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[bookmark: _Toc44948273]1.0-Introduction
This report will analyse a recent project carried out at the Defence Science and Technology Laboratory and will outline the systems engineering approaches used in the development of an explosive article for use in an explosive based trial. The project was carried out in the 2019-2020 financial year with customer requirements being identified in April and full delivery of the final article for trial in August and further use a in main trial in November. 

[bookmark: _Toc44948274]2.0-Detonator Containment Unit
The Detonator Containment Unit is an article that was designed to contain fragmentation from commercial explosive detonators. This requirement came about as the instrumentation that was going to be used in an upcoming trial was sensitive to fragmentation produced by detonators and the analysis team had concerns it would cause false positives within the results. An engineer was tasked with designing and developing the entire work package to ensure the article met the requirements set out by the trials team.

[bookmark: _Toc44948275]3.0-V Model of Project
A systems approach to the project is required to map out what the main stages of the project will be. V models are widely used in systems engineering to outline this. Figure 1 [1] shows a typical V model used in systems engineering applications.
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[bookmark: _Ref43900551][bookmark: _Toc44326477]Figure 1-Systems Engineering V Model
In the project the Concept Development is the concept of the containment unit. The requirements are the requirements set out by the customer as to what the containment unit must do. The system architecture is the systems involved, in the case of the containment unit the detonator system is one sub-system and the containment system is another sub-system. The system design and development phase is the development of the sub-systems to finalised components. System integration is the bringing together of the sub systems so that they work together. Test and evaluation is where the entire system is tested and evaluated to ensure it operates correctly. In the case of the containment unit the test and evaluation will be performed through an explosive based trial prior to be used in the trial it is intended for. The final stage is transition, operation and maintenance. This is where the item will be operational and will be fielded in the trial it is intended for. 

[bookmark: _Toc44948276]4.0-Requirements Based Engineering
Requirements based engineering was seen as the most effective systems engineering tool to assist in the design and development of the detonator containment unit. The concept of requirements based engineering makes use of several areas, these are:-

· Operational requirements [2]
· Functional requirements [2]
· Non-functional requirements [2]

Operational requirements define the major purpose of the system [2], in this circumstance the detonator containment unit must contain any fragmentation generated by the detonator. Functional requirements are defined as requirements that set out what the system must do in order to carry out its operational requirement. In the case of the detonator containment unit the following requirements were seen as functional requirements:-

· Contain fragmentation
· Provide energy to energetic cord

Non-functional requirements set out how well something is to be done or how something is to be done [2]. These can be further separated into the following kinds of non-functional requirements:-

· Non-functional performance requirements-How well the article does something [2]
· Non-functional system requirements-constraints that affect the whole system [2]
· Non-functional implementation requirements-Implementation of specific standards or equipment for the system. [2]

In the case of the detonator containment unit the use of an RP80 Explosive Bridge Wire detonator was a Non-functional implementation requirement as this was a requirement laid down by a third party who would be performing a future trial, the use of a 1g charge of PE8 to provide energy to the energetic cord was also considered a non-functional implementation requirement as this has been based on experience with similar systems in the past and has been known to work successfully. Non-functional system requirements were decided to be ease and speed of assembly, low cost and speed of manufacture were also set out as non-functional systems requirements. From these series of requirements a holistic requirements diagram can be constructed and is shown Figure 2 [2].
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[bookmark: _Toc44948277]4.0-Energetic Material Considerations
As the article in question is to contain an explosive event and provide an element of the explosive initiation then considerations related to the energetic materials involved must be taken into account. The explosive train is an analogy that is used to describe the steps in energy required to initiate a high explosive bulk of material. Figure 3 shows an example of what the explosive train looks like [3].
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[bookmark: _Ref43900370][bookmark: _Toc44326479]Figure 3-Three Step Explosive Train
This shows that the detonator is the start of the train and provides the initial energy to initiate the booster charge, however, doesn’t have enough energy to initiate the main charge. Once the detonator has initiated the booster charge the booster takes over and provides the required energy to initiate the main charge. The article in question will be providing initiation to a piece of unspecified energetic cord. The requirements of the energy input of this cord to provide successful initiation are unknown. There are however a number of best practices that can be followed to ensure successful initiation of the cord. 

The detonator that is going to be utilised in the trial is an RP80 Explosive Bridge Wire detonator. This detonator is shown in Figure 4 [4].
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As the figure shows the total amount of high explosive present in the detonator is 123mg of RDX. There is a risk will not provide the sufficient amount of energy to ensure there is takeover to the energetic cord therefore a booster charge will be required. 

[bookmark: _Toc44948278]4.1-Explosive Train Design
In the military combat engineering community, the phrase “P for Plenty” is used in terms of explosive charges and the amount that may be required for successful demolition of an object, similar to Rolls-Royce describing the power output of their motor cars as “sufficient”. Using this philosophy, it was decided that a 1g charge of Plastic Explosive Number 8 (PE8) was to be used to supplement the output of the detonator and to provide enough energy to initiate the energetic cord. This is a method based on best practice and experience by members of the trial team and has proven to be successful in initiating characterised energetic cord on similar trials. Figure 5 shows the explosive final design for the explosive system of the detonator containment unit.
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[bookmark: _Toc44948279]5.0-Containment Design 
The containment system had a number of different concepts designed in a Computer Aided Design environment. The initial concept involved two threaded components holding the explosive assembly in the middle. This concept had the potential to be reused in the trial however modelling suggested that after the energetic event had occurred that the deformation in the material would have left the thread inoperable and unable to be separated. This design would have also been expensive and timely to produce. Concept two evolved forward from this and used a scaffold pole with two metal slugs holding the explosive assembly in the middle. More complex to assemble than the first concept in terms of component numbers but would have withstood the explosive event and would have been completely re-useable. However, it would have been expensive and timely to produce. The final concept kept the component design and scaffold pole from concept two but changed the materials used of the metal slugs to high density “Zote” foam. The foam slugs would provide enough resistance to disrupt the fragmentation from the detonator and wouldn’t interfere with any instrumentation on the trial. The foam slugs could also be manufactured repeatably and cost effectively. These slugs would hold the explosive assembly in the middle of the scaffold pole and would be taped to hold everything together. Figure 6 shows the complete assembly with the explosive system and the containment system.
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[bookmark: _Ref43905638][bookmark: _Toc44326482]Figure 6-Containment Assembly with Explosive Assembly

[bookmark: _Toc44948280]6.0-Validation Trial & Operation
In order to provide confidence that the detonator containment unit would work a validation trial was conducted. This trial presented a number of challenges in its planning. The trial would take place in a small blast chamber where the article would be inserted, initiated in a control room and then the results removed and analysed. The planning of this trial presented a number of challenges and risks that needed to be managed. Managing safety is one of the most important aspects of a trial, part of managing safety involves having the correct suitably qualified personnel performing the trial. In this case a trials manager, a trials conducting officer and two weapons operators with high voltage firing competency were required to perform the trial.  The trials manager (TM) writes the trials plan, accompanying risk assessments and sets out the activities that are going to be carried out during the trial and by whom. The trials conducting officer (TCO) is responsible for operating the range and ensures everyone is operating safely and tells the weapon operators when they can load the article, when they can fire the article and when they can move forward to inspect the firing point. The weapon operators (WO) carry out the operation of the weapon and are the only individuals to handle explosive articles thus keeping the amount of people performing hazardous work to a minimum. 

In the case of this trial the operation of firing high voltage detonators within the specific range in operation had never been carried out by the range TCO. Normally the TCO would have an understanding of the hazards presented by high voltage firings and be able to assist in the event of a problem however this was not the case and as such a suitable method of managing the risk was required. The solution was instead of a solitary WO, two WO’s would be involved with one watching over the other. This solution was acceptable to all risk holders and was subsequently implemented.

The results of the trial were positive. The zote foam slugs either burned up during the explosive event or produced small chunks with little energy being transferred to them. Fragments of the detonator were visible in some chunks of remaining foam and in the side walls of the scaffold pole. The scaffold pole itself had bulged at the sides in the same plane as the 1g charge of PE8 was present suggesting it absorbed a significant amount of energy in the event. This validation was proof that the article had been designed and operated as desired in an all up test.

A secondary trial was performed by another team to investigate the take over from the 1g charge of PE8 to the energetic cord, this trial was also successful in demonstrating that the amount of explosives used was matched to the intended application.

The finished detonator containment units were manufactured and sent to the main trial where they were used and performed as designed and as intended. 

[bookmark: _Toc44948281]7.0-Systems Engineering-Suitability for Trials
From experience in the field, systems engineering and systems thinking is presently carried out within trials teams, however, it is done on a subconscious and background level without many trials teams realising it. Each trial is a one-off experiment, in the design of that experiment the first 3 blocks of the v model are carried out by one or several people with the 4th and 5th blocks being setting the experiment up and the 7th block actually performing the experiment. The 8th block in the V model is never reached however a report is produced from the trials results and fed into other projects which may or may not perform additional trials. Risk is managed throughout the trial actively by the trials manager who produces the risk assessment but also during the trials meetings, should be asking the teams of any foreseeable risks which may affect the trial such as manufacturing lead times.

Requirements based engineering is probably the biggest aspect of initial planning in a trial. It is where the trials manager will determine the aims of the trial and then determine which equipment, teams and personnel will be best suited to achieve those aims. Understanding the requirements of the trial assists the other teams involved in obtaining the best results to satisfy those aims. As every trial is different the requirements of no two trials will be the same however it is the best tool to use during the planning stage of a trial to ensure all aspects of the trial are covered.

Writing the trials plan and risk assessments ensures that all teams involved are aware of what the overall experiment is conducting, what it hopes to find, what is expected of every team and member involved and the hazards that will be present throughout the trial. These documents are reviewed by several engineers or scientists prior to the sign off of a principal engineer or scientist, a health and safety representative, line management and finally, group leader approval. This review process ensures that the trial is conducted in the best practices possible and as safely as possible.

Where systems engineering may play a more important role is in the engineering and manufacture of trial assets such as the detonator containment unit. This is where having a holistic systems approach is incredibly advantageous and will assist in the teams tasked with the engineering of such assets greatly. The detonator containment unit was developed from a requirement to suppress fragmentation, this was the only requirement set out by the trials manager of the trial the det containment unit was required for. The individuals tasked with developing the detonator containment unit were then required to use a requirements based and holistic systems approach to developing the unit itself and its subsequent validation.

[bookmark: _Toc44948282]8.0-Conclusion
This report has highlighted through an active case study the systems engineering processes that were conducted in the design and development of an explosive article and its subsequent trial. The report highlighted that the V model was used in the development of the explosive article and that requirement based engineering was used to develop a holistic approach to influence its design. The report highlighted the different stages carried out in the development of the article. Lastly, the report discussed the systems thinking that is carried out in practice by trials teams and that a systems engineering approach is carried out at an almost instinctive level by trials teams in the preparation for a trial and more so by engineering teams manufacturing equipment for a trial.  
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