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Abstract
Within the company we have waste to process in accordance with an agreed delivery date which can be challenging based on current process deficiencies. The aim of this report is to address an issue the company is facing and propose an effective means of shape destroying a component to enable it to undergo a sufficient clearance process and be forwarded on to an appropriate waste route. Many methods have been considered from mechanical applications through to chemical applications, this was to identify which method would suffice to achieve shape destruction, whilst bearing in mind the most realistic and cost-effective method, which was found to be to employ explosives. The effects of shock coupling have been explored in this to determine whether carrying out the trial in a submerged environment would allow for a lesser NEQ to be used thus posing less of a risk to the operators and environment. The preferred method was designed, simulated, built and implemented, with comparison between the simulation and trial outcome. The method successfully achieved sufficient shape destruction and enabled appropriate waste streams to be designated. It was found that there were additional areas for exploration and provided evidence for process improvement to be carried out to further reduce the NEQ used. 
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[bookmark: _Toc120261751]Introduction
Within AWE there is a history of stockpiling redundant materials which take up space and resources such as storage, monitoring and inspection. This project will look at developing an effective process to destroy a component enabling completion of the breakdown cycle with disposal. In its current capacity it is not possible for the item to monitored and cleared, though with the shape destroyed it will enable monitoring, clearance, and disposal in the correct manner. [1]
The aim of the project is to investigate and develop a sustainable process to destroy components from legacy breakdowns enabling proper disposal and completion of the cycle. 
The objectives to achieve the aim are as follows:
· Analyse, develop and evaluate various means to carry out shape destruction
· Define the baseline for successful destruction of the component
· Select, design and implement a trial to safely verify the process
· Evaluate and analyse the results from the trial with regards to the product against the baseline of shape’s destruction
The components are of a brass-based material which has the potential for low contamination U235 due to current inefficiencies in monitoring equipment to deem clean. The components are >15years old and show no signs of degradation due to being kept in stringent storage conditions. The current holdings of these components equate to approximately 100 full drums, approximately 200mm (ø) x 450mm, each containing 2 components in building C. [2]
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[bookmark: _Toc120261611]Figure 1 - Stakeholder Engagement
Post stakeholder engagement, a systematic problem-solving activity was carried out as seen in Figure #. This process captured the lifecycle of the project. Due to the apprenticeship aspects of the project, all actions were placed on the author to investigate, source, plan and implement the project. This process was undertaken with relevant SMEs from across the various functions in the company to better understand the requirements and to cover alternate options.
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[bookmark: _Toc120261612]Figure 2 - 6S A3 Process [3]
[bookmark: _Toc120261752]Key Requisites
The component must undergo satisfactory deformation so that all surface areas are accessible enabling sufficient clearance monitoring and component disposal.
The component must be suitably managed once shape destruction has been undertaken so that the appropriate waste route may be followed. Should it not be permissible for disposal to occur imminently then the remnants must be adequately consolidated, reducing overarching costs of lifecycle management. 
The financial elements must be kept as low as is reasonably practicable as the budget for this venture is currently limited. So where possible efforts need to be made to reduce costs.
Consequently the safety of personnel involved, and environmental safety must be paramount and compliance with our company conditional requirements as well as regulatory legislation. 
The methods considered must holistically capture these requirements.
[bookmark: _Toc120261753]House of Quality (HOQ)
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[bookmark: _Toc120261613]Figure 3 - House of Quality for Project Requirements [4]
Considering the key requirements to align with the project scope, a HOQ was carried out in partnership with various SMEs in the company. It highlighted many strong relationships between the demanded quality elements and the quality characteristics. Security, storage and cost were identified as areas of lower importance in the scheme of things.
With any disposal project, where possible it is desirable to reduce the waste generated and the impact on the environment. Many of the other characteristics would be fixed due to specified company requirements and performance parameters. 
When looking at the quality characteristics, the most important were identified to be waste and environment and the least found to be transportation and accountancy. 
A competitive analysis was carried out to base where similar companies are in regard to the demanded quality. The ratings for the companies are suggestive only and were based on each individual company’s fiscal report documentation. It is the authors interpretation of the information.
Multiple options were considered, and investigation as later stated in the report, however in keeping with the OME principles the author applied gained knowledge throughout the course to use explosives as the means of shape destruction. From previous research carried out, the author will be using the project to investigate the effects of water shock coupling as a means to reduce quantities and costs of materials used. 
The report will go as follows, a literature section covering all the various aspects of the project from the different methods available, fundamental theoretical knowledge and elements of project lifecycle management. Section 4 will cover the methodology, from optioneering to decided method, as well as material considerations and justifications for use, and a brief overview of the process carried out. In order to prove out the method a simulation was generated and run to provide indicative results as to whether the proposed method would work. Section 5 covers the results attained from the simulation as well as the results from the actual firings. This section is then followed by a discussion of the results and a general comparison. 














[bookmark: _Toc120261754]Literature Review/Background
[bookmark: _Toc120261755]Overview
The first section of this chapter will examine literature related to destruction methods of limited size objects, in order to provide the necessary background information to understand the entirety of this niche subject. This section will be restricted to considered and achievable methods. A general introduction to disposal routes including the differences between ‘clean’ and ‘unclean’ materials in relation to the energetics world. This section is followed by a brief overview of the fundamentals of explosives, providing the reader with an understanding of explosive mechanisms. Followed by a section on specific computational modelling techniques which are effective methods for modelling effects of blast and shock mechanics on a target which enable operative comparisons between simulation to real-world effects. The last section of this chapter touching on Non-Destructive Test methods which are effective scientific analysis tools used for inspection and failure modes analysis.
[bookmark: _Toc120261756]Deformation Methods
Deformation processes vary in their efficiency. In a theoretical deformation process with 100% efficiency, all work done in the process would go into the deformation, whereas in reality, some of the work done is used to overcome friction and there can also be redundant work where internal plastic deformation does not result in shape change. Plastic deformation is the desired effect, which can result in an increase of thermal energy in the target material. This behaviour can be attributed to the first law of thermodynamics which defines the change in internal energy of a system [5].
∆𝑈=𝑞−𝑤
Various studies have shown that brass shapes are more readily deformable when exposed to increased temperatures, suggesting that to reduce work done a heat intensive process may prove more reliable [6].
[bookmark: _Toc120261757]Chemical
Destruction through chemical means does not explicitly mean using acids or the like to breakdown materials. Chemical destruction entails a process that affects the physical and chemical material properties. This can be achieved through various means such as combustion, acids and use of explosives. These methods break the limits of molecular bonds resulting in a change or distortion of the material. Given the aim of the project, any of these methods seem more appropriate to achieve shape destruction and removal of security concerns.
Incineration of the component resulting in melting, whilst would prove highly effective in shape destruction would potentially release contaminants into the atmosphere of which are not within the company’s permissible exposure limits. It would also require a dedicated facility to enact this, of which there is no scope or plan to introduce to the company. [7] 
There has been investigation into the removal of various contaminants from acid mine drainage using coal fly ash and aluminium hydroxide. Whilst this is mining and not defence industry, consideration has been made as to whether the same process could be applied to the target components to remove the contamination enabling a standard disposal route. It was found that the use of coal fly ash and the aluminium hydroxide achieved a 90% reduction in contamination levels resulting in the drainage to have the same purification standard of drinking water [8]. Whilst not a destruction method per se, it is an enabler for destruction which could be implemented [9]. However on discussion with various SMEs, it was agreed that this area was significantly lacking in reliable data and thus no further investigation has been continued. 
The use of explosives for destruction is widely and historically used ranging from large structures to small items. For the scope of this project, two methods would be most appropriate. Application of cutting charges or destruction through detonation [10]. 
Cutting charges use high-velocity explosive energy to accelerate a V-shaped liner material into a high-velocity jet that penetrates and cuts the target. Whilst they tend to be rigid, they can be housed in specially manufactured ring-shapes to account for use against something with a conical surface. Advancements have resulted in the development of explosive cutting tape, which introduce more flexibility and scenarios where cutting charges can be used [11]. Within the company processes cutting charges are not used, resulting in a lack of onsite location in order to apply.
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[bookmark: _Toc120261614]Figure 4 - Cutting Charge used for Destruction/Disposals [12]
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[bookmark: _Toc120261615]Figure 5 - Consolidated Charges for Disposals [13]



Destruction through detonation is vastly used within the defence industry and is mainly to carry out disposal operations of expired or faulty explosives and munitions [14]. Within the company firing area destruction via detonation is common practice and the facilities available and permitted to carry out these operations. This method uses a detonator or two and an explosive charge of x size to destroy the article [15]. The firing chambers used on site cost on average £1,000 a day. Given that over the course of 10 days ~40 of these components could be shape destroyed. So for £10,000 significant progress can be made in the clearance of the components. This seems the most likely and available method to carry out to achieve the project requirements.
These methods raise additional hazards and issues, all of which are manageable within the remit of the company and are part of standard processing. This does not by any means result in a lack of consideration to environmental and personnel hazards. Any and all options are captured in Chapter 4. 
[bookmark: _Toc120261758]Mechanical
A variety of mechanical disposal methods were looked into to validate potential shape destruction methods. Commonly used methods across the various industries are through band sawing, use of nibbler or nibbler shears and impact. There are other methods used though only ones that could potentially meet the requirements have been looked at. Limitations of these have been considered due to availability and resource within the company.
Mechanical saws such as bandsaws and lathes have been used to cut munitions and other materials to reduce size and provide access for further investigative or disposal activities [16]. Band saws and lathes are available in a range of sizes, from larger freestanding ones for the biggest of tasks, to worktop versions perfect for quick fixes. They mostly work in exactly the same way, however, and are used for similar jobs. Cutting irregular or curved shapes into wood or metal. Splitting larger pieces of lumber into more manageable sizes [17]. Use of Band saws creates significant levels of airborne particulates, so often either remote usage or RPE must be used [18]. On average for our industry a lathe would cost ~£80,000, which on consideration, if being used for potentially contaminated articles, the machined would then be condemned, which in turn has the potential to condemn either room in a facility or the facility itself. The amount of resource that would then be required for decommissioning significantly outweighs the benefit of it as an option.
Nibblers are versatile tools help cut through metal sheets precisely and are available in two forms, freehand and bench mounted. Nibblers are universal cutting devices that work without feed force, spark, distortion, and emission [19]. They are used on sheet metals to cut sections, small channels or cut-outs, tubes, and many more. Nibblers can cut a variety of materials varying in thickness by easy and quick direction change [20]. 
Presses cover a large variety of processes and can be used for forming metal parts including but not limited to shearing; blanking; forming; drawing; bending; forging; coining; upsetting; flanging; squeezing and hammering [21]. They are used in the manufacturing processes and for certain disassembly operations. Industry dependent but some presses are used for waste consolidation or in recycling processes. Presses require significant amounts of power in order to compress pieces of metal, power requirements can be adjusted depending on the directionality of the press [22].
[bookmark: _Toc120261759]Disposal Routes
There are generally two disposal routes, items get put into landfill sites or are repurposed for alternate or same usage. Dependent on the material the variation of cost can be somewhat considerable. Given the global climate towards emissions and carbon footprint, most corporations attempt to minimise their carbon footprint and wastage by opting to encourage recycling or initiating recycling of materials from domestic to industrial. This direction has been guided by government levies and potential prosecution for failure to adhere [23]. 
Whilst it is possible to re-purpose a bulk of various materials, it is not always possible due to the nature of work in some industries. There are many materials that are environmentally hazardous as well as hazardous to health. 
The disposal machinations are stringently governed through various regulatory bodies, including Health and Safety Executive (HSE), Environmental Agency (EA), Department of Energy and Climate Change, and Office of Nuclear Regulators (ONR) [24]. 
Additionally throughout the process the security ramifications need to be considered and implemented throughout, ensuring full accountability and traceability of the items until successfully shape destroyed [25]. 
The disposal route for any remaining explosive material needs to be considered. Unlike standard waste, some materials require specific routes that need to be adhered to in order to dispose. On conversations with personnel/SME’s who undertake similar processes, the waste material would need to be carefully collected, bagged and wetted to maintain stability/reduce the possibility of accidental detonation through friction [26]. All materials used within this process would have been compatibility tested. The bagged powder would be stored within a permitted area of the facility pending collection by a specialist group for handling dangerous goods [27]. From a legal perspective the waste explosive material would need to be recorded on an explosive accountancy system such as QMAS[footnoteRef:1]. The waste powder would be transported to a designated location for disposal via burning. This is currently the safest method of disposal. The by-products are this process are negligible in terms of permitted environmental exposure limits. [1:  QMAS is an explosive accountancy developed by QinetiQ and is used across a multitude of companies.] 

[bookmark: _Toc120261760]Clean Disposal
Across the majority of industries the types of waste generated are ‘clean’, as such are able to be disposed of via generic routes such as landfill. There is a growing concern globally around the environment and carbon emissions, with many companies working towards reducing their carbon footprint. Additionally as landfill prices continually increase as well as the taxes applied, it would be prudent to avoid this method of disposal where possible. Many directorates towards this are through use of more renewable energy and through recycling or repurposing of materials. 
By having a sustainable waste management system, it helps to offset against the negative impacts of waste whilst providing a number of benefits, mainly by keeping the materials in circulation and minimises the amount of waste disposed of in landfill or through incineration. Waste begins before the products are even manufactured, therefore a more in-depth approach to sustainable waste management was considered throughout the entire lifecycle of the detonator to reduce the negative environmental and financial impacts. 
[image: ]
[bookmark: _Toc120261616]Figure 6 - Sustainable Waste Management Hierarchy [28]
[bookmark: _Toc120261761]Unclean Disposal
There are few companies across the UK that generate radioactive waste as part of their industry. Whilst there is a lot of information available around radioactive materials, there is still a definitive knowledge gap in the waste management of it. Likely as a result of knowledge unknown given our current capabilities. In the current climate, the most favoured option which is being explored is the development and implementation of Geological Disposal Facilities (GDFs) [29]. These are highly engineered facilities capable of isolating radioactive waste hundreds of meters below ground.
[image: ]
[bookmark: _Toc120261617]Figure 7 - Geological Disposal Facility Concept [30]
When it comes to dealing with radioactive waste only a handful of options available, which is dependent on what level of waste it is. Radioactive waste is categorised into four boundaries, High-level waste (HLW), Intermediate-level waste (ILW), Low-level waste (LLW) and out of scope[footnoteRef:2].  [2:  Out of Scope is treated as non-radioactive waste, where the risk to the environment and human health is considered negligible.] 

HLW typically is in liquid form generated as a by-product of reprocessing spent fuel from nuclear reactors. This waste undergoes vitrification[footnoteRef:3] where the waste becomes solid and is put in long-term storage at Sellafield [31]. It would then be held for ~50 years in a controlled environment with the aim of going to a disposal facility in the future. Some ILW requires ‘treatment’, involving compaction, cutting or drying. ILW is held in interim storage pending a suitable disposal route. Much like HLW and ILW, LLW was compacted and stored in a repository, however this approach has changed, encouraging alternate treatment and disposal options. Metals can be recycled, with the surface being shot blasted before undergoing standard recycling methods. Incineration reduces volume of waste by 90+%. Additionally, there are permitted landfill sites that can accept very low-level waste alongside non-radioactive wastes. This last option is strictly regulated and controlled [32]. [3:  Liquid HLW is mixed with crushed glass in a furnace to produce a molten product. This molten product is poured into stainless steel canisters which hold ~150L of waste.] 

[bookmark: _Toc120261762]Impact Mechanics
Impact mechanics is a branch of applied mechanics that deals with high rates of energy and load over a very short time, one of the most useful mechanisms of producing hight energy rate impact is through use of explosives. This process has many applications across many industries. A small quantity of explosive material can change the shape of an object, weld parts together and improve the mechanical properties of an item [33].
Explosive Welding (EXW) or Explosive Forming (EXF) is an application of impact waves. The waves produce plastic and elastic deformations in solid material. EXW involves using explosives and a flyer plate to impact against another metal plate, this kinetic energy achieved as a result of this process results in the metals welding together. EXF differs to EXW in that it is carried out in an immersive environment applying explosives and the material to a die mould [34]. The energy rate achieved through this turns the material into an almost fluid state which envelopes the die forming the desired shape. Both processes are frequently used in the aerospace industry for the manufacturing of complex parts [35]. 
[bookmark: _Toc120261763]Shockwave Theory
A shockwave is characterised as an abrupt, instantaneous jump in pressure, temperature and density, propagating from a high-pressure region to a low-pressure region at a velocity higher than the sound velocity of the material it is moving into. Rankine-Hugoniot formulated a curve that describes all the possible shock states than can be reached in one shock from a known initial state[footnoteRef:4]. This is typically illustrated as Pressure against Particle Velocity. The Hugoniot of a material is linked with Equation of States, which describes the possible states a material can have in terms of pressure, energy and specific volume[footnoteRef:5]. Shockwaves become rarefaction or release waves when a reduction in pressure occurs. When a shock meets a free surface, or a lower impedance material it results in a release wave moving back into the shocked material, generating a low-pressure state. Opposite a shockwave which is generically a single wave, a release wave is a series of wavelets which gradually release the shock state to the final release state. Release waves in conventional materials are characteristically faster than shockwaves, therefore, the shock front will be degraded significantly given enough time. [4:  It shows the initial state of the material and shows the possible final shock states whether a material is impacted softly or vigorously.]  [5:  The equation for the EOS is one which links the three variables Pressure, Volume and Energy for that material.
] 

A shockwave is formed in an explosive at point of detonation, also known as a detonation wave. A detonation wave it a self-sustaining shockwave that travels at speeds between 3000-1000ms-1 depending on the type of explosive. It causes the complete or near-complete chemical decomposition of the explosive material within a fraction of a microsecond in the reaction zone immediately following the shock front. When the shock front and velocity of detonation products are in equilibrium the Chapman-Jouget point is determined[footnoteRef:6].  [6:  The C-J point is effectively the steady state at the detonation front. It has a specific pressure, detonation wave velocity, density and particle velocity. ] 

[bookmark: _Toc120261764]Undex Effect
An underwater explosion creates a cavity filled with high-pressure gas, which pushes the water out radially against the opposing external hydrostatic pressure. In addition, the heat causes a certain amount of water to vaporize, adding to the volume of the bubble created. This action immediately begins to force the water in contact with the blast front in an outward direction. The potential energy initially possessed by the gas bubble by virtue of its pressure is thus gradually communicated to the water in the form of kinetic energy. The inertia of the water causes the bubble to overshoot the point at which its internal pressure is equal to the external pressure of the water. The bubble then becomes rarefied, and its radial motion is brought to rest. The external pressure now compresses the rarefied bubble. Again, the equilibrium configuration is overshot, and since by hypothesis no loss of energy occurs, the bubble comes to rest at the same pressure and volume as at the point of explosion. The bubble of compressed gas then expands again, and the cycle is repeated. Approximately 90% of the bubble's energy is dissipated after the first expansion and contraction. This phenomenon explains how an underwater explosion appears to be followed by other explosions. The time interval of the energy being returned to the bubble varies with the intensity of the initial explosion.
The shock wave is similar in general form to that in air, although if differs in detail. Just as in air, there is a sharp rise in overpressure at the shock front. However, in water, the peak overpressure does not fall off as rapidly with distance as it does in air. This is resultant of water being ~10 times more compressible than air. Hence, the peak values in water are much higher than those at the same distance from an equal explosion in air. Consequently, the duration of the shock wave developed is shorter than in air. The close-proximity of the upper and lower boundaries between which the shock wave is forced to travel causes complex shock-wave patterns to occur as a result of reflection and rarefaction. 
Another interesting phenomenon of an underwater blast is surface cut-off. At the surface, the shock wave moving through the water meets a much less dense medium--air. As a result, a reflected wave is sent back into the water, but this is a rarefaction or suction wave. At a point below the surface, the combination of the reflected suction wave with the direct incident wave produces a sharp decrease in the water shock pressure. 
The scale of this effect is dependent on the volume of water present at the time of detonation. For small scale or shallow detonations this effect is unlikely to have the same effects or rather not at the same magnitude. 
[bookmark: _Toc120261765]Fragmentation Mechanics
Fragment distribution is described through cumulative distribution opposed to probability density, because it is more sensitive to scatter of the fragment mass data [36]. There are numerous distribution laws which describe real distribution of projectile fragments, these can be seen in Figure 7. 
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[bookmark: _Toc120261618]Figure 8 - Distribution Laws [37]
For the purposes of this report the distribution law by Mott will be reviewed, as Mott states that you will lose ~10% of a given mass to dust/particulate form of the original mass. Taking the average weight of the fragments from a given source, the number of fragments can be calculated and applied to future detonation products of the same source. In many situations, the fragment size is not controlled with fragments varying from particulate size to relatively large pieces [38]. The reason for choosing Mott is that his law is based on two-dimensional geometry whereas the other laws are derivations of the original and have been tailored more towards three-dimensionality and cylindrical shapes. 
[bookmark: _Toc120261766]Ansys Autodyn
Ansys Autodyn is a design and modelling software that applies Lagrange-Euler descriptions of flow, where Lagrangian data concerns the nature and behaviour of fluid parcels and Eulerian data concerns various property fields like velocity, pressure and temperature, that are time and space varying. The Lagrangian perspective is a natural way to describe the motion of solid objects with reference to Newton’s Apple, and the Eulerian perspective is natural for fluids. Both approaches are applied simply because the existing laws of physics are most naturally applied to fluid parcels, Lagrangian. The merging of both approaches is accomplished through the material derivation. [39]

[bookmark: _Toc120261767]Continuum Mechanics
An underlying assumption of Lagrangian models used in explosive research is continuum mechanics, which analyse the mechanical and kinematics of materials modelled as a continuous mass opposed to discrete particles. 
In continuum mechanics it is satisfactory to use computational fluid dynamic models to analyse the transfer of momentum and kinetic energy through the fluid to the target area. For the purpose of this study, these models are sufficient to accurately depict the object of set density, size and shape. [40]
The limitation of this theory is that it does not account for discontinuities in the material structure, down to molecular level. It assumes perfect continuation of the shape. [41]
[bookmark: _Toc120261768] Non-Destructive Testing
Non-Destructive Testing (NDT) covers testing and analysis techniques used across industries to evaluate the characteristics of a material, component, structure or system for distinctive differences or defects and discontinuities without causing damage to the original part. 
There are numerous advantages to using NDT with the most obvious one being that the test pieces are left undamaged by the process allowing for an item to be repaired as opposed to replaced. Depending on the fault with the detonator it may not be possible to repair, the detonator may have to be disposed of as would prove to be the safer alternate.
Some NDT can be harmful to personnel so restrictions would need to be in place when carrying out this technique. Many of the NDT’s can help prevent injury or fatalities occurring by ensuring that the detonator(s) are safe.
NDT provides a high level of accuracy for inspection purposes since many of them are repeatable and many can be combined to correlate the various results. These test methods are economical, unlike destructive testing (DT) which requires many test pieces to be manufactured. NDT is cost effective as it prevents the need to replace an item before malfunction occurs without the destroying the piece itself. [42]
Whilst NDT is typically applied throughout the manufacturing process, NDT methods would be applied post firings should it be found that the NEQ was not sufficient to achieve shape destruction.
The next chapter discusses the optioneering and selection of method covered to best achieve shape destruction of the object, as well as considerations made for the materials used. 














[bookmark: _Toc120261769]Methodology
[bookmark: _Toc120261770]Optioneering
The components are of a brass-based material which has the potential for low contamination due to current inefficiencies in monitoring equipment to deem clean. Handling of the components would require use of clean nitrile gloves and HP monitoring. For the purposes of this project a clean shape matching that of the original will be used, negating the HP requirement. Initial optioneering was carried out as per Figure 1, however the decisions within this section are based on research carried out in Section 3 and advice from local SMEs.
Given the hemispherical shape and potential contamination of the component it was deemed that using a band saw to cut the component into smaller pieces would not be viable as has the potential to spread contamination and would result in a potentially contaminated piece of equipment which would require additional controls which are outside the scope of the project. 
Nibblers generally have the ability to cut up to 4mm thick materials and are widely used in the metal sheeting industry. The company has the capability to carry out shape destruction using a nibbler for unclean materials up to 6mm thick, however this does not meet the parameters of the component, with it being too thick to undergo this process. This in turn discounts metal shears as the pressure required to be applied would be too significant to achieve manually. 
Impact could be through an automated press which is used in many metal industries to flatten and crush into smaller pieces, of which the company does have the capability for clean items not for unclean items. Manual impaction would not be viable to meet the requirements. 
[bookmark: _Toc120261771]Chosen Option
Option 3 was further divided into two possible options. On discussion with the SMEs in H Area, both options were carried out to determine which method worked more effectively. This also provided opportunity to explore the effects of shock coupling through implementation of submerged detonation, which in turn provided further areas of investigation and discussion.
[bookmark: _Toc120261772]Option 3a – Shock Coupling
The PE can be placed in intimate contact at the base of the inner form of the component and initiated by two RP-83 detonators. The component would be submerged in water with the explosives placed into compatible anti-static bags to keep waterproof. The water provides more efficient shock coupling thus reduces the quantity of explosive material required. In this option it was assumed that a sandbag perimeter would not be required as the water would slow down any parts should fragmentation occur. However, a sandbag would be placed on the lid of the firing box. This method could be reliably assured to detonate the entire explosive fill. 
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[bookmark: _Toc120261619]Figure 9 - Shock Coupling Side View
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[bookmark: _Toc120261620]Figure 10 - Shock Coupling Plan View
[bookmark: _Toc120261773]Option 3b – Standard Shock
The PE can be placed in intimate contact at the base of the inner form of the component and initiated by two RP-83 detonators. Without water to amplify the blast wave we would require a greater quantity of explosives. As such to mitigate against potential fragmentation, sandbags would be place externally around and on the lid of the firing box. This option was also reliably assured to detonate the entire explosive fill.
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[bookmark: _Toc120261621]Figure 11 - Standard Shock Side View
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[bookmark: _Toc120261622]Figure 12 - Standard Shock Plan View

[bookmark: _Toc120261774]Material Considerations
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Ideally a pressure vessel would have been the optimum choice, however because of time and resource constraints, it was deemed that the use of a pressure vessel would be too complex for the scope of this project. As a result the material of the container was deferred to the operational standard, being wood. The wood structures are robust and easy to manufacture to varying sizes. It also provides a low level of mitigation against the blast and fragments which adds another layer of protection to the chamber. Additionally the by-products given off by the resultant destruction of the container are not hazardous to the environment or personnel.
Detonator
An RP-83 Electronic Bridge Wire Detonator is commonly used within the company for carrying out trials. Through history and provenance it is deemed safe to use, effective and readily available. The explosive contained within the explosive train enable sufficient energy to be generated to cause initiation in all standard explosives and many blasting explosives.
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[bookmark: _Toc120261623]Figure 13 - RP-83 Detonator Design [43]
PETN has limited effects on the environment. Nitrates, one of the by-products from PETN acts as nitrogen source for some cultures in soil and river water suggesting biodegradability. HMX based upon an estimated Henry’s Law constant[footnoteRef:7] has shown little to no adverse environmental influences [44]. Additionally considering the controlled environment in which the trial is to take place, exposure to the environment is expected to be negligible. [7:  Henry’s Law constant (KH) is the ratio of a compound’s partial pressure in air to the concentration of the compound in water at a given temperature.] 

[bookmark: _Toc120261776]Explosive Charge
Due to the company’s PEL[footnoteRef:8] and the firing area facility management, limitations were placed on the type of explosive that could be used. As a general and to maintain a lesser risk, plastic explosives were decided on opposed to other high explosives such as RDX and HMX, additionally the energy levels put out by the higher explosives would be wasted on this trial, with the energy levels put out by PE4 would be more appropriate.  [8:  Permitted Explosives List] 

Due to events unforeseen, the explosive type had to be altered before the trial could be carried out as the PE4 stock bottomed out. The PE4 was therefore substituted with PE8, which was proven to be suitably adequate with little difference in performance. 
[bookmark: _Toc120261777]Bags
There were three potential types of bags to be used for the trial, Anti-Static, Conductive or a bin liner typically made from Low-Density Polyethylene. Conductive bags whilst are widely used for storing housed articles would not be ideal for use unless in a fully conductive and ESD environment. Bin Liners have not been compatibility tested so was not permitted for use. The anti-static bags are widely used across the company for holding explosive compositions, as such compatibility results were available enabling use for the trial. 
[bookmark: _Toc120261778]Mitigations
In terms of mitigation only two real options were plausible, using sandbags which is common practice across the industry as the density of the sand enables adequate absorption of the shock propagation as well as transferring the energy received from fragment impact effectively. They are readily available and relatively cost effective. They can be easily acquired in various sizes where required. The other option would’ve been to use polycarbonate screens which are often used in small scale explosive testing, which would be ideal for the project trial, however due to time and resource constraints, these would not be available to be employed in the trial nor would it keep costs low. It was also queried as to whether or not it would be able to meet the blast loading requirements of the trial [45]. 
[bookmark: _Toc120261779]Fluid
Two fluid options were considered for trial use, deionised water or generic tap water. Similarly with the bags, there were no compatibility results for explosives with the tap water, despite the explosive not coming into physical contact with the water. As a result of this deionised water was the only real option due to having compatibility results for this. Whilst being more costly that tap water it was the only viable method to employ in order to explore the effects of shock coupling.
[bookmark: _Toc120261780]Environmental Considerations
The trials would be carried out within one of the company’s approved firing chambers. This is a sealed volume and is designed to not allow any contaminants out of the facility. As per company procedure, post firing the chamber is vented for up to 40 minutes, all air is passed through HEPA filters which are designed to capture any particulate thus stopping environmental exposure.
[bookmark: _Toc120261781]Simulation
Using Ansys Autodyn Revision 19.2 a model was built of the proposed trial designs to provide indicative results. The simulations to reduce processing times and complexity of the analysis was run in Axisymmetric 2D. Multiple simulations were modelled applying varying NEQ’s, Positions and Environments. 
	NEQ (kg)
	Position of Charge
	Environment

	0.025
	In contact
	Air

	0.05
	
	

	0.075
	On Plane
	

	0.1
	
	Water

	0.125
	200mm
	

	0.15
	
	



Refer to Section 5.1 for simulation results.
[bookmark: _Toc120261782]Trial
The chosen firing chamber has an XSO (eXplosive Safety Order)[footnoteRef:9] to allow charges up to 4kg of unmitigated explosives. This was more than sufficient to use the required quantities of explosive for the trial. [9:  XSO’s are derived from the company’s Explosive Safety Manual which is a combination of the requirements of the Explosive Regulations 2014 and DSA03 OME Part 2. Following this shows adherence to the requirements placed on us by the regulators. ] 

[bookmark: _Toc120261783]Agreed Solution 
Each firing will require 2x RP-83 detonators, the 1st being used as the main detonator and the 2nd being used as a safety detonator. As advised by an SME, the use of the safety detonator is in case of a misfire then this would be used to initiate. 
Each detonator will be functioned from a separate H130 Hi-KV firing unit. By using 2 separate detonators fired from 2 separate firing units this greatly reduces the chance of a misfire occurring.
To protect the chamber a wooden lid will be placed over the container holding the component. Wall gauges will be fielded to confirm that the HE has detonated. The wall gauges detect movement in the walls as a result of the blast wave. The expected wall movement is minimal (less than 2mm). The application of a submerged shot will also assist with chamber clean up by minimising dust.  
[bookmark: _Toc120261784]Firings
The test consisted of four shots:
· 1st firing will be using 75g of PE8. The component will be submerged in water to reduce the amount of PE8 required to achieve shape destruction i.e. more efficient shock coupling.

· 2nd shot using 150g of PE8. The component will be submerged in water to reduce the amount of PE8 required to achieve shape destruction, i.e. more efficient shock coupling.
 
· The 3rd shot using 150g of PE8 will be done without water to verify effect of shock coupling. 

· The 4th shot using 50g of PE8. The component was submerged in water to reduce the amount of PE8 required to achieve shape destruction i.e. more efficient shock coupling.
[bookmark: _Toc120261785]Render Safe Procedures
There are a number of credible fault scenarios for the agreed solution. The render safe procedure for each is outlined below. For all misfire procedures 2nd Degree ESD precautions must be applied.
a) Misfire of Detonator - Normal HTC procedures for the misfire of a detonator should be followed.
b) Partial Detonation - Another charge, or charges, of PE4 up to the maximum permitted by the chamber limit shall be placed close to the misfired item, opposite the explosive fill and at the weakest point of the casing. 
c) Deflagration with no Detonation - As (b).  
d) No Response - This is not deemed to be credible given the quantity of PE4 used.  
[bookmark: _Toc120261786]Clearance and Waste Removal
Fragments of the component would be collected and examined by SQEP as to whether acceptable shape destruction was achieved. This waste would then be disposed of via the AWE approved metals waste route.
It was expected that any explosives remaining would be in the form of contamination and not discrete pieces of explosive. Following best practice within AWE; any remnants of explosive would be collected under First Degree ESD Precautions, double bagged, boxed, and sent to the Burning Ground for deflagration as ECCW[footnoteRef:10].  [10:  Explosives Contaminated Combustible Waste] 

The chamber would then be washed down as per normal procedure.

[bookmark: _Toc120261787]Live Process
The firing chamber for the real process allows for detonation of ‘unclean’ items. This chambers XSO allows for 0.25kg of unmitigated explosives. This would be deemed sufficient to carry out the process. However, may pose a problem in the event of a misfire.
For the live firings to shape destroy the potentially contaminated components, all parts must undergo monitoring in accordance with company procedures and be issued with the appropriate clearance certificate. This will stay with the items for the remainder of its product life. This would establish which waste route must be taken, clean or unclean. As stated in Section 4.5.4 all remnants would be required to be checked for any explosive contamination and verified as FFEH.








[bookmark: _Toc120261788][bookmark: _Toc258256]Results
[bookmark: _Toc120261789]Ansys Simulation
Multiple simulations were run the different scenarios as stated in Section 3.4. Due to the rapidity of energy transition, 0.5ms was the timeframe analysed as any physical change after that time would be insignificant. However due to factors outside of the authors control, limited simulations were able to be run for the component submerged in water. For the air blast scenarios, a mesh of 200mm x 200mm was applied to model, with flow permitted out the top and one side. 
[bookmark: _Toc120261790]Simulation 1
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	In Contact
	On the Plane
	200mm Distance



Using 25g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, only small deformation was observed. When the charge was on the plane of the component and at a distance of 200mm deformation observed was negligible. 
[bookmark: _Toc120261791]Simulation 2
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	In Contact
	On the Plane
	200mm Distance



Using 50g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge on the plane of the component, a small deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed. 
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	In Contact
	On the Plane
	200mm Distance



Using 75g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge at the plane of the component, small deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed. 
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	In Contact
	On the Plane
	200mm Distance



Using 100g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge at the plane of the component, significant deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed. 
[bookmark: _Toc120261794]Simulation 5
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	On the Plane
	200mm Distance



Using 125g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge at the plane of the component, significant deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed.
[bookmark: _Toc120261795]Simulation 6
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	In Contact
	On the Plane
	200mm Distance



Using 150g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge at the plane of the component, significant deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed.
[bookmark: _Toc120261796]Simulation 7
The model was altered to make the simulation more realistic, in that flow at the sides were removed with flow only permissible out of the top. 
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	In Contact
	On the Plane
	200mm Distance



Using 75g of PE simulations were run with the charge at varying placements to that of the component. When the charge was in direct contact with the component, significant deformation was observed. With the charge at the plane of the component, small deformation was observed. When the charge was 200mm distance from the component, negligible deformation was observed.
[bookmark: _Toc120261797]Trial Firing Results
[bookmark: _Toc120261798]First Firing
75g of PE8 was used in direct contact with the component submerged in water. Significant deformation of the component was achieved. The fragments were collected and can be seen in Figure 14. 
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[bookmark: _Toc120261624]Figure 14 - Fragments from Shot 1
As per the process the fragments were collected and cleaned, prior to inspection for FFEH followed by weighing. The weights are shown in Figure 15. There is some discrepancy between initial weight and the collect weights of the fragments, but this is to be expected. 
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[bookmark: _Toc120261625]Figure 15 - Shot 1 Fragments
[bookmark: _Toc120261799]Second Firing
150g of PE8 was used in direct contact with the component submerged in water. Significant deformation of the component was achieved. The fragments were collected and can be seen in Figure 16. 
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[bookmark: _Toc120261626]Figure 16 - Fragments from Shot 2
As per the process the fragments were collected and cleaned, prior to inspection for FFEH followed by weighing. The weights are shown in Figure 17. There is some discrepancy between initial weight and the collect weights of the fragments, but this is to be expected. 
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[bookmark: _Toc120261627]Figure 17 - Shot 2 Fragments
[bookmark: _Toc120261800]Third Firing
150g of PE8 was used in direct contact with the component in air. Significant deformation of the component was achieved. The fragments were collected and can be seen in Figure 18. 
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[bookmark: _Toc120261628]Figure 18 - Fragments from Shot 3
As per the process the fragments were collected and cleaned, prior to inspection for FFEH followed by weighing. The weights are shown in Figure 19. There is some discrepancy between initial weight and the collect weights of the fragments, but this is to be expected. 
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[bookmark: _Toc120261629]Figure 19 - Shot 3 Fragments
[bookmark: _Toc120261801]Fourth Firing
50g of PE8 was used in direct contact with the component submerged in water. Significant deformation of the component was achieved. The fragments were collected and can be seen in Figure 20. 
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[bookmark: _Toc120261630]Figure 20 - Fragments from Shot 4
As per the process the fragments were collected and cleaned, prior to inspection for FFEH followed by weighing. The weights are shown in Figure 21. There is some discrepancy between initial weight and the collect weights of the fragments, but this is to be expected. 
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[bookmark: _Toc120261631]Figure 21 - Shot 4 Fragments


[bookmark: _Toc120261632]Figure 22 - Total Fragment Mass Comparisons
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[bookmark: _Toc120261633]Figure 23 - No. Fragments against Mass for all Shots

















[bookmark: _Toc120261802]Discussion
[bookmark: _Toc120261803]Ansys Results
When the simulations were carried out, the trial was going to incorporate PE4, however due to resource deficiencies, PE4 had to be substituted with PE8. Performance tests for PE8 were carried out prior to carrying out the experimental element of the trial to determine whether there was significant performance differences. There was found to be little difference in terms of performance between PE4 and PE8 thus the simulated results was deemed still valid [46].
Across all simulations run, when the charge was placed at a distance of 200mm from the component there were little to no observable deformations to component. The deformations achieved using quantities of PE, 50g and greater were indicative of the desired outcome. The simulations run in the air domain showed significant waste in blast energy, with a large amount dissipating into the surrounding area. There were some difficulties getting the simulations using 125g and 150g to run properly, advice was sought from other modelling SMEs, whom with their guidance was able to get the simulations to run. The suggested issue was that the pressures generated by the blasts were essentially causing the simulation to crash as was exceeding the limits put on by the system. 
Whilst results were received as per Sections 5.1.5 and 5.1.6 there are clear anomalies. These can be seen as the white or ‘void’ sections in the figures. These voids were a result of exceeded limits of the model. 
The results from 75g and greater, whilst show significant deformations to the component, cannot be fairly compared to the physical results achieved from the trials. This was because the placement of the fixed plate in the model being on the left-hand side. What you would expect to see would be the curvature of the shape to extend to a greater radial, whereas the radial of the shape appears to decrease with the conical face collapsing on itself. This is expected to be a deflection of the blast pressures from the fixed plate. 
[bookmark: _Toc120261804]Experiment Results
All shots carried out were sufficient to achieve shape destruction of the component. The trial originally consisted of three shots however another clean component was sourced which enabled a fourth shot to be undertaken. On collection and weighing of the collected fragments post firing, it was identified that the total mass did not equate to the original mass of the component. However if you apply Mott’s fragmentation theory then this was to be expected. 
It seemed that the fragments from shot 3 underwent a more violent material failure with the edges appearing ripped as opposed to split. The material failure on these edges depict a martensitic allure common with metals that have undergone extremely high temperatures non-uniformly. The component from this shot also appeared to have undergone brisance with the number of fragments being the greatest but also had the greatest number of fragments collected. The fragments from the submerged shots appeared to have a been shaped through a less violent reaction with the edges of the fragments being more discernible.  Figure 23 reinforces this, showing a clear difference between the submerged and in air shots. 
It was found that the sandbag mitigation was not sufficient to contain the fragments with some being projected ≥10m. This range was only achieved by the submerged shots, which implies an enhancement of energy transition through the increased compressibility of the water. 
Though the mitigation was not sufficient, evidence showed that adequate energy was absorbed to prevent the fragments from damaging the firing chamber. 
The results were analysed by an SME who verified that the components were adequately shaped destroyed to enable disposal. Additionally it was verified that were these the suspected unclean items they could be monitored and cleared with ease. 
There were concerns however regarding the essential loss of 10% mass, as were these the real components then it shows that the potential contamination would not be suitably contained thus posing risk to personnel and environment. 
[bookmark: _Toc120261805]Comparison
The experimental method was derived from the Ansys modelling results, as such only the results where the explosive was in direct contact is applicable. 
Owing to the simulation applying continuum mechanics as opposed to discrete particle mechanics, a true comparison between the simulated results and actual results is somewhat ambiguous. 
When addressing the results for the submerged shot using 75g it showed significant deformation of the component which correlates with the achieved results, with the radial curvature increasing. However as previously stated the model shows no indication of fracturing of the component. 
When looking at the results of the 150g in air for the simulation and the true results there is similarity or indicative similarity. The voids in the model show significant overpressure for that detonation which implies too great a quantity of explosive material used to deform the component, with the brisant traits on the fragments from this shot corroborating this.



















[bookmark: _Toc120261806]Conclusion
The project as an overall was successful in that it met the customer requirements to sufficiently shape destroy the component to enable clearance and disposal. Mechanical methods such as bandsaws, presses and nibblers were considered, though as mentioned in section 3, should the components be unclean, then they would not prove suitable for minimising spread of contamination. Additional chemical methods were also considered such as incineration which would have required a dedicated facility to be established on site in order to carry out this line of work or through acid compositions which was found to be lacking in reliable data to pursue any further. Cutting charges were considered, however as was found not to be general practice for onsite use this option was discarded. 
The use of a consolidated charge was selected as the optimum method, resulting Ansys analysis and implementation with guidance from SMEs in the area. The firings were all successfully completed safely, however additional work is needed to improve the trial design to improve safety to the equipment and plant. A clear analysis and comparison of the results was carried out and verified to confirm that the components were adequately shape destroyed. The fragments resulting from the trial can and have been sent for repurposing as not to have an adverse environmental impact. 
Were more resource and funding available it would have been beneficial to employ blast screens or to have used a pressure vessel set up as opposed to the standard firing equipment set up. This would have reduced risk to the firing chamber and reduced the spread of the fragments from the component. 
[bookmark: _Toc120261807]Implications
Once alterations to the trial design have been carried out and proven to contain or reduce the spread of fragments from the component then work can be started on the potentially unclean components. The success of the shape destruction has set a good foundation for enabling and carrying out the reduction of these legacy components. This will result in reduced overhead costs for the Tech Centre as well as providing adequate space for enhancement or repurposing for a greater company requirement. 
[bookmark: _Toc120261808]Limitations and Future Work
As previously mentioned, all shots were successful in achieving the main the target criteria. However further investigation into the minimum explosive quantities required to achieve the same would be beneficial. Though due to lack of clean components, either components would have to be machined or a superior model could be employed, one that applies discrete particle mechanics like ABAQUS which would be able to provide more realistic indicative data of expected behaviours. Alterations to the trial design would need to be made to improve the safety to the plant and equipment.
Additionally, the quantities of water used for the firings were not sufficient to prove or disprove effective shock coupling. For future work, during the firing set up, it would be ideal to employ use of a pressure vessel so that shots could be carried out with the vessel filled with water against shots where the vessel is free from water. It would also be prudent to apply some remote sensing and imaging equipment to provide visuals to the reaction and energy transitions between the firings in water and in air. 
This would provide a more definitive and accurate comparison between the two and would provide sufficient information to adequately verify the effects of shock coupling through means of water addition. 
As mentioned already the use of cutting charges onsite is not typically applied, however would be interesting to determine whether the resultant application of these would have as many fragments of have as great an area of impact. 
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Comparison of Total Fragment Mass between Shots

Total Mass of Fragments (g)	75g Water	150g Water	150g Air	50g Water	2791.83	2581.0300000000002	2597.71	2693.64	Shot Type


Total Fragment Mass (g)
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RP-83 Explosive Train

1. Plastic molded head
2.Brass sleeve

3. Bridgewire (Gold)

4.Initiating explosive: 8 mg PETN

5. Middle Charge: 123 mg HMX with binder

6. Qutput explosive: 908 mg HNIX with binder
7. Aluminum cup 0.007" thick
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