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This report goes into detail about the development of an explosive experiment/trial to characterise and understand the performance of new explosives. For a comprehensive understanding of what the trial needs to achieve to be considered a success, several system engineering tools were used to help identify the following.

· The trial requirements
· Development of options
· Assessing the risks involved
· The constraints of the trial

The report covers the life cycle of the trial, from the beginning concept designs to the implementation of the new trial.
[bookmark: _Toc44921970]Method

When developing an explosive trial that is robust, the results need to be accurate and comparable to other proven tests. Careful consideration needs to be considered when looking at the life cycle and design of the trial. A SIMILAR process was followed to help identify critical key aspects of the trial, and the requirements needed to regard it as a success. 
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[bookmark: _Toc44060583][bookmark: _Toc44921980]Figure 1: SIMILAR system [1]

The Similar process follows these simple steps to create a product or process from start to finish.
· Stating the problem. 
· This step identifies the customer/trial needs and gives a clear understanding of what is required.
· Investigate alternatives
·  Alternate options are assessed against the criteria. 
· Model the System
· Modelling the systems starts incorporating the requirements of the trial into a design.
· Integrate
· The integration stage brings the model to a working system.
· Launch the System
· Launch the system describes the running of the live system.
· Assess Performance
· Any measurements that are taken and the general performance are assessed and evaluated.
· Re-evaluate
· Re-evaluation happens at the end of each process.
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Developing and characterising the performance of high explosives (HE), a range of standardised test can be carried out, such as Cylinder Test (CT) and Rate Stick (RS). These tests require large quantities of explosives, which are not always readily available when developing new formulations. 

To resolve this issue, the Disk Acceleration Experiment (DAX) was developed as a means to characterise explosives performance, while minimising the resources that are usually required for larger tests such as CT and RS. The DAX consists of detonating one end of a HE cylinder within a tube, while at the non-initiation end of the explosives, a small metal witness disk is propelled towards a probe. DAX measures the velocity of detonation (VoD) and the velocity of the witness disk. From the data that is collected, it can be used to help understand the explosives and be used computer simulation to model materials.
[bookmark: _Toc44921972]Trial Needs

Before the initial design of the DAX is complete, it is essential to understand the requirements of the trial. These requirements must be met to determine if the trial is a success.
· Must be able to measure the VoD.
· Must be able to measure the velocity of the witness disk.
· The results from the DAX must be comparable and tie in with the other standardise performance test.
· Must use less explosive than the other standardise performance test.
· Must be safe to assemble and easy to field.
· Must be able to collect accurate data.

Quality Function Deployment (QFD) was used to helps develop a design idea to meet the requirements. The QFD lays out the trial requirements and the design characteristics and quantifies the relationships between the two. QFD also compares other trials that share the same requirements as the DAX. 
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Completion of the QFD puts a value on the trial requirements to identify the more important ones. It reveals that VoD, the velocity of the disk, and to reduce the amount of explosives used are the higher weighted than the others. The safety of the trial has also been weighted high due to the hazard of working with explosives. Low cost and Easy to build were weighted the lowest. As the trial develops and is repeated in the future, these requirements will most likely gain value. 

[bookmark: _Hlk44624493]Quality Characteristics are the solutions that have been proposed for the requirements. The QFD identifies the relationships between the Quality Characteristics and the requirements. The effect of each is relationship is rated as a strong, moderate, or weak relationship. The highest value of Quality Characteristics is the Diagnostic Probes and Photonic Doppler Velocimeter. The Diagnostic Probes and Photonic Doppler Velocimeter is vital to measure the VoD and the velocity of the disk. These have a negative effect on the cost and the easy to build requirements. When more diagnostics and components are introduced to the trial, the more complex and expensive it becomes. The Shorter tube and Smaller Inner Diameter have the second-highest weight as they directly relate to the size of the explosives. 

The QFD has also been used to compare the requirements for DAX against similar explosives trials such as Cylinder tests, rate stick, and gas gun. 
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Cylinder tests (CT) and rate stick (RS) experiments are standard HE performance tests. CT involves encasing a cylinder of HE in a copper cylindrical sleeve. When the HE detonates, the copper sleeve expands. ‘This test measures the expansion of a copper tube upon detonation of an explosive charge inside.’ [2]. By measuring this expansion, it can determine the energy released by the detonation products. CT can measure the velocity of detonation (VoD), but it is a secondary requirement of the trial as the explosives are enclosed in copper.

RS provides the VoD and the wave shape of unconfined explosives. ‘The rate stick is the ubiquitous method for measuring Velocity of Detonation (VOD)’ [3]. Even though these performance tests are well established, to perform a full series of these tests requires a large quantity of explosives to achieve accurate results. As such, they are not suitable for characterising the performance of new formulations of explosives without the means of scaling up production. 

Another alternative method for evaluating the detonation properties of explosives is using a Gas guns. Gas guns launches a projectile down a barrel at high velocities towards a target. When the projectile impacts the target, it creates a high pressure, detonating the explosives. There are two types of gas gun which are used, single or two-stage. Single-stage can produce a ‘velocity of 400 – 700m/s [4]’ whereas a two-stage gas gun can produce ‘2 – 5km/s’ [4]. With the data that is collected from the gas gun trials, it is programmed into computer simulations to understand better how a material would deform and break apart. The advantage of using a gas gun to characterise explosives over CT and RS is that it uses a smaller amount of explosives. However, they are expensive to run and require large amounts of space to house.
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Two computer models were used in the development of DAX. The first computer model was using a Computer-Aided Design (CAD) program to design the trial. Using the CAD design helps identify what materials are required and how the components fit together when fully assembled. 

Both the length and diameter of the HE will affect the size of the casing. A well characterise explosive shall be used for the initial test to compare the results from old trials. The length of the HE must be specific length to achieve a steady-state detonation. The explosive diameter must be manufactured greater than the critical diameter. If the diameter of the explosive is too small, it can result in a misfire due to the HE not initiating. 

The CAD model needs into consideration the material of the assembly, as it comes into contact with the explosives. The materials used in the assembly must be compatible with the explosives; they could react badly and detonate prematurely or potentially changing the properties which affect the results. If new material is used, the explosives undergo compatibility testing before the trial can be assembled. 

The decision was made to manufacture the casing and the assembly out of polycarbonate. Polycarbonate has an advantage over other materials as its quick and easy to manufacture, as well as cheap to produce. From the safety side, polycarbonate does not pose any ESD risk and has been compatibility-tested due to it being wildly used on other trials. Where it has been used in other trials, polycarbonate produces fewer fragments than other materials.

The disk can be made from a variety of different metals, such as aluminium or copper. The disk is going to be made from the same type of copper composite that is used in CT. This copper is well characterised and will give a direct comparison to the CT. The diameter of the disk will need to be larger than the diameter of the explosives, ensuring the disk is hit. It is essential to manufacture the correct thickness of the disk as this could alter the results. The thickness of the disk will be calculated to optimise the results and what is commercially available to reduce the cost. The disadvantage of using a thinner disk can result in the disk being easily damaged or deformed.

Two diagnostics are necessary for this trial to measure the velocity of detonation (VoD) and the velocity of the copper disk. The VoD will be measure with several electrical ionisation probes that are evenly spaced along the length of the HE cylinder. The probes are to be inserted and glued into pre-cut holes along the polycarbonate and ensuring that they come into contact with the HE. To record the velocity of the copper disk, a Photonic Doppler Velocimeter (PDV) is used. The PDV is mounted at the opposite of the copper disk and directed onto the centre of the disk. 
[image: ]
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The second computer model simulates the results from the trial. The simulation identifies how the explosives detonate and predict the expected results using code already collected from previous trials.
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Before the trial could be built, a design review took place. During this meeting, the design of the trial assembly steps went through a Failure Mode and Effects Analysis (FMEA). The FMEA ‘is a structured approach to discovering potential failures that may exist within the design of a product or process.’ [7]. 
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The trial went through an FMEA, and it was found that several issues and concerns needed addressing before any trial components could be ordered. The model is required to be redesigned mainly due to safety and quality concerns. The redesign removes any sharp edges and lowers the working height to protect the explosives from damage. Another concern that arose in the FMEA was the detonator making direct contact with the explosives, which could result in a misfire. To avoid this, the det holder was changed to a proven design that had been used on other trials. The final redesign that is required for the trial was to add a recess to hold the copper disk central against the explosives.

Before the trial enters the chamber, several measurements of the explosive and the copper disk are required, as stated in FMEA. This is to ensure a quality fit with the assembly and can be incorporated in the final calculations and results.

Once this is complete, a Safe System of Work (SSoW) is written up based on the FMEA. The SSoW includes a risk assessment for building and fielding the trial and how to mitigate the risks. Also included in the SSoW is a Method Statement. The Method Statement is instructions that describe how to build the trial step by step for the operator and any hazards and risks involved. 

Once the SSoW is written, and the components have been manufactured and delivered, a dry build completed. This ensures that the components fit together before entering the chamber and coming into contact with the HE. Finally, a walkthrough is conducted with the operatives to ensure that the trail and the SSoW are fully integrated.
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The trial takes place over 2 weeks and have three shots to validate the results and prove that the experiment is repeatable. The success in the results relies on the quality in the build of the experiment.  

The potential of a misfire is mitigated by testing the diagnostic and firing cables before firing. In the unlikely event of a misfire occurring, a recovery plan is needed to be in place. There are two possible outcomes should a misfire occur. 
1. Det fails to function.
2. The HE charge fails to pick up.
[bookmark: _Hlk44536161]In the first instance, the detonator is replaced, and the faulty detonator can be sent for disposal. In the second instance, any remaining undetonated explosive is collected and sent for disposal.
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The assessment of the performance heavily relies on the results from the diagnostics. The VoD of the explosives is collected by the probe, which determined a simple displacement-time plot, as is done in CT and RS. The velocity of the copper disk is measured with the PDV probe. With these two pieces of data collected, the equation of state and the detonation pressure can be calculated.

At the end of the trial, a review meeting to discuss any issues that occurred during the build. Any of the issues that arose are implemented into any further DAX designs and trials to improve the results.
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For developing the DAX, a system engineering approach was taken to follow the life cycle of the trial from a concept to a fully functioning trial. Using the Similar process and a QFD, they identified the critical trial requirements and the importance of them. The requirement that was deemed critical to the success of the trial were;
· Measure the velocity of detonation.
· Measure the velocity of the copper disk.
· Use less explosive than other tests.

The QFD was also used to develop the design of the trial and compare them with other explosive experiments. An FMEA evaluated the process steps and identified potential modes of failure and how to mitigate against them. 

It is possible to develop a successful and safe explosive trial using these tools and techniques of system engineering, to collects reliable results while recognising areas of failures.
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