempering step was not accounted for, the shell body may not have the required properties, leading to poor fragmentation of the case when detonated as an emergent behaviour.
QFD3
QFD3 is the tool used to identify the relationships between various important design features and how they interact with the identified manufacturing methods. It is essentially where the design engineers would hand over the design to the manufacturing engineers. It uses the same scoring method as described in QFD1 and QFD2 whereby the relationships are scored as either none, 1, 3 or 9. Similarly to manufacturing QFD2, the manufacturing functional requirements are placed horizontally in the matrix and scored against the most important control parameters and noises identified during the design P-Diagrams and What/Why Table. The QFD3 matrix can be found in Annex F with the critical process steps elicited from the process shown in Figure 12. 




[bookmark: _Ref165808620][bookmark: _Toc165814021]Figure 12 – Process importances identified from QFD3.
Flow forming has also come out as the most important process technique in both QFD2 and QFD3, suggesting that flow forming is a critical manufacturing process. This is useful information for the manufacturing engineers because it suggests that flow forming is vital to achieve the manufacturing functional requirements, but also is the means by which variation and unwanted emergent behaviour could be introduced if not tightly controlled. 
Manufacturing P-diagram and What/Why Table
To investigate how noises could affect the flow forming manufacturing process, firstly a P-diagram was carried out to identify the noises, then the relationship between these identified noises and the control factors were analysed. The P-diagram and What/Why table can be found in Annex G and Annex H respectively.
The critical control factors and noises are presented in Figure 13 and Figure 14 respectively. 

[bookmark: _Ref165808654][bookmark: _Toc165814022]Figure 13 – Key controls identified in flow forming 4.5” shell bodies [6].


[bookmark: _Ref165808660][bookmark: _Toc165814023]Figure 14 – Noise importances associated with flow forming 4.5” shell bodies.

Figure 14 shows that roller pressure, coolant flow rate and mandrel speed have been identified as the three most important control factors, as the What/Why process has identified that there are multiple noises affecting these controls. As a result, these noises could potentially indirectly affect the 4.5” shell body manufactured from this flow forming process. Therefore, additional means known as control measures (discussed further in 2.11), should be installed to ensure that no emergent behaviours occur affecting the conformance of the shell body to the build standard.
The What/Why process has identified variation in roller geometry, variation in number of rollers and variation in roller feed rate as the three most important noises during the flow forming process. This information tells manufacturing engineers that these noises have the most potential to affect the manufactured shell body and cause emergence, and therefore gives them a priority list in which control measures can be put in place to irradicate these noises. For example, the process building temperature was one of the lowest scored noises presented in Figure 14, as it does not affect that many control factors in the flow forming process. Therefore, it is unlikely that control measures to maintain building temperature such as climate control systems would be installed, as these would come at great expense not proportional to the problem caused by this noise. With that being said, if the process building temperature was left truly uncontrolled and was consistently reaching 40°C for example, this would likely induce operator fatigue and exhaustion, leading to mistakes resulting in non-conforming 4.5” shell bodies. A series of Taguchi experiments could be undertaken to understand the interaction between temperature and operator fatigue to ascertain what the optimum is, thus will inform what level of control measure would be required to achieve this temperature. 
Conversely, variation in roller geometry is likely to affect multiple control factors and indirectly the output of the manufacturing process, therefore would be justifiable to spend project budget on control measures to irradicate or greatly reduce this noise.
[bookmark: _Ref165808702]QFD4
QFD4 is a scoring matrix that utilises the control factors of the manufacturing process, identified from the P-diagram in Annex G and assigns an assessment of the ability to achieve the process parameters. Additionally, important noises identified from the What/Why process and important design features of the shell body can also be inputted into the QFD4 matrix. For each of the control factors, noises or design features listed, a corresponding control measure is suggested i.e. some form of process method to ensure that the target values are achieved. The relationship between the control measures suggested and the process parameters from the manufacturing P-diagram/design QFD2 are compared and scored in the same none, 1, 3, 9 scoring method as described in the previous QFD matrices. The QFD4 matrix can be found in Annex I, with the control importances summarised in Figure 15.

[bookmark: _Ref165808926][bookmark: _Toc165814024]Figure 15 – Results of QFD4.
The QFD4 process has determined that planned maintenance is a vital control measure in ensuring that emergent features do not affect the shell bodies manufactured via the flow forming process. Planned maintenance will ensure that bolts, gaskets, joints etc involved in the positioning and application of pressure to the preform will be replaced periodically. Similarly, as the rollers are used frequently, they will also deteriorate causing variation of the roller geometry, so an effective maintenance schedule can ensure that they are replaced before non-conforming product is manufactured. Additionally, the process parameters that are reliant on pressure to carry out their function, such as roller pressure and coolant flow rate, a closed loop control system is suggested. If the roller pressure or coolant flow rate is too high, this negative feedback will be communicated to the controller, typically a PID (Proportional Integral Derivative) controller [7], causing a high-pressure control valve to open, reducing the pressure. Pressure gauges will supplement this control system to allow operators to monitor the pressure throughout the process.  
Further quality control measures have also been suggested to ensure the critical design features identified in QFD2, namely shell weight and outer geometry, are achieving the target values stated in QFD4. These include weighing scales
Conclusion
This report has demonstrated the use of systems engineering tools applied to a 4.5” naval round example. Firstly the functional decomposition has elicited the component functionality, which was then inputted in the design QFD2. QFD2 defined the shell body as the critical feature, therefore this component was progressed through to the P-diagram and What/Why toolsets to identify the noises and controls and work out how these noises interact with the controls (indirect noises) or directly affect the component output (direct noises). Once this was established, the shell body was taken through the manufacturing stage, starting with gathering the manufacturing requirements. The manufacturing requirements and manufacturing functionality were compared in QFD1, with forming case internal and external identified as the critical functionality. Means were suggested to achieve these functionalities via the FMA, and these means were then compared against the functionality, which resulted in the flow forming being named as the critical manufacturing process. QFD3 was then carried out in which the design and manufacturing requirements combined, further identifying flow forming as a critical process. A P-diagram and What/Why table was duplicated to identify and quantify the critical noises and controls of the flow forming process. The final step was QFD4, in which the critical design features and identified noises and controls were assigned control measures to ensure the manufacturing process adhered to the established parameters, such that emergent characteristics do not filter into the manufactured component. 
Using these tools demonstrates the usefulness of systems engineering in creating a robust design and manufacturing process by prioritising time and resource into analysing the requirements and ensuring that emergent functionality is managed prior to production of non-conforming components.
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Feature Importances

Paint	Oxsilan coating	Shell body	Cannula	Tail thread 	Basebleed igniter thread	Driving band 	Varnish	Fuze screw thread	81	45	243	84	81	45	162	72	108	



Control Factors	
Material properties	Thickness	Weight	Outer geometry	Inner geometry	Volume	Driving band recess depth	Driving band recess width	Wavy bands geometry	162	378	486	405	333	270	234	135	198	



Wind	Temp	Rain	Air pressure	Humidity 	Variation in material properties	Variation in thickness	Variation in weight	Variation in outer geometry	Variation in inner geometry	Variation in volume	Variation in driving band recess depth	Variation in driving band recess width	Variation in wavy bands geometry	Corrosion	Thermal degredation	Metal fatigue	0	135	0	0	0	108	432	153	315	333	351	225	225	171	90	36	27	


Process Importances Chart


Heat billet	Form case internal	Elongate shell	Clean cavity 	From case external 	Provide physical properties	Form DB recess 	Adjust to final weight	480	510	277	81	507	312	318	392	#REF!	


Functional Means Importances


Induction heating	Flow forming 	Pressure wash	Quenching 	Tempering 	Machining	916	925.19999999999993	300.29999999999995	600.29999999999995	600.29999999999995	639.29999999999995	


Process Techniques


Induction heating	Flow forming	Pressure wash	Quenching 	Tempering	Machining	75	315	5	0	5	225	


Key Controls


Roller feed rate	Shape of mandrel	Roller pressure	Position on the machine	Number of rollers	Spacing of each roller	Roller material properties	Roller geometry	Coolant flow rate	Preform thickess	Preform hardness	Mandrel speed	205	180	375	170	40	100	120	225	316	60	78	275	#REF!	


Key Noise Factors


Variation in roller feed rate 	Variation in shape of mandrel	Variation in roller pressure	Variation in position on the machine	Variation in number of rollers	Variation in spacing of each roller	Variation in roller material properties	Variation in roller geometry	Variation in coolant flow rate	Variation in preform thickness	Variation in preform hardness	Variation in mandrel speed	Surface defects on mandrel	Depletion of coolant	Bearings in chuck, causing loss of concentricity 	Tiredness of operator	Loss of roller pressure	Process building temperature	Process building humidity	Temperature of preform	Temperature of rollers	164	157	154	102	188	130	92	193	61	153	142	114	55	48	155	63	105	16	12	26	14	#REF!	


QFD4 Importances Chart


Weighing scales	Dimentional checks (CMM)	Poka-yoke	RPM guage	Pressure guage	High pressure control valve	Cosed loop control system	Vernier caliper	Planned maintance	2187	6561	6561	729	21870	21870	20412	2430	30618	#REF!	
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Protect shell from corrosion 5 9 9 9

House HE fill  9 9

Fragment on detonation 9 9
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Allow crimping of case to shell body 9 9

Attach tail unit 9 9

Attach basebleed igniter 5 9

Engage with gun rifling 9 1 9

Seal propelling gases  9 9

Prevent corrosion 3 9

Interface with fuze 3 9

Prevent fuze unscrewing under gun launch 9 9

81 45 243 84 81 45 162 72 108
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Noise Factors (external) Noise Factors (unit to unit) Noise Factor (deterioration)

Wind Variation in material properties Corrosion

Temperature Variation in thickness Thermal degredation

Rain Variation in weight Metal fatigue

Air pressure Variation in outer geometry

Humidity Variation in inner geometry 

Variation in volume

Variation in driving band recess deoth 

Variation in driving band recess width

Variation in wavy band geometry 

Output

Control Factors

Material properties 

Thickness

Weight

Outer geometry

Inner geometry

Volume

Driving band recess depth

Driving band recess width

Wavy band geometry 

Conformance of shell body 

component to build standard



Aerodynamically stable in flight 

Input

Steel billet

4.5" shell body
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Wind

Temp

Rain

Air pressure

Humidity 

Variation in material 

properties

Variation in thickness

Variation in weight

Variation in outer geometry

Variation in inner geometry

Variation in volume

Variation in driving band 

recess depth

Variation in driving band 

recess width

Variation in wavy bands 

geometry

Corrosion

Thermal degredation

Metal fatigue

Relative Importance of noise in 

meeting performance via 

control factor

Material properties

9 9 9 18

162

Thickness

9 9 3 9 9 9 1 1 1 42

378

Weight

9 3 9 9 9 9 9 3 3 54

486

Outer geometry

9 3 9 9 1 3 9 3 1 3 1 3 45

405

Inner geometry

9 3 9 3 1 9 9 3 37

333

Volume

9 9 1 9 9 1 1 30

270

Driving band recess depth

9 3 3 9 9 1 1 26

234

Driving band recess width

9 1 3 9 1 1 15

135

Wavy bands geometry

9 1 3 9 9 22

198

Relative importance of noise 

factor:

0 135 0 0 0 108 432 153 315 333 351 225 225 171 90 36 27



Design control parameters

Weighting of design control 

parameter

External Unit to unit Deterioration

NOISE FACTORS
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Importance (1-5)

Heat billet

Form case internal

Elongate shell

Clean cavity 

Form case external 

Provide mechanical 

properties

Form DB recess 

Adjust to final weight

Manufacturing Requirements

Manufacturing Requirements  detail

Manufacturing Costs

Labour

4 3 1 1 3 3

Shall not require specialist personnel to operate manufacturing equipment.

Equipment capital cost

5 9 9 3 1 9 3 9 9

Capital cost shall be ALARP

Service / Operating Cost

5 9 9 3 1 9 9 9 9

Shall not exceed operating cost of current manufacture

Set up cost

5 9 9 3 1 9 9 9 9

Shall not exceed £XX

Material Cost - Metal Bits

5 9 9 3 9 3 3

Material Cost - other

3 3 1 3 9 1 1

Maintenance Cost

3 9 9 1 1 9 9 3 3

Manufacturing Capacity

Target production rate XX per month

5 9 9 3 9 3 1 1

Shall accommodate capacity of 30,000 shell bodies per year

Reliable Manufacture

Repeatable performance

5 9 9 9 9 9 9 9

Effective maintenance

3 9 9 1 1 9 9 9 9

Low system outage

5 9 9 9 1 9 3 3 9

Shall be online no less than 45 weeks of the year.

Quality

Defect Free

5 9 9 9 3 9 3 3

Reject rate of less than 5%

Effective test and inspection

4 3 9 3 3 9 9 1 9

Safety

Non-Explosive

5 9 9 9 3 9 3 9 9

Shall conform to HSE regulations X,Y,Z

480 510 277 81 507 312 318 392

Heat billet to 1000 degrees celcius

To drawing ref XXX To drawing ref XXX

Free from visible FOD

To drawing ref XXX

To material build standard XYZ

To drawing ref XXX

To Xkg
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Importance

Induction heating

Flow forming 

Pressure wash

Quenching 

Tempering 

Machining

Functionality Functionality Detail

Heat billet 48 9 3 Heat billet to 1000 degrees celcius

Form case internal 51 9 1 To drawing ref XXX

Elongate shell  27.7 1 9 To drawing ref XXX

Clean cavity  27.7 9 Free from visible FOD

Form case external  8.1 9 3 To drawing ref XXX

Provide mechanical properties 50.7 9 9 9 To material build standard XYZ

Form DB recess 31.2 9 To drawing ref XXX

Adjust to final weight  31.8 9 To Xkg

916 925 300 456 456 591

Shell bodies shall be induction heated for x hours with 

heater set between x and y kHz.

Mandrel speed to 1120 RPM, roller shall apply x Pa of 

pressure per roller, roller feed rate shall be y mm per 

min, coolant flow rate of z meters cubed per second.

Shell internal cavity shall be pressure washed for 2 minutes 

per shall with a water pressure not exceeding x meters 

cubed per second

Quenching oil x degrees celcius, for y duration. 

Shell bodies temeratured at 250 degrees celcius for x 

hours and air cooled for a minimum of y hours.

Mandrel shall spin at x RPM
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Important design control factors

Weight 

5

9 9

 To Xkg

Outer geometry

5

9 9 1 9

To drawing ref XXX

Thickness

5

3 9 9

To drawing ref XXX

Important noises

Variation in case thickness

5

3 9 9

Variation in volume

4

9 1

Variaion in inner geometry

3

9

Variation in outer geometry

5

9 9

75 288 4 0 5 225

Shell bodies shall be induction heated for x 

hours with heater set between x and y kHz.

Mandrel speed to 1120 RPM, roller shall 

apply x Pa of pressure per roller, roller feed 

rate shall be y mm per min, coolant flow rate 

of z meters cubed per second.

Shell internal cavity shall be pressure 

washed for 2 minutes per shall with a water 

pressure not exceeding x meters cubed per 

Quenching oil x degrees celcius, for y 

duration. 

Shell bodies temeratured at 250 degrees 

celcius for x hours and air cooled for a 

minimum of y hours.

Mandrel shall spin at x RPM

Importance (1-5)



Induction heating

Flow forming

Machining

Tempering

Quenching 

Pressure wash
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Control Factors

Noise Factor (Deterioration)



Loss of roller pressure

Tiredness of operator

Bearings in chuck, causing loss of 

concentricity 

Depletion of coolant

Surface defects in mandrel Variation in roller feed rate

Mandrel speed

Preform hardness

Preform thickness 

Coolant flow rate

Roller geometry

Roller material properties

Spacing of each roller

Number of rollers

Postion on the machine

Roller pressure

Shape of mandrel

Roller feed rate

Variation in spacing of each roller

Variation in number of rollers

Variation in postion on the machine

Variation in roller pressure

Variation in shape of mandrel

Flow forming

Dimentioned 4.5" shell 

body

Noise Factors (Unit to unit)

Variation in mandrel speed

Variation in preform hardness

Variation in preform thickness 

Variation in coolant flow rate

Variation in roller geometry

Variation in roller material properties

Steel preform 

(blank) 

Temperature of rollers

Temperature of preform

Process building humidity

Process building temperature

Noise Factors (External)


image14.emf
Variation in roller feed rate 

Variation in shape of mandrel

Variation in roller pressure

Variation in position on the machine

Variation in number of rollers

Variation in spacing of each roller

Variation in roller material properties

Variation in roller geometry

Variation in coolant flow rate

Variation in preform thickness

Variation in preform hardness

Variation in mandrel speed

Surface defects on mandrel

Depletion of coolant

Bearings in chuck, causing loss of 

concentricity 

Tiredness of operator

Loss of roller pressure

Process building temperature

Process building humidity

Temperature of preform

Temperature of rollers

Relative Importance of noise in 

meeting performance via control 

factor

Roller feed rate 5 9 9 3 1 3 3 1 1 1 9 1 41 205

Shape of mandrel

5 9 1 9 1 1 3 9 3 36 180

Roller pressure

5 1 9 9 9 3 9 1 9 3 1 9 1 9 1 1 75 375

Position on the machine

5 3 9 9 3 9 1 34 170

Number of rollers 4 9 1 10 40

Spacing of each roller

4 1 3 9 9 3 25 100

Roller material properties

4 9 3 9 1 3 1 3 1 30 120

Roller geometry

5 9 9 1 1 3 9 9 3 1 45 225

Coolant flow rate 4 9 1 3 9 3 3 9 9 9 9 9 3 3 79 316

Preform thickess

3 3 3 9 1 3 1 20 60

Preform hardness

3 1 9 3 1 9 3 26 78

Mandrel speed

5 3 1 3 9 3 1 1 3 1 9 9 9 3 55 275

164 157 154 102 188 130 92 193 61 153 142 114 55 48 155 63 105 16 12 26 14

Relative importance of noise 

factor:

Unit to Unit Variation Deterioration External

Weighting of design control parameter (1-5)



Design control parameters

NOISE FACTORS
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Difficulty

Frequency

Severity

Detectability

RPN

Weighing scales

Dimentional checks (CMM)

Poka-yoke

RPM guage

Pressure guage

High pressure control valve

Cosed loop control system

Vernier caliper

Planned maintance

Process parameters Target Values

Shell body weight  Xkg 3 9 9 1 243 9

Shell body outer geometry As per drawing XXX 3 9 3 9 729 9 9 3 3

Roller pressure XYZ Pa applied to workpiece 

per roller

9 3 9 9 2187 9 9 9 9

Roller geometry Outer diameter (D) - X mm

Entry angle (α) - Y 

°

Tip radius (R) - Z mm

Exit angle (

β

)

 5-12 

°

3 9 9 3 729 9

Coolant flow rate XY meters cubed per 

second

1 9 9 3 243 9 9 9

Mandrel speed 1120 RPM 1 9 9 1 81 9 9

Preform thickness Xmm 1 9 3 1 27 9

2187 6561 6561 729 21870 21870 20412 2430 30618



Operational Assessment

Manufacturing controls and aids



Process Controls
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