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Executive summary 
A study was enacted to assess the effect of trials mitigation on a directed energy system output, in this case a shaped charge jet. Primary assessment was taken from the depth of penetration achieved within mild steel targets. A benchmarking procedure was undertaken to ensure performance of the commercially available systems was suited to application before being deployed in a simulant scenario. It was found that although adequate in the results achieved it would be necessary to undertake further investigation to allow an accumulation of metrics for endorsement of the claims. It was found that depth of penetration efficiency was affected by almost a third and that jet speed was dramatically reduced when the mitigation was placed into the line of sight. The study’s intent was to provide a baseline for disposal operations, however in the course of the projects delivery it was found that significant additional information was required. to fully endorse the application of the commercially available conical shaped charges operated in the delivery of this project a significant increase in tests would be needed. It should be noted that this study should be considered a preliminary assessment as a prequel to further work.
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[bookmark: _Toc131161587]INTRODUCTION 
[bookmark: _Toc131161588]PURPOSE 

The intent of this document is to evaluate the effect of shaped charge jets used to initiate explosive trials assemblies that are enclosed by business specific chamber protection schemes. The application of commercially available shaped charge systems is commonly applied to unexploded ordnance (UXO) in a variety of theatres. These UXO are often a well-known munition but have been left in unknown environments for an extended period with no account for potential insult, degradation, or decomposition and as such share the potential of the primary application discussed herein.
The document was to be used as underpinning knowledge for purposes of shaped charge jets to a disposal application to an experimental physics trial. Reasoning for the application could be but was not to be limited to a misfire resolution.
The initial proposal gave a background to the requirements for this study, a literature review to assess common practice within the industry and methods of assessment, a proposed design statement and a measure of resource and planning to complete the project. This document revisited and expanded on these matters and through experimentation analysis and assessment a reasonable conclusion was made to the effects of mitigation on a shaped charge jet.  
[bookmark: _Toc131161589]RATIONALE 
This project produces fact-based empirical results to enable subjective judgments from third-party research. This output is to enable forthcoming misfire committees to base future decisions on the output of this work. For the purposes of this project, there were several commercially available directed energy systems that could be applied. 
Shaped Charge
[image: ]
FIGURE 1 RPG cut-out [1]


Explosively formed projectile. 
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FIGURE 2 off route mine [2]

Given the business requirement shown in Table 1 and engagement with stakeholders it was deemed appropriate to assess the capability of the Shaped charge jet as an initial approach. This decision made by the company was based on the shaped charge jet being wholly more accurate in its application and shorter in range for forming the penetrator. It was agreed to suit application in test cells where additional space may be a challenge. Future works may include further studies of differing commercially available explosive directed energy systems. 

TABLE 1 Company specific 6σ table
	1.  Problem or improvement opportunity

	Goal situation:
Develop a remote approach to disposing of energetic trials that have been subject to insult or that are not in the expected state i.e., leaching of binder/ legacy items in box.
To successfully dispose of the target in a manner in keeping with committee decision i.e., detonation

	Actual situation:
In the scenario of unquantified energetic a committee is assembled to best manage the situation
In the event of disposal through detonation a donor charge must be applied to the suspect item in intimate contact 
To apply donor charge the suspect item must be manually interfered with by personnel i.e. opening box or removing chamber protection scheme

	2.  Impact of current situation

	The problem/opportunity is.
To remove people from the hazard by reducing the interference of potentially sensitised explosives or those not as intended due to other non-conformances leading to an explosive in an unknown state.


	The impact of the problem/opportunity for improvement is.
The exposure of staff to high hazards is in the nature of the work we do however using ALARP principles should there be opportunity to negate that added risk it should be taken advantage of. In the presented scenario there is no way to adequately quantify the risk that staff are being exposed to. Given the type of work we undertake and recent history within our industry any opportunity to reduce the risk to personnel should be taken

	3.  Problem containment

	No.

1.


2.
	Action

Certainty made before execution of a trial that a misfire scenario will not be realised.

No potentially compromised legacy energetic will be moved for disposal.

	Who?

All 


All 
	When?

Immediate 


Immediate

	4.  Root cause analysis

	[image: ]

	Root cause 1:
Training for disposal not implemented. 

Why? no training available

Why? No courses have been assembled.

Why? Common misfire causes not identified. 

Why? Need not identified.

Why? Not a common occurrence
	Root cause 2:
Unknown material 

Why? Material has been become different than what it was when bought.

Why? Consideration not made for material condition or problem with initiation.

Why? Materials stored appropriately and assumed to be in the same condition.

Why? Process has been followed.

Why? Company procedure
	Root cause 3:
Process not fully defined. 

Why? No disposal is exactly the same.

Why? Each trial has differences. 

Why? Trials use different materials and diagnostics.

Why? Trials are bespoke. 

Why? To study different properties

	5.  development of solutions

	Solution idea 1
Description
Establish a baseline line of all previous misfire events, create a study to highlight primary causes and set out a course that delivers guidelines on actions to be taken in the event of different misfire types. 
  
Type:
ERICPD:                                  C


Decision to implement       N

	Solution idea 2
Description
Establish a methodology to quantify the state of an explosive and record any ageing effects. Create a benchmark of typical insults to explosives used to give indication on how materials may respond.

Type:
ERICPD:                                  D


Decision to implement       N

	Solution idea 3
Description
Source a commercially available common technique used in disposal applications that can be applied to all common trials fielded at the company including any casing or mitigation. 

Type:
ERICPD:                                  E


Decision to implement       Y


	6. implement and sustain 

	No.

1.



2.


3.


4.


5.
1. 
	Action

Research and engage with company expertise and subject matter experts on a prevailing way to initiate all trials types at the company.

Look at commercially available methodologies of disposal for trials types at the company and select a suitable application.

Arrange trial of mitigation effect on chosen trial disposal method 


Trial execution


Confirm data to enable information pertinent for disposals and assemble report for application to a unilateral disposal method
	Who?

J. Timberlake



J. Timberlake


J. Timberlake


J. Timberlake


J. Timberlake


	When?

June 2022



July 2022


August 2022


September 2022


November 2022

	7. goal achievement 

	1. has the solution been proven to work?

	2. Have we stopped the old way of working?

	3. How do maintain the new way of working?

	4. Have all the relevant stakeholders been informed?



[bookmark: _Toc131161590]RESEARCH 
In order to adequately approach this work it is necessary to take a measure of industry, in this instance it was essential to align the research to the proposed usage of the system. there is no standardised approach to the disposal of an experimental trial gone awry and very little documentation has been published on the subject. It could be considered that facilities and companies in this business may not want to advertise any situations that could result in non-conformance to fielding the trial. A number of facilities have had incidents in recent years, and this has led to fines and restrictions imposed on the company in conjunction to serious consequence for the staff involved in the operation [3, 4]. In effect the application of a shaped charge jet to a known explosive device in order to function it within a controlled environment is essentially a standard approach to the disposal of unexploded ordnance (UXO). The comparator to be considered was application of trials mitigation schemes or any obscurance to function the UXO in the field. The following review was executed using Google scholar, Science Direct and Semantic Scholar online repositories. Limitation was experienced in access to the SA1 campus and supporting facilities at Aldermaston. Sources were dynamically assessed to ensure funding sources could not impede the results of each study. This assessment was a subjective approach to gauge if the results could have been compromised to suit the lobby: in each case examination yielded no clear evidence of this activity. [5]

[bookmark: _Toc131161591]BACKGROUND INFORMATION 
This section interrogates literature relative to the disposal of UXO by way of the application of a directed energy explosives system in order to function the explosive. The explosive is usually known as is the casing structure and assembly. Assessment is made by the explosives ordnance disposal operator in the best way to dispose of any legacy munition. Assessment must be made to the environment in which the UXO sits. Should any chance of contamination of the environment or water sources be apparent there may be necessity to detonate or deflagrate the explosive with the application of a copper liner or magnesium liner respectively. In most ‘misfire’ scenarios there is primary requirement is to ensure that people, plant, and facilities remain safe so the approach of disassembly is rarely desired unless its value, design or components do not allow. The design of the test cells was intended for detonation and as such is usually the desired outcome as opposed to deflagration. Consistent high energy burning may induce damage not designed to be accommodated within the cells structure, this impairment may result in the application of future tests potentially compromising the cells construction. In this segment no account will be made for any toxicity or radioactivity of any device as these hazard types will be assessed by the committee on an as necessary basis. The company is well versed in controlling hazards of this nature and given its application to company facilities the committee is best able to accommodate this through application of competence and long-standing experience. It is this basis that fair comparison can be made to the likeness of shaped charge application to a UXO disposal and the application to a trials assembly device that has been insulted or been subject to a misfire scenario. It should be stated the main charge of the trials device cannot be fragmented for this application to be used appropriately.
[bookmark: _Toc131161592]LITERATURE REVIEW
[bookmark: _Toc70607144][bookmark: _Toc131161593]PERSPECTIVE AND MEASUREMENT OF EXPECTATION 
A literature search was conducted; perspectives on requirements and implementation were provided. The purpose of this study was to investigate the application of shaped charges to explosives in unknown conditions that are concealed by damage-mitigating materials such as munition casings, locational concealment, or wrapping. From the research conducted, similarities and differences were compiled,
The requirement:
· To evaluate a shaped charges application to endorse applicability to the proposals undertaking. 
· To evaluate the products and assemblies used; to provide a comparator to the proposal output. 
· Perform analysis of effectiveness of shaped charge application to a disposal to endorse how shaped charges were measured.

This study validates and endorses the methodology, its practicality and suitability for measuring the effectiveness of shaped explosives in disposal scenarios and provides comparative data for subsequent analysis of proposed shaped explosive products, liners, and fills.
[bookmark: _Toc70607145][bookmark: _Toc131161594]LITERATURE REVIEW SCOPE AND DEFINITION 
The purpose of the review is to support and justify the application of shaped charges to unknown state explosives when concealed for direct access to perform the application of donor charges for disposal. This is contextualized by explosive ordnance disposal (EOD) methodology due to accessibility/presence limitations in the literature. It should be understood that the shaped charges are initiated while being aimed at the target material that constitutes the explosive article. A target has a defined proximity from the directed energy source. The use of cone diameter as a quantified form of relative proportional measurement between shaped charge products of different sizes, and the target article is common practice in the industry. 
[bookmark: _Toc70607146][bookmark: _Toc131161595]COMMONALITY 
Practicality of application. 
Directed energy systems are useful where there may be complications to accessing the explosive article. This can be a piece of material concealing the target or safety concerns leading to an intolerable level of risk in interference with the target article [6, 7.] it is still commonplace in EOD techniques that a larger amount of a “donor charge” is placed in close proximity or intimate contact with the target material. This donor charge detonation results in propagating an explosive response from the target article, the mechanism to achieve this comes from the donor charges shock front. This methodology although a proven technique develops a higher order response than the technical approach using the deployment of a directed energy system due to the larger quantity of explosive material. [8, 9, 10, 11.] 
Products and assemblies used and the main design principals. 
The majority of applications implemented varied sizes of conical shaped charge for disposal this type being the subject directed energy system requirement defined by the business. In the case of conical shaped charges sizing is relative to cone diameter allowing proportional scalability to results for  future requirement [9, 10] other directed energy system types are used within disposal and demolition of munitions such as linear shaped charges (cutting charge) or explosively formed projectiles (EFP’s) however suitability to this particular type of application requires a focussed shock point of initiation on the target whereas linear charges will deliver a cutting mechanism along its length and an EFP remains less effective for penetration but has gains in an increase of distance to target before losing its effective depth of penetration [7, 8, 12, 13.] 
Efficacy of initiation 
Any target material could be encased as part of its structure or may have material in the line of sight to the explosive target. Suitable application of a directed energy system will provide the maximum penetrative effect with minimal cost and relatively less material than typical EOD technique. The typical technique is achieved using the placement of a donor charge in close proximity or intimate contact with the target article. [8, 14, 15, 16.] The effectiveness of a shaped charge jet alters over distance primarily from formation through to turbulent dispersal as distance increases providing an operational distance range. [10, 15, 17] 
Effective measurement 
Shaped charge efficacy is measured through depth of penetration into a target witness material to enable endorsed estimates for residual energy following casing penetration [6, 10, 14, 18, 19, 20.] diagnostics performed on jet parameters could be in the form of flash radiography or radial streak camera though budgetary restrictions may limit the tender of such diagnostics for the purpose of disposal activity. This calculation will need to be appraised in conjunction with the finalised requirements of the project. In the foremost sense the most effective way to assess any application of a directed energy system is to understand the depth of penetration into a known, quantifiable material. [6, 21.]
[bookmark: _Toc70607147][bookmark: _Toc131161596]DIVERGENCE 
Disassembly and manual interference 
Clearly, manual disassembly is rare occurrence in modern EOD operations, the risk to personnel is entirely unacceptable. Remotely operated vehicles commonly known as multi mission explosives ordnance disposal robots (MMEODR) are used to visually assess articles and have been used to interfere with the target to place donor charges or in an attempt to disarm a firing mechanism. The MMEODR most commonly applied is QinetiQ’s Talon family of robots or in the UK or its operational theatres “The Wheelbarrow”. The deployment of these assets is to prevent risk to operators from a high hazard threat such as an explosive in an unknown state or improvised explosive device. These assets can be costly to maintain and replace and there is limitations on the number of devices that are available. MMEODR are complex units boasting some of the latest technology in robotics, surveillance, and diagnostics. They all vary in design but retain the ability to traverse most environments in spite of this limitation may be found in their agility to navigate a test cell following a partial firing relative to a suitably qualified and experienced personnel operator. In addition most available units lack the dexterity and feedback loops required to fully understand the construct of the target article [22.]
[bookmark: _Toc70607148][bookmark: _Toc131161597]CLARITY OF METHOD 
The application of this literature study is focused on comparative scenarios as no direct reference document is available. [ 1]. Research the disposal of UXO in theatre shares consistent similarity with that of a misfire disposal. The lack of direct scenarios depicting the events of a non-conformance during trial execution resulting in sensitised or insulted explosives is not conducive to the trials delivery operations business where safety is the paramount concern. It can be assumed that companies and facilities would not openly share this information within open literature and perhaps deliver findings through focussed industry safety groups.
[bookmark: _Toc70607149][bookmark: _Toc131161598]LITERATURE OMISSIONS AND DEFICITS IN KNOWLEDGE 
Process exists in the initial capacity of health and safety, personnel and asset safeguarding and propagation mitigation for the disposal of an explosive trial misfire. Methodology of a standardised approach is not yet suitable for all variables. In some respects a donor charge may be the most appropriate course of action wherein a charge has partially fired and been fragmented or perhaps where access to the bare charge is available and unimpeded. In other aspects where unknowns are present it is pertinent to keep any interference with the article as low as reasonably practicable and as such a directed energy system may be deployed, the type of which will all depend on the variables found within the situation. It could not be suggested that a defined process or methodology to suit all eventualities could be found except subject matter expertise, collaboration and proven methods. All aspects of disposal are considered when creating a method of disposal until such that the committee in charge agree and approve the most likely course of action to achieve a successful resolution whilst total isolation of the article is rigorously enforced. [1, 22, 23.]
[bookmark: _Toc70607150][bookmark: _Toc131161599]CONCLUSION OF REVIEW 
Throughout this literature review it has been found that industry best practice is to deploy a directed energy system such as a shaped charge when completing a detonative or deflagatory disposal of UXO. This approach is taken with minimal consideration to obscurance veiling or access constraints moreover its predominantly based around the order of consequence when performing the disposal. A smaller amount of explosive fielded to function the UXO means a lower order explosion resulting in a reduction of collateral effect from the event. The simplest and most effective method of measuring the performance of a shaped charge or directed energy system was found to be the depth of penetration into the target material. It became evident certain gaps appeared in the delivery of the review, company specific chamber protection schemes are often made up of a variety of material and little evidence of shaped charge attack to multi-layer composite veiling was freely available. As technology advances and protection systems in the OME industry become more apparent for defence against directed energy systems such as those being freely demonstrated with success and failure in the Russo Ukrainian war on independent media. New data should compound and give further insight into the performance of directed energy systems such as the shaped charge in application to composite (multi-layer/multi material) targets [12, 22, 23.]
[bookmark: _Toc131161600]FUNDAMENTALS 
[bookmark: _Toc131161601]DIRECTED ENERGY SYSTEMS. 
In reference to directed energy systems often termed shaped charges, it covers an array of systems that all share a functional property wherein explosive energy is used to form a liner into a tool to achieve a particular effect. The application of differing systems will depend wholly on the desired outcome by the operator. Recently the effects of such charges has been seen demonstrated in the war in Ukraine in the form of the NLAW anti-tank system among others. As can be seen the NLAW operates a conical shape charge.
[image: Diagram
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FIGURE 3 cross section NLAW projectile [24]
Modern optimised shaped charges can achieve far greater penetration than a standard charge on average in steel the depth of penetration can be equated to several multiples of the cones diameter. The operation of a shaped charge is a kinetic event and does not project a molten liner into the target. In most cases though it can be highlighted that the process does incur a substantial amount of heat which is transferred to the internals of the target as an incendiary effect. [25,]
[bookmark: _Toc131161602]MONROE EFFECT.
Directed energy systems make use of the Monroe effect, focusing blast energy through a void cut into the explosive. Originating in mining a conical void was made to save gunpowder however not being a high explosive would not constitute a true hollow charge effect. 
The effect was named after Charles E. Monroe who noticed transfer of letters stamped into an explosive block to the metal adjacent when it was detonated. If lettering is embossed onto the explosive, it will emboss the mirrored lettering to the steel. Early experiments found that the same amount of TNT that would normally dent steel plate would punch a hole if there was a conical indent in the charge. With the progression of World War 2 a series of shaped charge rounds came into existence including the RPG, Bazooka and PIAT.
A typical device is made up of a main charge housed with a liner at one end and centrally positioned detonator at the opposing end. These devices are usually cylindrical in shape to ensure a steady state wave collapses the liner without interference from propagating waves as the shock front travels toward the liner. As the shockwave meets the liner, it forces a collapse and converse response creating a highly kinetic fluid like penetrator in the form of a high-speed jet. This is followed by the remnant slug of material that is made up of the remainders of the liner and traveling much slower than the jets tip. Because of variation in free air and the difference in speed of each area of the jet this effect has a limited flight range before the jet suffers from break up and loses effective penetration. The shaped charge requires a standoff from the target to leave enough travel in free air for the jet to form. [26,27,28,]
[bookmark: _Toc131161603]APPLICATION
[bookmark: _Toc131161604]MILITARY 
Shaped charges exist in a variety of ordnance and munitions in use in military applications. Examples of these could be High explosive anti-tank munitions, land mines, torpedoes, rifle grenades, missiles, and rockets. Certain anti-tank munitions use a tandem warhead to overcome reactive armour with a smaller shaped charge to trigger a response from the armour before following up with the main shaped charge to penetrate and neutralise the target [29]
[bookmark: _Toc131161605]OTHER APPLICATIONS 
Shaped charges have been used in mining and demolition in particular to destabilise structure supports such as beams and piling. They are used in steelworks, exploration, forestry and the oil and gas industry. A shaped charge was used in space during the Hayabusa 2 mission to access to untouched material in the 162173 Ryugu asteroid for analysis [29, 30,}  
[bookmark: _Toc131161606]LINER
A common liner shape is conical, other shapes that have been used are hemispheres, tulips, trumpets, ellipses, and integrated cones. Different geometries result in different jet velocities and mass distributions. Liner material is varied to include metals plastics and glass, the higher density and ductility results in deeper penetration. Metallic elements that have been tested for use as a shaped charge liner include but is not limited to. 
· aluminium, 
· tungsten, 
· tantalum, 
· depleted uranium, 
· lead, 
· tin, 
· cadmium, 
· cobalt, 
· magnesium, 
· titanium, 
· molybdenum,
· silver, 
· gold 
· platinum.
The application of each material will depend on the target and desired outcome effect from its application. [29]
[bookmark: _Toc131161607]AIMS AND OBJECTIVES 
[bookmark: _Toc131161608]AIM 
The aim of this project is to assess the application of a shaped charge jet to a target when traversing through company specific mitigation schemes. Assessing effect on the jet to gain insight on a measurable and tangible output.
[bookmark: _Toc131161609]OBJECTIVES 
Objectives that will allow successful achievement of the aim are to 
· Analyse the effects of a shaped charge jet into a target material at the optimum distancing.
· Quantify formation of the jet and its shape through x-ray for application to modelling
· Evaluate the results against control shots to consider results and consider indicative figures for application. 
[bookmark: _Toc131161610]PRIMARY REQUIREMENT 
the main requirements for the trial were as follows:
· control shots fired into mild steel for Vulcan and pluton output DoP measurement and listed standoff.
· shots fired into mitigation scheme simulant then to mild steel for Vulcan and pluton output DoP measurement and listed standoff.
Additional notes:
opportunity was found to utilise a novel biaxial flash X-ray system for mobile applications in the shots with mitigation however the systems output was not included as a requirement due to not having proven its operational capability. Thermography was also fielded as part of this opportunity but gave little information to the outcome of the results other than to give a visual endorsement of the blast quenching capabilities of these mitigation assemblies.
[image: ]
FIGURE 4 still image from thermography output
[bookmark: _Toc131161611]DELIVERABLES 
Deliverables are a satisfactory measure of success within a project. These deliverables acted as a series of staged gates to ensure that the project has been a success in its acquisition of data. 
· Delivery of experiment 
· Report and analysis of results
· methodology guidelines contained within the report to enable comparative measurement for future works.
· Potential for integration into Hydrocode endorsement dependant on diagnostics fielded.
[bookmark: _Toc131161612]EXPERIMENTAL DESIGN 
[bookmark: _Toc131161613]OUTLINE OF EXPERIMENTAL PROCEDURE 
[bookmark: _Toc70607154][bookmark: _Toc131161614]OUTLINE 
The purpose of the experimental design was to imitate a typical set up of an explosives trial needing to be initiated by a shaped charge jet. The primary diagnostic for the trial was deemed to be the depth of penetration of the jet into a series of ‘witness plates’ that receive the jet referred to as, the jet stack. Measurement of these distances was recorded in metric measurement but in terms of scalability these should be converted into the number of cone diameters to give some level of proportionality between different commercially available directed energy systems.
In the line-of-sight mitigation was placed to replicate the mitigation used during an explosive trial. Additional mitigation to prevent hazard egress was implemented to contain the effects of the experiment to the trial facility without causing interference to the experiment in the form of a blast wall.
[image: ]
[bookmark: _Toc70606971]FIGURE 5  Simplistic representation of trial set up. [35]
[bookmark: _Toc70607155][bookmark: _Toc131161615]PARAMETERS 
During the planning stages of this trial it was imperative that the amount of variables contained within this trial were kept to a suitable level. The size of the project would depend upon its intricacy and as the number of variables would increase as would the size of the project. The primary constraint within this project is business need and budgetary limitations.
Effectively parameters in this trial are as follows:
· Commercially available Shaped charge housing and cone assembly once selected must remain constant through all tests.
· Commercially available plastic explosive commonly used in demolition and disposal activity to remain constant through all tests.
· Jet stack will be mild steel and in the form of an assembly of plates to ensure variation in size can be made to not cause unnecessary waste but retain consistency of results.
· In each test the explosive train will remain consistent
· the mitigation will remain of a fixed size culminating in a total line of sight measurement of 25mm of chipboard and 100mm of vermiculite saturated with water when fielded.
· Distance X though a potential variable for further works an arbitrary figure will be implemented reminiscent to a legacy scenario set up, 
· Additional unassessed mitigation will be placed to prevent egress of hazard where deemed necessary.
· The primary diagnostic will be the depth of penetration (DoP)
· The liner used is to be a 60-degree copper cone. 
· operational facility or range was subject to change.

[bookmark: _Toc70607157][bookmark: _Toc131161616]METHODOLOGY 
As is standard for explosives trial standard procedure will be followed for the lifecycle of the trial from concept to fruition and reporting. This involved assessment of the trial through the trials approval panel and critical design review to ensure that all relevant information could be assessed and collected. 
Effectively control shots were undertaken to confirm and give assurance of depth of penetration figures provided by the shaped charge supplier company. This was to accommodate for any inconsistency between the experiments such as plastic explosive types and target material differences. For control shots they would accommodate the DoP measurement only as the primary diagnostic
Additional control type shots were undertaken in the simulant scenario to provide a comparator to the control shots and give insight into the difference between optimum penetration and a realistic deployment. For mitigation shots opportunity was sourced to fire the trial in conjunction with novel radiography set up implemented to deliver biaxial flash radiography triggered by time of arrival probes referred to as PACMAN.
[image: ]
FIGURE 6 PACMAN radiography set up.
[bookmark: _Toc131161617]DATA COLLECTION
[bookmark: _Toc131161618]FIELDING 
In the case of all shots consistency for type of detonator and explosive remained consistent with the application of an L2A2 detonator in to PE8 in the Vulcans a fill of 50g was used and for the Pluton a fill of 250g
In the mitigation shots diagnostics were:
· Radiography- as part of the trial capability enhancement in the form of experimental flash radiography (PACMAN) was fielded in a biaxial arrangement in order to collect an image of the jet during its traverse however due to complications in the operation of the novel system it failed to trigger correctly from the probes. 
· Thermography was fielded as part of capability enhancement, but the data was not suited to the remit of the trial.
· Time of arrival probes were fielded to record the traverse of the jet and act as a trigger for diagnostics including the high-speed camera, radiography, and thermography.
· High speed camera was fielded to capture the dynamic effect of detonation and show propagation of the jet.
[bookmark: _Toc70607159][bookmark: _Toc131161619]SCOPE FOR ADDITIONAL WORK 
Given the restraint observed within the variables and diagnostic employed to this project, there is substantial scope for further work to fully define the operation of a shaped charge driven disposal of an unknown state explosive obscured by mitigation. Following the yield of expected results multilayer composite mitigation would be the researchers preferred direction of work.

[bookmark: _Toc131161620]DATA EVALUATION
Evaluation of the data will be contingent on what is successfully achieved recorded and able to be processed within the constraints of project delivery. In the foremost application the depth of penetration is the primary constraint and retains itself as the required output of this report. There is potential from the construct of the directed energy systems used to try and correlate any relation between them in terms of scalability. In addition there is scope from time of arrival probes to calculate the speed of the jet through two trajectory pathways. The opportunity to use novel radiography would allow an assessment to be made about formation of the jet and the effect measured against a digital model of a shaped charge jet using Eularian and Lagrangian methodology and programmes such as ANSYS Autodyn as is a capability of the company. 
The application of the highspeed camera and thermography although not part of this trials requirement could provide insight into the effectiveness of the mitigation schemes ability to quench any blast and reduce shock and fragmentation propagation.
[bookmark: _Toc131161621]RISKS AND LIMITATION 
[bookmark: _Toc70607161][bookmark: _Toc131161622]RISK AND LIMITATION IDENTIFICATION 
Risks and limitations remain viable threats to project completion. In order to properly assess risk during this preparatory stage, a comprehensive assessment was conducted to identify top-level categories that could fail or compete in a variety of ways. It was clear that the top categories for potential failure were:
• Primary resource.
• Adequate and extensive planning.
• Priority set for the project.
• Commercial or professional commitments.
In addition to the above risks and limitations, the personal lives of researchers as well as other key employees may be important factors in the realization of the project, and as indicated in the resources and plans, some commitment must be made to implement a resilience plan. Consequently the primary resource in the form of the personal life of the researcher was disproportionately affected due to a major life event. 
[bookmark: _Toc70607162][bookmark: _Toc131161623]LEGAL 
There are no defined legal issues in the delivery of these trials within the bounds of regulated premises following the guidance set out by ER2014 and ER2014 amendment 2016. Primary legal risk stems from the potential risk to Environment safety and health (ESH) in accordance with the health and safety at work regulations 1974 and subordinate specialist regulation and guidance. In order to combat this ESH procedure and processes were followed, partially in the form of an approved Safe System of work including but not limited to method statements and risk assessments. Where trials were completed externally to company sites legislation and regulation would still apply and although guidance to the execution of the trial was given by the company, ultimate responsibility for compliance to their licence lay with the third party company fielding the trial on their premises.

[bookmark: _Toc131161624]ETHICAL CONSIDERATIONS 
To operate ethically the researcher has operated within the boundaries of:
· Researcher’s company blueprint [30]
· Researchers company behaviours booklet [31]
· Institute of Explosive Engineers code of conduct [32] 
· UWTSD Research Ethics & Integrity Code of Practice [33]
· UWTSD Research Data Management Policy [34]

In addition, a formal application was made to the university in accordance with their procedure and accepted. It should be stated that no social element to the activity will be formally assessed and under the boundaries of the aforementioned legal constraint no vulnerable persons will be subject to involvement in this project.
[bookmark: _Toc131161625]RESOURCES AND PLANNING 
[bookmark: _Toc70607166][bookmark: _Toc131161626]RESOURCES OVERVIEW 
There was need to identify the resources required to bring this project to fruition. In addition to identifying risks and limitations associated with resources, resources must be properly prepared, commitments to execute the project must be planned, and resources appropriately mitigated or redirected for success. this enabled effective delivery throughout the project. 
[bookmark: _Toc70607167][bookmark: _Toc131161627]TABLE OF RESOURCES 
	Primary resource (integral) 
	Secondary resource (can be changed) 

	Researcher 
	Operations personnel 

	Business requirement 
	Facility 

	Processes and paperwork commitments
	Explosive supply

	Design approvals
	Shaped charge assembly 

	Safety requirements and approvals 
	Physical component suppliers/manufacturers 

	Stakeholders 
	Material supply 

	Planning and deconfliction 
	

	IT infrastructure and software 
	



[bookmark: _Toc70607169][bookmark: _Toc131161628]PLANNING OVERVIEW 
As indicated within resource, adequate planning is absolute in the delivery of any piece of work. Improper execution of planning action in its humblest sense will destabilise most deliveries. it was suggested that the project will span a 2-year period suggesting a quarterly approach to execution culminating in biannual staged gates to be met. This however met challenge and planning stages were disregarded as an Ad-Hoc approach had to be implemented around challenges experienced in the primary resource delivery.
[bookmark: _Toc70607170][bookmark: _Toc131161629]TIMELINE CONSIDERATION 
Within planning consideration was made to accommodate 3 scoped timelines to enable overrun and overperformance. This methodology of optimistic realistic and pessimistic planning timelines allows scope for movement within the realistic plan and directs the researcher where priority and time can be proverbially bought back and future activity deconflicted. This is demonstrated by an arbitrary infographic Gant chart below however unfortunately this approach was not possible to implement and an all-hands approach was necessary. 
[bookmark: _Toc70607171][bookmark: _Toc131161630]SIMPLE GANT CHART    
[image: ]
[bookmark: _Toc70606976]FIGURE 7 Arbitrarily scoped Gant Chart demonstrating "Scoped planning”.
[bookmark: _Toc131161631]OPTIONEERING JUSTIFICATION 
There is a necessity to justify what course of action is needed and how best to proceed. Having taken measurement of the requirements a feasibility statement has been produced as a means to justify the trials delivery and derivation of rationale behind the approach taken to develop support and improve OME type solutions.
[bookmark: _Toc131161632]OPTION 1 
Rigorous assurance,
In the application of this approach every level of rigour is to be applied to ensure in an absolute sense the avoidance of any misfire scenario, this approach entails a significant amount of interrogation of the trials delivery system processes and goes far above the level of rigour needed for an as low as reasonably practicable approach. The application of such rigour is often deemed bureaucratic by staff and mostly delays the pragmatic efficient delivery of trials data. An overly rigorous approach may induce a safety level that is acceptable however this comes at the expense of achieving the data in a reasonable time frame. This approach often causes dissent amongst operators and encourages poor behaviour and non-conformance in an attempt to successfully deliver data.
This option is employed in part at the company and remains to be a not feasible option. 
[bookmark: _Toc131161633]OPTION 2 
Donor charge disposals
Currently the standard operating procedure of most explosive ordnance disposal operations this option retains a significant record of successful resolution, however, it retains the challenge of exposure of risk to operators in the field. This option requires that following a declaration of misfire that a period of isolation is observed. Subsequently an operator is required to re-enter the danger area to adequately assess the situation. It is required that the operator then interfere with the trial to gain access to the explosive article by way of disassembly of trials furniture or the article itself. This type operation is characteristically hazardous by nature but the interference with potentially unknown energetic material means a greater risk.
This option is employed at the company when necessary and is a feasible option under certain caveats.
[bookmark: _Toc131161634]OPTION 3 
Directed energy system disposals. 
Explosive ordnance operators employ this methodology when dealing with legacy munitions found in unexpected areas and is often referred to as unexploded ordnance or UXO. The application of a stand-off system such as these does not entirely remove all aspects of the hazard from the operator but does reduce the level of risk to the operator. The removal of the necessity to interfere with or move any components in the trials assembly mean that the potential for functioning an energetic material in an unknown state is significantly reduced. In this situation an operator will still have to enter the danger area in order to assess and apply the system however proximity to the device can also be reduced by the range and capability of the system being used.
This option has proven successful application in UXO and explosive ordnance disposal activities and is the most feasible option available at present.
[bookmark: _Toc131161635]CONCLUSION 
Option 3 was found to be the most feasible option within the current constraints the clear reduction of risk in itself led to its implementation. In addition to this benefit the cost implications of the additional containment and liner are minimal. The company operates an approved articles list for commercially available systems of this type used within its trials and stock is held for use should it be required. A business decision was made to operate the Alford technologies V10 Vulcan system and the Pluton system both operating a 60-degree copper cone and filled with PE8 (86.5% RDX). Stock was held excessive to minimum requirement and so was applied to the project. Additional benefits were attained with the potential to explore scalability in terms of both net explosive quantity (NEQ) and diametric measurement of the cone. The cone diameter (CD) relativity is not a primary requirement of the project and will be explored if opportunity arises through time and costing, should this not be achieved then it should be considered for further works.
[bookmark: _Toc131161636]EXPERIMENTAL DATA 
[bookmark: _Toc131161637]ALFORD TECHNOLOGIES DATA 
As part of the process of implementing a system there is a requirement to investigate the capabilities of the systems intended to be deployed. For the purposes of required data it was necessary for all operators of the system to be versed in the assembly procedure. Familiarisation training with the devices was enacted to ensure a consistent performance of the operators. This was with regard to stemming the assemblies and fitting the cones before the application of the detonator as such that it retained intimate contact with the main charge. 
In addition to the constraints of the operators there was obligation by the researcher to understand the stated capability of each device in terms of penetration of the target at which it has been focussed. In essence the operators manual for each chosen article provides both technical information relative to performance and technique for assembly of the chosen device this is listed in the tables below
TABLE 2 Data Supplied on Vulcan performance [35]
[image: Table
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TABLE 3 Data Supplied on Pluton performance [36]
[image: ]
[bookmark: _Toc131161638]ALDERMASTON TARGETS 
As part of clarification of capability a series of control shots were undertaken at the company’s site to understand relevance of the data supplied by Alford Technologies to a newer application. Alford technologies has used a different now obsolete plastic explosive compound for their studies and as such it would be irresponsible not to quantify this data in a modern application with newer compound and relevant target material to gain assurance that this data still remains pertinent to the delivery of this project. 
[bookmark: _Toc131161639]DEPTH OF PENETRATION 
A simplistic set up of the shaped charge assemblies was made orthogonal to the target witness plate. Standoff was recorded as was the weight of fill. Both system types implemented a 60-degree copper cone and used no additional diagnostic equipment to confirm positioning attitude or confirmation of detonation.
TABLE 4 Control shot data
	Device type
	Weight of fill (g)
	Standoff (±2mm)
	Depth of penetration (±0.5mm)

	Vulcan 
	50
	75
	116

	Vulcan
	50.2
	75
	118

	Vulcan
	50
	75
	117.5

	Vulcan
	49.7
	100
	90

	Vulcan
	50
	98
	90.5

	Vulcan
	50.4
	101
	91

	Vulcan
	49.9
	100
	92

	Vulcan
	50.1
	100
	92

	Pluton
	250
	160
	299.5

	Pluton
	250
	159.5
	300.5

	Pluton
	249.8
	160.5
	298

	Pluton
	250.1
	160
	300.5



[bookmark: _Toc131161640]PENDINE TARGETS 
[bookmark: _Toc131161641]DISTANCES 
Below is a list of relevant distances in the trial delivery. From the data it can be confirmed that the effect of the shaped charge traversed through the box and vermiculite and water suspension around a centralised point where a median density of the fill will be achieved.
Valuable measurement can be taken as follows. 
Vulcan 
Distance from system front to witness plates - 		1765mm
Distance from system front to probe 2 - 			873mm
Distance from system front to probe 3 - 			1227mm

Vulcan mitigated.
Distance from system front to witness plates - 		1800mm
Distance from system front to mitigation box - 		240mm
Distance from system front to probe 2 - 			883mm
Distance from system front to probe 3 - 			1237mm

Pluton  
Distance from system front to witness plates - 		1843mm
Distance from system front to probe 2 -			938mm
Distance from system front to probe 3 - 			1292mm

Pluton mitigated.
Distance from system front to witness plates - 		1843mm
Distance from system front to mitigation box - 		550mm
Distance from system front to probe 2 - 			938mm
Distance from system front to probe 3 - 			1292mm

[bookmark: _Toc131161642]TIME OF ARRIVAL PROBES 
Foil probes were placed in the line of sight of the shaped charge system device, probe number 1 was used as a trigger to initiate the diagnostics. Probes 2 and 3 were used to accommodate the measurement of jet speed through this pathway. For measurement the reading was taken from the first visible climb on the graphics below and additional noise following the primary event was disregarded.
Shot 1 – Vulcan – data unavailable as equipment failed on first firing.
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FIGURE 8 Shot 2 - Vulcan
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FIGURE 9 Shot 3 - Vulcan
[image: Graphical user interface, chart
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FIGURE 10 Shot 4 - Vulcan mitigated.
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FIGURE 11 Shot 5 - Pluton
[image: ]
FIGURE 12 Shot 6 - Pluton mitigated.
TABLE 5 interrogated time of arrival figures
	Shot no
	TOA probe 2 (μs)
	TOA probe 3 (μs)
	Time period between probes (μs)

	11 VULCAN
	
	
	

	2 VULCAN 
	245
	338
	93

	3VULCAN
	165
	215
	50

	4 VULCAN MITIGATED
	390
	630
	240

	5 PLUTON
	365
	410
	45

	6 PLUTON MITIGATED
	240
	365
	125



1 – shot suffered catastrophic recording equipment failure no data captured
[bookmark: _Toc131161643]FLASH RADIOGRAPHY 
During the application of the flash radiography there was challenge found in the triggering of the system at adequate timing intervals. After initial failure of the diagnostics triggering on the initial shot complications arose in delivery of this novel set up. With all application the trigger was set to function the x-ray machines at 40μs in order to collect data of the jet. The results achieved were not what was anticipated. The data has not been omitted but remains inconsistent for use in this project.
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FIGURE 13 Vulcan 3a
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FIGURE 14 Vulcan 3b
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FIGURE 15 Vulcan 4a
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FIGURE 16 Vulcan 4b
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FIGURE 17 Pluton 5a
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FIGURE 18 Pluton 5b

[bookmark: _Toc131161644]HIGH SPEED CAMERA 
As alluded to previously in this document the deployment of the high speed camera was not implemented for this trials requirements however it does give insight not only into the provision of mitigation to accommodate hazard away from the line of sight but also gives endorsement to the quenching properties of mitigation boxes. The data although not pertinent to the delivery of this project gave insight to the trial delivery set up and results so was included in the report.
Shot 3
Vulcan
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Shot 4
Vulcan mitigation
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Shot 5 Pluton
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Shot 6 Pluton mitigated
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[bookmark: _Toc131161645]DEPTH OF PENETRATION
	Shot no
	Weight of fill (g)
	Standoff (±2mm)
	Depth of penetration (±0.5mm)

	11 VULCAN
	50
	1765
	25

	2 VULCAN 
	50.3
	1765
	Missed target

	3VULCAN
	50
	1765
	24

	4 VULCAN MITIGATED
	50.2
	1800
	16.5

	5 PLUTON
	250.4
	1843
	154

	6 PLUTON MITIGATED
	250.2
	1843
	102



[bookmark: _Toc131161646]ANALYSIS 
[bookmark: _Toc131161647]DATA ANALYSIS 
[bookmark: _Toc131161648]DEPTH OF PENETRATION 
In this series, the depth of penetration was designated the primary diagnostic due to its reliability and quantifiable results. 
Regarding the control shots, they remain consistent with that of supplier company data and allowed the usage of these directed energy systems to continue. The benchmark being met allowed a relative statement that a Vulcan filled with Pe8 at 50g ±0.5g and a standoff of 75mm will sustain a DoP of 118mm which compared directly with the data provided by the supplier and a benchmark was set that a stand-off of 100mm will sustain a DoP of approximately 90mm. The Pluton device filled with 250 g ± 0.5g and a stand-off of 160mm will sustain a DoP of 300mm this again correlated with the data given by the supplier.
In the representative scenario fielded at Pendine range
· the Vulcan shots gave average DoP of 24.5mm
· the mitigated Vulcan shot gave DoP of 16.5mm
The greatly increased distance in the simulant firing took dramatic effect in the penetration capability of the system however the addition of the mitigation gave a further 30% reduction in DoP
· the Pluton shot gave DoP of 154mm.
· the mitigated Pluton shot gave DoP of 102mm.
As was the case with the Vulcan the increased distance took significant effect on the penetrative capability yet again the introduction of a mitigation box into the line of sight saw a 33% reduction in DoP values
From this limited information it was demonstrated that depth of penetration was reduced in the order of 30%±5% when fired through the mitigation, it should be noted however this figure is a preliminary figure and should remain indicative until further tests can be delivered.
[bookmark: _Toc131161649]SPEED OF JET TIP 
Vulcan shot provided average jet speed of 5443.225m/s.
Mitigated Vulcan shot gave jet speed of 1475 m/s.
It was observed that introduction of mitigation produced a speed reduction of 73%
Pluton gave jet speed of 7866.67 m/s.
Mitigated Pluton gave jet speed of 2832 m/s.
It was observed that introduction of mitigation produced a speed reduction of 64%
From this limited information it was demonstrated that jet speed was dramatically reduced in the order of 70%±5% when fired through the mitigation. As has been the case with the other datasets this figure should be considered preliminary until further testing has been completed.
[bookmark: _Toc131161650]RADIOGRAPHY 
The application of radiography was not a primary requirement but was considered to be a luxury addition to the dataset. As is evident from the results in 8.3.3 there was misalignment and sufficient timing for triggering the novel set up, where there was a minimal number of shots there was no ability to recalculate and accommodate lost data through further shots. As a result of this outcome the radiography must be disregarded for this study and as such will take any credence out of modelling the events as a comparator. Further works must include this to gain assurance that prior to any resolution activities a reasonable degree of certainty can be made to the success of the application. 
[bookmark: _Toc131161651]ERROR 
Measure should be taken of variation in results, both systems used are modular systems that are hand stemmed by competent operators however variation in stemming will be found between each assembly. In the case of this project the same operator stemmed the devices at each trial delivery location to reduce the potential for variation among duplicate assemblies.
[bookmark: _Toc131161652]CONSIDERATION OF RESULTS 
The results achieved are minimal and provide indicative insight into the application of shaped charge jets to the application of a misfire resolution during energetic trials.
The results for the control shot were significantly more honed than was expected for terms of reliably achieving consistent depths of penetration and as such a greater margin of error should be added until reliability testing involving a substantially greater number of tests can be achieved it is suggested that a margin of safety of ±20% be applied to depth of penetration when being considered for application.
The results from the simulant scenario demonstrated need for further testing and potential application of a directed energy system with a greater range.
[bookmark: _Toc131161653]REVIEW LEARNING INITIATIVE 
During the delivery of this project the author dealt with some major personal difficulties and as such found that delivery of this project was a significant challenge. As consequence of this limitation was made to the amount of content in this document.
[bookmark: _Toc131161654]CONCLUSION 
[bookmark: _Toc131161655]CONCLUSION 
Application of shaped charges for the purpose of misfire resolution by detonation is a credible approach. This report found it to be the case that most standard trials fielded at the authors company would receive sufficient insult to achieve this but it needs more work to define the parameters at which this would become a successful application or not. Essentially a go/no go guide, for the implication of such a guide a series of further works should be implemented. It can be concluded that this document should be deemed a preliminary study as although results have been produced it has yielded further question and requirements for future works.
[bookmark: _Toc131161656]SCALING 
Further investigation into the scalability of shaped charges was briefly explored however due to limitation on the number of firings and singular commercial provider, no credible evidence could be bought to explore this in any major depth. Further work should be undertaken to accommodate this.
[bookmark: _Toc131161657]FURTHER WORK
In theory the shaped charge being the most accurate and highest energy directed energy system was most suited to this application however, in practical application it became apparent that variation in trials set ups and fielding applications suggested that a greater effective range may be necessary. This basis brings the need for further works in a system that could do this such as an EFP device again there may be precedence to explore the ability of scaling systems and their effect on target alongside the ability to combat mitigation in the form of wooden boxes containing wetted vermiculite.
Additional further works could be implemented to explore application of a variety directed energy systems to different materials, composites and multi composite mitigation systems. The application to such systems may demonstrate a compounding reduction on the effectiveness of deploying such a response.
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Table 4 — Performance of Cu JFC Against Mild Steel

Projectile Type

Explosive Load (g)

Stand-off (mm)

Penetration Depth (mm)

CuJFC

15 100 20
20 75 50
20 100 40
30 75 75
30 100 60
40 75 100
40 100 80
50 75 118
50 150 65
50 200 40
50 500 20
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TABLE 5: COPPER 60° JET FORMING CONE (60° Cu JFC)

Application:

Armour Piercing Projectile can be used for
countermining techniques, attacking buried
unexploded ordnance, material denial and

other engineering applications.

Penetration of Mild Steel

Explosive
Load (g):

300g
2509

150g

Stand-off
(mm)

200mm
160mm

160mm

Penetration
(mm)

360
300

205
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