


Investigate and Critically Analyse Process Changes to Improve Data Collection from Explosive Cylinder Tests
Research Proposal
Alexander Dand - 1810440


Contents
Figures	3
1. Introduction	4
1.1 The Cylinder Test	4
2. Background to the Proposed Research	7
2.1 Cylinder Wall Motion	7
2.2 3-D Printing	8
2.3 Experiment Set-up	8
3. Aims & Objectives	10
3.1 Aim	10
3.2 Objectives	10
3.3 Expected Outcomes	10
4. Project Design	11
4.1 Outline of Potential Improvements	11
4.1.1 3D Printing Improvements	11
4.1.2 Tooling and Metrology Improvements	11
4.1.3 Laser Cutting Solution	11
4.2 Criteria for Improvements Evaluation	11
4.3 Risks & Limitations	11
6. Resources & Planning	13
6.1 Resources Required	13
6.1.1 Physical Resources	13
6.1.2 Human Resources	13
6.1.3 Other Resources	13
6.2 Gantt Chart [29] - With Public Link to chart - https://sharing.clickup.com/g/h/4-8930778-7/5b8eb1821a53a95	14
7. References	15



[bookmark: _Toc70684776]Figures
Figure 1 - Full Motion Experiment Cylinder test (PCB probes) [14]	4
Figure 2 - Wave Shape Experiment cylinder test configuration (HetV probes) [3]	5
Figure 3 - Example of the detonation angle effect as a result of detonation from one end of a cylinder of explosives [17]	6
Figure 4 - Detonation Wave Propagation in Hydrodynamic Theory [18]	7
Figure 5 - Overview image of the Technical Drawing of the Probe Holder	8



[bookmark: _Toc70684777]1. Introduction
[bookmark: _Toc70684778]1.1 The Cylinder Test
The Cylinder Test (CT) is a tried and tested experiment used in the field of Explosives research and is used to assess performance of formulations [1] [2]. The test consists of a cylinder of High Explosives (HE) enclosed in a metal case and detonated at one end. Upon detonation, the expansion of the detonation products produces movement of the case, which is then measured using various diagnostic techniques [3] [4] [5]. Historically, the techniques included time-of-arrival probe boards [6], but has moved on to Heterodyne Velocimetry (HetV, UK), or Photonic Doppler Velocimetry (PDV, USA) [7] [8]. Whilst the measurement of direct radial expansion is easier with PCB probes as it is a direct measurement, however the measurements are made at discrete points. With HetV, the data measured is continuous and therefore shows a more complete picture in real time. The purpose of these tests is to generate an equation of state (EoS) for the detonation products that is unique to the formulation [9] [10]. When combined with hydrocode calculations [11] [12], analysing the steady-state expansion of the case will grant constants to satisfy the Jones-Wilkins-Lee (JWL) EoS equation [13]. 
[image: ]
[bookmark: _Toc70684770]Figure 1 - Full Motion Experiment Cylinder test (PCB probes) [14]
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[bookmark: _Toc70684771]Figure 2 - Wave Shape Experiment cylinder test configuration (HetV probes) [3]
Currently, the experiment is held static on a 3D printed rapid prototyped polycarbonate frame, with probes set into the frame. Some labs perform CTs using probes set to normal (90°), but the current standard for AWE is to set 3 probes at 20˚, 30˚ and 40˚ angles in order to account for the angle of incidence of a particle of copper case travelling as a result of the detonation travelling from one end of the CT as shown in Figure 3. This known angle of incidence is approximately 15°, and the various probe angles can be used to calculate multiple one-dimensional measurements (proportional velocity, depending on the angle of the probe), and from those calculate a hypotenuse to create a two-dimensional measurement (expansion of the copper wall) [15]. Due to the speed of the experiment, it is incredibly important to know exactly what angle the probes are held at in order to take into account the proportion of velocity measured by what angle the case expansion hits at. This requires a high degree of metrology accuracy, and the also the angle that they are fixed at [16]. This in order to take these factors into account and accurately calculate the velocity and behaviour of the detonation products to properly characterise the HE performance. 
[image: Fig 0904a]
[bookmark: _Toc70684772]Figure 3 - Example of the detonation angle effect as a result of detonation from one end of a cylinder of explosives [17]
Currently the angled probes are nominally set (see Figure 5) at 20˚and 30˚ and 40˚ with a tolerance of ±0.3˚. As the angular velocity of the detonation is only approximately 5˚, a potential variance of 0.6˚ is quite a large proportion. The probes set normal to the CT copper wall have a positional tolerance of ±0.5mm. These tolerances are due to a number of factors:
· The accuracy of the 3D printing equipment
· Guide holes are formed as part of the 3D printing process, and are manually drilled to size as part of the experiment set-up
· The measurement of the angle of the probes is measured by using laser measurement for the hypotenuse, and a ruler to measure the opposite of the triangle

As such, the purpose of this study is to attempt to optimise this experiment, where the probe head positional tolerances can be more accurately stated in order to provide more consistent and repeatable data. 

[bookmark: _Toc70684779]2. Background to the Proposed Research
[bookmark: _Toc70684780]2.1 Cylinder Wall Motion
· Once the detonation wave passes, the detonation products expand and push the cylinder wall outwards.
· If it were possible for all of the HE to detonate simultaneously, the wall would expand exactly radially outwards, but in reality, it expands at a small angle to the wall normal. This is due to the lateral motion of the detonation wave, i.e. because the detonation wave is travelling along the axis. 
[image: ]
[bookmark: _Toc70684773]Figure 4 - Detonation Wave Propagation in Hydrodynamic Theory [18]
· Due to the copper case, this angle is exacerbated by the change in velocity of the detonation products at the boundary of the HE and case. Much like the refraction of a light beam, a change in density of material that a detonation is travelling through cause the particles involved to change velocity and therefore angle of travel [9]. The new angle of travel can be calculated depending on the thickness of the case [19] [20]. 
[bookmark: _Toc70684781]2.2 3-D Printing
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[bookmark: _Toc70684774]Figure 5 - Overview image of the Technical Drawing of the Probe Holder
As with all manufacturing and engineering techniques, 3D printing possesses some margin of error at the point of manufacture, with varying degrees of acceptability. As previously stated, the model is printed from polycarbonate, but other materials are possible to use, such as metals (steel, aluminium, copper), or other composite plastics [21]. Accuracy of printing can be affected by multiple factors, such as maintenance of the equipment, material selection, shrinkage, warping, size of printed object, effects of post-processing or even just the underlying quality of the equipment [22] [23] [24] [25]. These factors should be investigated in order to assess where improvements can be made, and also if the polycarbonate is the best material for the job. Any potential improvements should also take into account material properties.
Another consideration should be the method of 3D printing. The current method is that of Fused Deposition Modeling, with a tolerance of ±0.2mm, however Stereolithography printing has a lower limit of ±0.01mm [22]. There are pros and cons to the various methods, but these will be considered fully in the study. 
[bookmark: _Toc70684782]2.3 Experiment Set-up
A further consideration to be made for this project will be that of the set-up process. As part of the set-up, the probe guides are manually drilled out by the Trial Technician, which is most likely why the positional tolerance is quoted as ±0.5mm rather than the 0.2mm stated by the manufacturing method specification. If a method was devised to improve this process (laser-cutting, for example, has a tolerance down to 15µm), the tolerance would be reduced, however some methods may not be suitable (laser cutting may be prohibitively expensive, or the heat of the laser may warp the plastic frame).
The other aspect of experimental set-up with a possible improvement is that of measuring the actual angle the probes sit at after set-up. Should the tolerances be suitably reduced with previously discussed improvements, and the probe heads are consistently where they are expected to be, this would be less important however should it be proved that the probe location uncertainty cannot be reduced sufficiently, the metrology required to measure accurately what angle the probes sit at will be essential [26]. Currently part of the measurement solution involves a ruler, which suggests there is most likely a more precise measurement option available. 
One thing that must be noted at the point of set-up, is that whilst the angle of the probe needs to be known to a high degree of accuracy, the distance from the CT to the probe head is not as important. Whilst some consideration must be made for this as if the probe is too close, the probe will be destroyed before it has had the chance to obtain the required data, but the window of utility is very easily hit by manual set up so this parameter will not be investigated as a part of this study.


[bookmark: _Toc70684783]3. Aims & Objectives
[bookmark: _Toc70684784]3.1 Aim
The aim of the project is to obtain a method of more accurately positioning HetV probes within a Cylinder Test in order to gather better or more accurate data from said tests. [29]
[bookmark: _Toc70684785]3.2 Objectives
The objectives are:
· Investigate the 3-D modelling process of the CT bracket with regard to enhancing repeatability of probe positioning.
· Investigate and implement process and tooling improvements for the same.
· Investigate and devise improvements to the current method of measuring the probe angles after experiment set-up.
· Test and evaluate improvements with a view to future research. 
[bookmark: _Toc70684786]3.3 Expected Outcomes
One expected outcome of this project will be a more robust experimental process for the CT series of experiments. Should the research and application of such be successful, this will result in a CT bracket design that allows for more repeatable positioning of the HetV probes, for a more consistent data set from each experiment. There will be a more efficient set-up process for the experiment, and a more comprehensive analysis of the performance of the HE detonation products. As various formulations of HE perform differently, it will form the basis for analysing optimised probe angles for the different formulations, and the measurements of such. 
It will also grant information required for future work for the purposes of continuous improvement activities, as technology in manufacturing, experimental process and measurement, and knowledge capture improves. 


[bookmark: _Toc70684787]4. Project Design

[bookmark: _Toc70684788]4.1 Outline of Potential Improvements
[bookmark: _Toc70684789]4.1.1 3D Printing Improvements
The proposal is to analyse the currently employed 3D Printing process by interrogating the specifications of the equipment, and the program used to create the frame. The regular maintenance and inspection of printer components can affect accuracy [23], as can the material used in the printing process. Another consideration could be replacing the printer for a higher spec model or replacing the printing technique with a more intrinsically accurate process.
[bookmark: _Toc70684790]4.1.2 Tooling and Metrology Improvements
The main focus of this project is to ensure the repeatability of the probe angle positioning. A way of physically ensuring this would be to manufacture a standard set of jigs that the probe bracket could be set static on. Once set, a calibrated to vertical pillar drill could be used to ensure that the same path of the drill was followed every time which would reduce the uncertainty brought in by hand drilling. This method could be used for all probe guide holes which would tighten both positional and angular tolerances.
There are many precision metrology techniques used in engineering, and available within the company. A meeting with an experienced Quality representative would ensure further solutions could be considered. As previously stated, this step would perhaps not be required if a solution could be found to ensure repeatability of the angular positioning of the guide holes.
[bookmark: _Toc70684791]4.1.3 Laser Cutting Solution
Another potential avenue of research could be that of Laser Cutting the probe guides. A previous study by the author included a discussion with an SME for laser cutting on site [27], who advised the laser cutter he used was accurate to 10-20µm. However, it would need to be investigated whether the heat from the laser would warp the frame during this process before any serious research goes into this option.
[bookmark: _Toc70684792]4.2 Criteria for Improvements Evaluation
The evaluation of these improvements can be done without the need of explosives. Any change to the 3D Print process can be proved out by manufacturing multiple brackets, feeding probes (or probe simulants) into the bracket and measuring the position of them. Should the variance be reduced across a good representative sample, it can be deemed a success and used in live experiments. The jig solution can be checked in the same way, by trialling the solution across multiple brackets and measuring the probe positions. 
[bookmark: _Toc70684793]4.3 Risks & Limitations
The first and foremost consideration with regard to risk in an explosive process is safety. The principles of ALARP (As Low As Reasonably Practicable) apply when considering workplace risk [28], and as such, any activities should be covered by a suitable and sufficient Risk Assessment. Any work not required to be done in the presence of explosives should not be done in the presence of explosives, and any supplemental activities (set-up, etc.) should take safety into account. This has the potential to limit efficiency, materials or tooling used, and any activities during the experiment.
Time is another consideration as a risk. Due to the precision nature of this work, any design and manufacturing process will take time, and due diligence takes resource. Also, big companies are not known for their brevity, and work of this kind will necessarily have multiple stakeholders, all needing to review documentation and design before any improvements are implemented.
Availability should be considered, both in the raw materials and equipment required for any manufacture, and in knowledge. Are there sufficiently trained and knowledgeable people to consult? Are they available or are they busy on other priorities? These questions should be answered before proceeding with any work.
Cost is another factor that will need to be looked at. There will need to be a cost/benefit analysis done on any improvement to ask the question ‘Is it worth it?’ The company will expect the benefits of obtaining this knowledge should give benefits in turn, be they in pure profit, technological advancement, or an increase in safety.


[bookmark: _Toc70684794]6. Resources & Planning

[bookmark: _Toc70684795]6.1 Resources Required
Until a full consultation with relevant SMEs (Subject Matter Experts) has taken place, the precise list of resources will not be finalised. However, some resources can be listed as required before initial consultation as follows, but it will not be exhaustive:
[bookmark: _Toc70684796]6.1.1 Physical Resources
· 3D printer/printing material
· Tooling raw material
· Machining plant (calibrated pillar drill or similar)
· Metrology equipment
· CT Assembly (including HE and detonator)
· Probes/diagnostic setup
[bookmark: _Toc70684797]6.1.2 Human Resources
· Trials technician team
· Quality technician
· Firing officer/Trials Conducting Officer (TCO
· Clean up team
· Tooling engineer
· 3D Print operator/programmer
[bookmark: _Toc70684798]6.1.3 Other Resources
· Facilities suitable for manufacture/set up/firing
· Tooling Design software 
· 3D Print Design software 
[bookmark: _Toc70684799]6.2 Gantt Chart [29] - With Public Link to chart - https://sharing.clickup.com/g/h/4-8930778-7/5b8eb1821a53a95 
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