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[bookmark: _Toc130909117]Introduction
An opportunity for improvement has been identified within the process of data collection from Explosive Cylinder Tests (CTs). As outlined within the Research Proposal [1] submitted May 2021, the Process Leads for the experiment recognise certain shortcomings within the experimental process. The main issue identified was that of probe positioning. There were three main areas for research identified within the Research proposal: Cylinder Wall Motion, 3-D Printing and Experiment Set-Up. During the time between the proposal submission and the collation of this report, circumstances were such that the author was substantially restricted in their ability to work on this project. As such a reconsideration was made and it was identified that the scope of this project was not to achieve quantitative data from practical experimentation, but to increase confidence in future data gathering. This allowed for a more theoretical base of work, with the aim of providing a series of potential solutions to the issues covering short-, medium- and long-term solutions, and associated cost implications for the solutions. 
[bookmark: _Toc130909118]Literature Review
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[bookmark: _Toc130909102]Figure 1 - Full Motion Experiment Cylinder test (PCB probes) [2]
The Cylinder Test (CT) was developed in the 1960s. Until this point, the analysis and categorisation of High Explosives (HE) was completed using simple tests [3] [4] on small quantities but the results provided did not accurately carry through to larger quantities and did not display the effects of metal acceleration, which is essential knowledge for munitions research [5]. In order to address this shortfall, a new hydrodynamic test was required, and the CT was devised. Given the constraints of technology at the time, it was inevitable that improvements would be made to the initial configuration of the test [6] [7] but interestingly almost all the improvements have been to do with measurement techniques, and the base experiment is still a fixed quantity of HE encased within a copper tube and detonated from one end. The initial experiment called for the case expansion to be catalogued by a streak camera (the base of the prism block is fully illuminated, and measurements are taken as the light is gradually extinguished by the expanding cylinder wall) [8] [9] and the velocity of the detonation to be calculated by the pin switches installed at known intervals along the explosive and extrapolated from the time difference between the switches being activated (time of arrival boards, or ToA). 
The data obtained by these experiments shows that the cylinder wall and detonation products expand in an order that closely mirrors the Chapman-Jouget isentrope [10], and that the volume of the detonation products can be easily calculated by measuring the cylinder expansion. When the measured data for the explosive is applied to a calibration hydrocode [11] [12], variables can be identified to accurately characterise the explosive performance (Pressure, Volume, Energy) [13] [14] to satisfy the Jones-Wilkins-Lee (JWL) Equation of State (EoS) equation. This characterisation is essential for ensuring the correct selection of HE for the required purpose based on its properties from modelling with a high degree of verifiable accuracy. Once the pressure, volume of products and energy (PVE) variables have been identified for the explosive, these can be used to accurately model performance without having to use expensive, necessarily destructive trials.
The Cylinder test is now a widely used standard test within the field of explosives research and engineering [15] [16] [17].
[bookmark: _Toc130909120]Heterodyne Velocimetry
Heterodyne Velocimetry (HetV, UK term) or Photon Doppler Velocimetry (PDV, US term) is a relatively new technique [18] [19]. Prior to its development, the two accepted diagnostic methods for shock physics experiments were VISAR (velocity interferometer system for any reflector) [20] and Fabry-Pérot [21], both of which had advantages and disadvantages. The HetV method combined the advantages of both methods whilst discarding a lot of the disadvantages. The main difference is that HetV uses optical fibres to direct and also collect the reflected laser light from the surface to be measured. The Doppler Shift of the reflected beam is then used to calculate the velocity [22]. The reflected light is at a different wavelength to the initial beam, and the wavelengths are mixed together to produce a ‘beat signal’ [23] which can then be analysed at the receiver and related to the velocity of the target surface. 
A large advantage of the HetV system is the ease of obtaining the constituent parts to set it up. All the components are commercial off-the-shelf items, and it is a relatively simple system to construct. Furthermore, where the previous iteration of the experiment (time of arrival probe boards) took discrete single points of data and aggregated them to calculate velocity, HetV allows for a continuous measurement along the point of the laser [24] [25]. Due to this advantage, the velocity of the expansion of the cylinder wall can be accurately measured before steady state detonation is achieved. A drawback of this method is that the optical fibres measure the velocity along the beam and only in one dimension (along the track of the beam) where the cylinder wall is moving in two dimensions (downwards as well as outwards). As a result, each probe only gets part of the picture, and the results are again aggregated to form a ‘best guess’ (albeit a very informed best guess).
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[bookmark: _Toc130909103]Figure 2 - Drawing of the Cylinder Test set-up comprising of ToA boards and HetV probes to compare techniques [24]
As this current technique does not supply a spatial component to the data, the picture is still incomplete. The data gathered is much improved from the initial configuration, but there is still scope for improvement.
[bookmark: _Toc130909121]3-D Printing Techniques
As stated in the Project proposal, the current method used for the manufacture of the CT bracket is that of Fused Deposition Modelling (FDM). This entails the melting and extrusion of the selected plastic (polycarbonate in this case) in filament form onto a build platform to create layers of material according to the proposed design [26]. Due to ESD concerns near explosives [27], the plastic must be conductive to protect the HE and operators against an ESD event hence the use of polycarbonate. FDM is prevalent in the manufacture of 3-D printed parts, as production using this technique is quick and has a very low cost to size ratio which is attractive (especially for items that will only be used once such as a bracket used to secure HE that will be detonated, destroying the item in the process). FDM techniques have been found to have downsides however, including the fact that the resulting models are anisotropic and shear stresses will cause them to easily break [28]. Due to the relatively small mass of the components attached to the bracket, this is not necessarily an issue of concern but does have to be taken into account when the experiment is being set up. 
The issue that is of a greater concern is that of the resolution of the printed product. FDM has a tolerance of ±0.2mm [29], which means that the placement of the probes within the probe guides will be problematic. If the guide is too small, it needs to be drilled out as discussed in the next section, and if it is too large, the probe will be loose and potentially glued in at an unknown angle. 
Stereolithography (SLA) is an alternative method of 3D printing, as it produces structures at a higher resolution (lower tolerances of ±0.05mm in the X and Y axes and whilst there is a greater tolerance on the Z axis of ±0.13mm, this is still better than FDM) [30]. The theory behind Stereolithography involves layering a liquid photopolymer resin and curing each layer using an ultraviolet laser. This technique is also relatively quick and cheap (more expensive than FDM) but care has to be taken with the storage of such components as some photopolymer resins are toxic, and exposure to further UV light (such as direct sunlight) can cause degradation of the component which could reduce the strength and durability of the bracket. As this is intended to be used for securing an explosive component this is not a desirable effect. However, with correct storage this could be prevented. Photopolymer resin can also be carbon-loaded [31], making it ESD safe, which leaves it as a suitable material for use in explosive process rooms [32].
Selective Laser Sintering is another very popular method of 3D printing, mostly used for the production of complex geometries. The lower tolerance for this method is ±0.3mm, similar to that of FDM, but due to the likelihood of layers cooling at uneven rates, warping is more likely to occur. As the geometry of the bracket is relatively simple, this method is discounted as it adds further possibilities for defective brackets with no real upsides [29]. As such, this technique shall be discounted.
[bookmark: _Toc130909122]Precision Measurement Techniques
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[bookmark: _Toc130909104]Figure 3 - Comparison between precision and accuracy - A: neither accurate nor precise, B: precise but not accurate. C: accurate but not precise, D: accurate and precise [33]
As identified in the proposal report, even if a solution is found to produce repeatable angle positioning for the probes, this repeatability would need to be proved out. Precision measurements are routinely carried out in engineering workshops and many techniques are widely used, depending on the desired metric [34] [35] [36]. It has been identified that the most accurate measurement tool available to the company is the Coordinate Measuring Machine (CMM) which has a repeatable accuracy down to single digit microns (depending on the probe head length; the shorter the probe head length, the more accurate the measurement as there is less flex). Currently there is no convenient CMM located close to the process area, so any CMM measurements will involve moving the bracket to a different facility, which will not be feasible if the HE cylinder has been fitted into the bracket. Due to the size and space considerations of the bracket once the cylinder and probes have been fitted, it would be a demanding task to fit a CMM probe into the assembly to take accurate measurements, and there is currently no way of obtaining the measurements as there is no satisfactory point of reference to positionally measure against.
[bookmark: _Toc130909123]SME identification and discussions
As the top-level description of the problem had been made, the next stage was to further streamline the research paths by consulting Subject Matter Experts (SME). An initial discussion was had with the technician responsible for general set-up of this configuration of experiment [37]. Further discussions were had with the Process Lead as to the direction of potential desirable avenues of research [38].
[bookmark: _Toc130909124]Experiment set-up
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[bookmark: _Toc130909105]Figure 4 - Overview image of the Technical Drawing of the Probe Holder
The HetV probes used in the experiment are obtained ‘commercial off the shelf’ from an external company and come supplied with a Certificate of Conformance to provide traceability. Due to the specification supplied to the company, the probes quite often come in with kinks or bends (relatively minor deviations, but still not perfectly straight) in them. If assembled into the bracket as is, there is no way of ensuring the correct placement and direction of the probe. It was requested of the company that tighter tolerances be applied but the supplier advised that these tolerances were unachievable to them. The solution developed to combat this is to straighten the probes as best as possible using needle nose pliers and feed them through a titanium / vanadium tube sheath. The 1.8mm diameter probe now has a diameter profile of 2.0mm. As per the bracket model drawing, the probe guides have a diameter of 2.0mm, with a natural tolerance of ±200µm from the 3D printing technique used [29]. It is therefore more likely than not that the guide holes will not naturally accommodate the sheathed probes and as a result, the guide holes need widening. 
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[bookmark: _Toc130909106]Figure 5 - Example hobby drill used to widen probe guides.
In order to widen the guide holes, a hand drill (see Figure 4) is used to bore out the existing voids in order to accommodate the sheathed probes. Once the probes are inserted, a 35mm spacer is held along the cylinder and the probe is pushed up against it before being fixed into the bracket with adhesive. As the bracket is only ~200mm across, once the cylinder is set into it, there is little room for the technician to position their hands and great care has to be taken in order to avoid damaging or displacing the probes. Once set, a beam of light is sent down the probe and the reflected dot on the bracket base is marked. This distance between the probe and the marked point is measured and deemed the hypotenuse of a triangle. The point of incidence of the dot to a point normal to the guide hole is measured with a ruler in order to obtain a length of the opposite of the triangle, and basic trigonometry is used to calculate the angle that the probe is held at. 
[bookmark: _Toc130909125]Higher Level Overview
Away from the ‘shop floor’, there are further considerations to be made. Discussions are being held as to the future directions that this path of research could take. One of the main topics of research is adding ranging to the experiment. This would be a more advanced version of the ToA method, where the HetV technique would be used in a pulsed infrared fashion, and each light packet would be analysed as a discrete quantity of information, measuring distance rather than velocity. Because of the discrete (rather than continuous) nature of the data being obtained, the metrology would be insensitive to direction [39] [40] and with enough data points integrated throughout the experiment, this would provide an even clearer picture of the event. 
Improvements to the procurement of the probes are also being looked at. As the probes are coming in to the company in a configuration that requires modification in order to be fit for purpose, a better solution could be sourced. The tightening of the tolerances to comply with the required accuracy could be more expensive, depending on the supplier, but this is a solution to investigate. A different approach could be the use of Multi-fibre Termination Push-on (MTP) connectors [41] [42] [43]. This would allow for up to 24 optical fibres to be connected into a single connector away from the hazard. The isolation of this process from the hazard would allow for more detailed metrology of the precise angle of incidence. Along with this convenience, an additional benefit would be repeatability of positioning the probes. If the receiving connector is placed at a known offset on the bracket, and the connecting probes manufactured at known angles with greater precision [44] than the current set up this will increase the accuracy of results, but also increase the manufacturing time and cost due to the tighter monitoring of process.
A third possibility for improvement of accuracy of results would be an investigation into the optical fibres themselves. The addition of Fibre Bragg Grating (FBG) to the optical fibres would allow for a more precise gathering of data. Fibre Bragg Gratings are internal modifications to optical fibres by periodically modulating the longitudinal refractive index of a fibre using lasers [45]. This controlled manipulation of the refractive index allows for more mirror-like behaviour which in turn allows for increased control over the wavelength of light allowed to return through the optical cable, minimising unwanted interference of the undesirable signal [46]. In addition to this, FBG sensing techniques are immune to electromagnetic interference. FBG, in particular Chirped Fibre Bragg Gratings or CFBG (see Figure 5) have been extensively researched as an area of great interest in the measurement of detonation velocity [47]. As the length of the altered refractive indices along the optical fibre (chirp rate) are known, the destruction of any part of the CFBG will result in a drop in the bandwidth of the reflected light at a proportional rate. The detonation shockwave can then be accurately tracked (as long as the CFBG is in intimate contact with the HE) by monitoring the total change in the power reflected [48]. In the experiment produced by Pooley et al [48] the CFBG was submerged in liquid explosives to maintain intimate contact, and the experiments performed by Rodriguez et al [47] an epoxy glue was used to bond the CFBG to the consolidated charge (whilst the experiment results were seen to be within acceptable boundaries, the possibility of a layer of epoxy between the charge and CFBG could affect the accuracy of the results gained).
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[bookmark: _Toc130909107]Figure 6 - Refractive index structures within FBG geometries [49]
Lastly, the question has been raised as to whether the current angled probe set up (20°, 30°, 40°) obtains the most accurate data. Experimental data [13] has shown that there is a noticeable difference in data obtained when there is a large difference (±5°) in angle between the particle path of the detonation products and the probe. As the angle of incidence of the expanding case has been observed to be ~7°, there is currently a body of work proposed to compare and investigate the data collected with probes set at this angle, alongside the current angled set-up. This research could also be incorporated into the testing of solutions found within this report.
[bookmark: _Toc130909126]Problem Analysis
During discussions with the SMEs several issues with the experiment were identified. 
· Quality control of the incoming probes
· Inconsistency between the drawing specification and the set up process steps
· Precision and repeatability of guide hole expansion
· Precision and repeatability of probe placement
· Difficulty of probe placement
· Accuracy of the metrology of the probe angle
· Quality of data gathering method
[bookmark: _Toc130909127]Quality Control
The first step of the process has issues before the component parts even arrive on site. The standard of the specification accepted by the company is less than optimal. When the suppliers have been challenged regarding the quality of the probes supplied, they have expressed the stance that their manufacturing processes are currently unable to supply probes to an improved specification. Due to the relatively small quantity of probes purchased by the company, the costs of upgrading their manufacturing processes are not something they are willing to undertake.
[bookmark: _Toc130909128]Design Discrepancies
As discussed in the interview with the process technician, the digital drawings for the CT bracket manufacturing program are set so that the guide holes are the same as the sheathed probes. Even with the natural margin for error inherent to the FDM method of 3D printing, this would mean that the sheathed probes are more likely than not to fit snugly. Due to the quality shortcomings of the supplied probes the amendment to the process of sheathing them makes sense, but the drawings need to be up issued to change the diameter of the probe guides if higher quality probes cannot be sourced. Unfortunately, due to the FDM margin for error, there will still be the possibility of loose probes if the error tends to the higher end of the tolerance.
[bookmark: _Toc130909129]Probe Guide Alteration
With the current set-up, most of the probe guides will need to be expanded in order to fit the sheathed probes. The use of hand tools is not the ideal solution as the application of a hand drill into the relatively soft material of the polycarbonate leaves a high possibility of drilling off the line of the probe guide with the remaining channel leading at a different angle to that required by the experiment. 
[bookmark: _Toc130909130]Probe Placement
There is a degree of difficulty in setting the probes in place. The probes are set into the bracket after the cylinder of HE has been fitted, with a 35mm slip gauge manually held in place resting against the cylinder providing a stop for the probe to butt up against. Once the probe is deemed to be ‘in place’ it is glued in place. Should there be any variance in the channel of the probe guide, the action of pressing the probe up against the slip gauge could result in the probe being pushed off the required angle.
[bookmark: _Toc130909131]Set-up Process Handling
There is limited space offered by the confines of the CT bracket, and caution is required when placing the probes (caution necessitated by working in proximity to explosives and also due to the delicacy of the probes that have already been set). These limitations are of great frustration to the technicians and should also be addressed.
[bookmark: _Toc130909132]Probe Angle Metrology
The method used to measure the angle of the probe is of insufficient resolution for an experiment that requires such a high degree of accuracy. The reliance on the ‘operator’s eye’ and measurement with a rule is not suitable. If the position of tip of the probe could be characterised more accurately, the figures could be taken into account when analysing the results from the experiment and provide a greater certainty. 
[bookmark: _Toc130909133]Data Measurement Techniques
Much like the replacement of ToA boards with Optical Fibres, the next generation of technology (FBG) should be being used to obtain the best data. The issues identified here are how this technology could be worked into the process to be utilised in the most effective manner. The highest quality of data for Velocity of Detonation (VoD) for HE will be if the FBG is in intimate contact, but the manufacturing difficulties of introducing such a delicate item into a charge are substantial. It would be impossible to press [50] the explosive cylinders containing the FBG optical cables as they would be destroyed in the process, and it would likewise be impossible to thread a glass cable of diameter 250µm [45] through a pressed cylinder even if a channel of this size could reliably be machined using current conventional HE machining techniques.
[bookmark: _Toc130909134]Proposed Solutions
[bookmark: _Toc130909135]Short Term
In the short term, a solution must be considered to resolve the main issues within the experiment whilst avoiding long lead items. These include significant changes to the process or design drawings, changes to materials or metrology. As a result, certain issues can be eliminated from this section; Quality Control, Design Discrepancies, Set-up Process Handling, Probe Angle Metrology and Data Measurement Techniques can all be disregarded for now. 
If there were a way of ensuring that the channels of the probe guides were all uniform in direction and angle, this would mitigate the initial concerns stated by the stakeholders. To this end, several tooling options were considered. Tooling that is designated for use within an explosives area needs to be properly configured and safety concerns must be addressed prior to introduction to the process room. Material must be considered for compatibility purposes [51], also for non-sparking qualities (steel on steel impact is a large concern) [52]. The material should also be ESD safe (conductive, static dissipative or if not, no larger than 75cm2 [53] so as to not be capable of storing a charge quantity of any concern). As there is no powder or swarf and the explosives are contained in a copper cylinder, considerations against friction, pinching and crushing of any explosives can be seen as ALARP [54]. The tooling must be able to be manually handled by the technician and guide the drill along the same path every time. The initial thoughts were fixed jigs angled so the bracket could be supported under a pillar drill, but these were discarded as the jigs would be unnecessarily bulky and there are no convenient pillar drills in proximity of the process buildings. Ideally a hand tool would be used for ease of storage and manual handling. Existing designs for angled drill guides were consulted (see Figures 8-10 in the Appendix).
A rough concept of a potential tool has been drafted (see Figures 11-14 in the Appendix). Due to the inexperience of the author with CAD software, further optimisation will be essential to carry the design through its design cycle. Figures 11 and 12 show the main body of the tool, with the threads tapped out at a known angle (the design may necessitate multiple body frames manufactured, each one designated for a specified angle probe guide). The centring flanges will clamp the tool onto the spar containing the probe guide holes. Figures 13-14 show the securing chuck that the hobby drill is to be inserted in to. Chuck jaws within the head will secure the hobby drill in place and ensure it remains central. The external threads will match those of the main body and will ensure the hobby drill follows the same path every time. The length of the securing chuck threads will allow for the hobby drill to perforate the spar completely.
The tool should be made from an aluminium grade which supplies more hardness than standard aluminium [55] as this will provide sturdiness during handling, will be lighter than a similar tool manufactured from tool steel [56] and not allow for sparking in an explosive workplace. 
[bookmark: _Toc130909136]Medium Term
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[bookmark: _Toc130909108]Figure 7 - Example of the detonation angle effect as a result of detonation from one end of a cylinder of explosives [57]
Medium Term solutions are less time sensitive but produce more value to the process overall. Due to the cumbersome nature of large companies, any significant change to established process is subject to governance which naturally takes time as all interested parties are expected to review and have input into any proposed changes. 
The first path to take for medium term solutions would be to investigate other suppliers to see if higher grades of optical probes can be sourced. This would have to go through the formal procurement process, and if a suitable supplier is found, approval will have to be obtained to place them on the Approved Suppliers List for the company.
A change of 3D Printing technique would be recommended to eliminate some of the tolerance of the finished bracket. A smaller tolerance would result in less probes having to have guide channels drilled out or being held loosely. An SLA printer costs more than a FDM printer [31], and FDM materials are substantially cheaper. Furthermore, SLA items require washing in IPA to remove uncured toxic resin so would incur increased processing costs. It is unlikely that there would be a recovery of costs by switching techniques however this may not be a high priority if the experiment can be improved.
If a small flange was included on the design of the probe sheath at a set position, it could be used as a hard stop for the probes so as to eliminate the use of the 35mm spacer and reduce the awkwardness of setting up in confined environs. The manufacturers should be contacted to advise of the feasibility of this option. Alternatively, the set up process should be analysed to see if the sheaths can be fitted into the bracket prior to feeding the probes through. If the guide sheaths were set into the bracket away from the hazard, it would also be possible to CMM the position of each sheath by shining a laser down each sheath and using a mirror finish ball probe head on the CMM [38]. As the laser is reflected down the original path the CMM can log this as the angular position of the sheath to a tolerance of a few microns [58]. As physical space in the process area is limited, the installation of an ‘on location’ full size CMM is not feasible for consideration. However, if a suitable surface was placed in the process area, a portable CMM could be purchased to perform positioning measurements in situ. The downsides to this solution are that portable CMMs are less accurate than a full size fixed Cartesian CMM, and as the process area is not climate controlled, they would require more frequent calibrating as the temperature and humidity changed [59].
The design of the bracket should be looked at, to discover if there is an option for improving the safety and probe placement repeatability. If it is possible to manufacture an MTP connector into the bracket, this would increase repeatability of placement and also move a substantial amount of the setting up process away from the hazard. 
[bookmark: _Toc130909137]Long Term
Long term, the experiment data collection should be improved. Due to the prevalence of FBG usage for analysing high speed experiments, this is a technique that should be implemented into the experiment. Laying FBG components in intimate contact with the cylinder can be achieved by machining channels into the copper cylinder relatively simply. However pure VoD experiments, on consolidated material, with no need for the analysis of metal behaviour, could be improved by removing the cylinder completely and the issue becomes how to apply the optical metrology. Conventional machining methods for explosives would not be able to manufacture features down to the size required for FBG optical cables, however there has been some research into laser machining of explosives. Normally, laser ablation will cause micro-explosions of material [60] as it’s method of cutting or crafting of features in conventional materials but this is unacceptable in energetic materials as this will mostly result in an explosive event. It has been proven however, that with the application of a Ti:sapphire femtosecond (FS) laser, and a continuous gas stream of compressed air, there is sufficiently small heat transfer that the explosive is not at risk of insult [61] [62]. This technique has also been successfully used to defuse unexploded ordnance [63]. This technique can be used to machine incredibly tight tolerances as it only removes microns of material at a time so would be more than suitable to machine a channel suitable for a FBG cable. This technique would also be suitable for more complicated geometries of shaped charge as an additional research topic. Whilst the cost of a small FS laser starts at approximately $25,000 [64], the real cost will be in man hours as the site license to operate does not cover combining these two major hazards. In order to obtain a change of license of this magnitude, a major safety assessment would have to be created and approved, and a new facility would have to be designed and commissioned which could take years.
[bookmark: _Toc130909138]Recommendations
The recommended tooling concept should be further optimised. Further consultation with the Set-Up Technician would be essential, and also with a Tooling Engineer. Once a prototype has been manufactured, it can be proved out by obtaining at least three brackets and test drilling the guide holes. Once the guide holes have been bored out, the angles can be measured by inserting a rod through each guide hole and the assembly be placed on a profile projector shadowgraph [65]. This will allow for a comparison of the angled rods that can be easily measured. Should each rod be within an acceptable angle tolerance of each other, this will be sufficient as a prove out method. A minor uplift of the process documentation shall also be required to include the use of the tool.
A company procurement officer should further investigate supplier capability to provide a better specification of probes, and if a flange can be added to the probe sheaths at a set distance from the end. 
A Tooling Engineer/Manufacturing Engineer should be tasked with an uplift of the bracket design to improve the safety and efficiency of the set-up process. Special consideration should be made of implementation of MTP connectors into the design. The material and 3D printing technique should also be considered during this uplift.
Further experiments should be done to investigate the optimal angle that the probes should be set at, and how FBG optical metrology could be effectively used within the CT process including the placement of fibres in intimate contact with the explosive or test cylinder.
A project should be formed in order to start looking at an amendment to the site licence in order to experiment with laser cutting and machining of explosives. Should permission be obtained, the project should create and commission a facility and process to advance the company’s knowledge of this technology as it will have a substantial impact on all aspects of HE research.
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