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A request has been put forward for a test to measure break out timing from a detonator into a booster and/or main charge explosive material. The purpose of the test is to ensure that the shock wave passing through the explosive is geometrically sound. The geometry of the shock wave is extremely important for the classified shape used in the explosive process.
This report explains the use of a systems engineering approach to create a test suitable for the required application.
Background
Explosives are used for a number of applications. For a dumb bomb, the shock wave might not be decisively important, so long as the munition functions at the correct time. Should the explosive be used on a track plate, the shock wave of the track plate material will be important, as a track plate is used to get an ‘even’ ignition across the main charge.
In the application used here, the charge shape is used to do a specific job. The way the shock wave moves through the explosive is essential, as it must be even across the material. Tests already exist to measure the speed of the shock wave and how the wave moves through a cylinder of material (cylinder tests). However, these tests only show how the shock wave moves in a straight line, one dimension, therefore a test is required to assess how the shock wave will propagate from the detonator in multiple directions.
Essentials - needs
1. The shock front must be detectable on at least four plains of the outside of the main charge explosive.
2. The system must be able to measure the effect known as ‘corner turning’ in the plane next to the detonator.
3. Must be able to work with both CHE and IHE.
4. Must be big enough for the IHE to be able to detonate.
5. Must be fired in a 200g limit chamber of 200g limit. 
6. The system must be able to detect the firing pulse from the fire-set.
Quality Function Deployment (QFD)
“In today's industrial society, where the growing distance between producers and users is a concern, QFD links the needs of the customer (target quality) with design, development, engineering, marketing, manufacturing, service and other organizational functions through its systematic deployment” [1]
QFD is a good tool for use in the early stage of the project. It is used to find what the customer needs, translates them into design characteristics, and compares with  capabilities [1] [2].  For the purpose of this project, the 3D explosive detonation break out test (or, New Test) a QFD House of Quality (HOQ) has been drawn up APPEDIX A – QFD, comparing the tests that already exist and how they meet the project needs. The QFD show that although the existing tests have their benefits, ultimately, they meet all the ‘needs’ for the new test. From the HOQ the most important needs are 1, 3 and 4 from the list above. The outcome of importance shows the areas to concentrate on are how the probes can be placed, the weight of the charge and the shape of the charge.
The “V” Diagram
“The popular systems engineering “V” diagram provides a view of life cycle development with explicit relationships shown between requirements and systems definition and the developed and validated product” [3]
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[bookmark: _Ref44399281]Figure 1 - systems engineering V diagram [4]
Using the ‘V’ diagram (Figure 1) to construct each need can be set out as below.
For this project the ‘V’ diagram is an ideal tool. The model allows frank discussion at the beginning to ensure the customer’s needs can be transferred into a suitable product. One of the main advantages is the use of a hierarchy of levels in which the system is broken down. The business has the overall requirement. The system shows what overall options need to be met to fulfil the requirement. Each step down the V ladder breaks down the requirements just a step more, until the base is met [5]. 
Once the component/base requirements have been completed, design and construction can begin. A major advantage of the model here is that at each step up the hierarchy level, checks can be performed. The user/customer can be consulted ensuring that the requirement is met before going on to the next stage. Where requirements are not fulfilled, the design can be looped back into the design phase, tweaked and tested until the requirement is met. It is possible that the constant verification and redesign may add cost and time, however, higher cost and time at the early stages may lead to a suitable product that meets the business requirement at the end of the project.
Business requirement
The business needs a new test that will ensure that a detonation shock front propagates evenly through a main charge high explosive material in all plains.
System requirements
The chamber used for the test has an explosive limit of 200g. The test explosive must be no more than 200g. (This constraint is a legal requirement from the HSE – failure to adhere could be a criminal prosecution).
The fire-set must be able to provide the voltage necessary to initiate the detonator. (Failure to initiate the detonator will lead to miss-fire procedures and possible disposal of the experiment with no data).
The recording system must work fast enough to detect accurately the initiation of the detonator and the breakout of the shock wave as it passes out of the material. Measurements should be taken in enough points to ensure accurate measurements. (If the recording system is not fast enough and not enough points are measured, the test may not give accurate data to the customer).
Charging of the fire-set and using the specific test equipment must not overload the building electrical limits. (An electrical overload of the building will cause the system to ‘trip’, this will cause a time delay with possible damage to other equipment in the building).
The explosive must be of suitable size so that both IHE and CHE materials can be tested in, however this must also not be larger than the specific size of the real-world main charge component. (An IHE will take a longer distance to run to detonation, therefore the explosive must be large enough. However, consideration should be given as, if the explosive is too larger than the real component, it may give a false indication that it can detonate).
The explosive must be held in such a way that the measuring equipment will not move during the explosive reaction. (There is a possibility that the probes could move if not secured in place during the explosive, even if the probes move, they may give false time readouts and misleading data acquisition).
Subsystem requirements
The fire-set must be able to charge a selected capacitor to a minimum of 500V and a maximum of 5kV. The maximum time for the discharge of the capacitor must be no more than 500ns with a minimum discharge time of 100ns. This will ensure the fire-set is suitable to meet any present of future planned detonator.
The fire-set must be ‘safe’. There should be no point where the operator is able to put themselves in a position where they can function the detonator until the system is ready or receive an electric shock.
The explosive component must be of a suitable geometry where the break-out can be measured equally across the outside of the charge, this will allow fair comparison from all spots.
Current general prediction is that it will take 10mm of material for an IHE to run to detonation, the system must take this into account.
The explosive must be able to fit into the holding device without excess pressure, to prevent damage to the explosive, and with minimal parts. The explosive must not be able to move once it is in its holder.
Octanitrocubane has a VoD of 10100ms, TATB has a VoD of 7350ms. Therefore, the recording system must be able to record a low VoD of 7000ms and a high VoD of 10100ms
Component requirements
The explosive main charge shall have a pocket machined to be able to fit any service or future detonator in it. For IHE systems, this pocket shall be machined into a booster material. The shape of the pocket will differ between types, therefore tooling for manufacture must be considered as part of the overall manufacture of this test.
In order to have a geometrically sound shape, allowing the detonation shock wave to be able to reach all parts of the outer target surface at simultaneously, the explosive charge shall be of a hemispherical shape.
As an IHE can take up to 10mm before detonation wave is sustained, the overall size should be a radius of 25mm. This will allow, 10mm for the IHE to run to detonation and 15mm for the booster and detonator combined.
A 50mm diameter charge, will have an explosive mass of up to 120g depending on density. This will be well under the explosive limit of the 200g firing chamber.
The holding device shall be machined from minimal pieces, one machined part for the explosive to sit in. This part will have all the access area for fitting any associated probes/measuring equipment.
Another machined part shall keep the explosive within the main holding device and shall also have suitable access areas for probes and measuring devices. There shall be variations on the design of this part (the centre cut out) so that different detonators can be fitted.
The two holding devices shall be connected together with four screws, which should be tightened to a specific torque setting, however the design shall be such that over torqueing shall not put extra pressure on the explosive charge.
For recording of the event, the measuring probe cables must be of a suitable length so travel the distance from the firing chamber, into the control room, a minimum of 2.5m. Suitable probes may include open ended fibre optic cables and ionisation probes. For development of the test, the two should be trialled alongside each other.
To go with the measurement probes a suitable acquisition system is required that can accept up to 500 channels of data and a record speed of 12GHz. The speed of the system is essential to capture the break-out of detonation across the explosive surface. Should the system not be fast enough it could appear that break-out is even when it may not be.
Construction
The sketch below (Figure 2) shows the preliminary idea of how the explosive test could be constructed. For holding the explosive in place there are only four nuts/bolts. This minimises the general components for the trial. 
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[bookmark: _Ref44400846]Figure 2 - sketch of initial thought for design
The sketch was passed on to the local drawing office so that a proper design could be drawn up. The test was discussed with the design engineer using the requirements previously listed.
The immediate discussions centred around the capabilities already existing at AWE.
AWE does have the capability to machine a 50mm diameter charge with a detonator pocket for all detonators as well as a booster should it be required.
	[image: ]
[bookmark: _Ref41892334]Figure 3 - example of the initiation train in 3D [2]
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[bookmark: _Ref41892340]Figure 4 - example of the initiation train in 2D [3]



Figure 3 and Figure 4 show a concept of how the explosives could be assembled together; non-specific detonator, booster and main charge. The components shall be fitted together and not bonded.
The number of recording probes that can be used is down the acquisition system, this in turn dictates how many holes would need to be placed in the explosive holding device. AWE has a Diagnostic Operations team who advised the availability of an Acqiris high speed digitiser system. The system is used in high speed high data trials. The system takes the probe outputs into a multiplexing board and sending the signal down a coaxial cable into a digitiser. Use of optical fibre and ionisation probes is quite feasible as the different types of probes require a different multiplexing board and can be run at the same time. The maximum probe capacity currently in use is 650, ideal the expectations for this test [8].
With the information from the diagnostics team, the Design Engineer drew up the holding device below (Figure 5)
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[bookmark: _Ref41902467]Figure 5 - design of holding device for explosive and probes [9]
From the conceptual sketch the Design Engineer has updated the idea in Figure 5 to include an extra row of probes 60° up from the equator adding to the information from the results. A total of 435 holes are available in this part of the device for probes. Four bolt holes are visible in the base as well as an extra two, designed in so that the whole test unit can be fixed to a test stand. Not seen from the angle shown is a locating pin, which ensures that the holding device and the base plate can only be assembled in one orientation.
The base plate has a groove/flat cut into it to allow the detonator cable to leave the assembly without being crushed or forced into the explosive material.
AWE does not have one fire-set that will fire all detonators available. There are however two fire-sets available that have the correct outputs dependant on which detonator is in us. These fire-sets are already designed for the facility in which this test will take place. Therefore, design of one fire-set to fire all detonator types would not be efficient or beneficial. Both fire-sets have a built-in current monitor, this will act as the trigger to enable the Acqiris system to begin recording.
Component integration
Prior to going into a live experiment, a run through using inert components is made. The explosive holder is real. An inert explosive simulant is machined using the drawings ready for explosive. An inert detonator is also used.
This inert integration proves that if each component is manufactured correctly and to specification it will all mate with no movement. Should any part not have fitted, then drawings can be updated to reflect possible abnormalities.
Following successful component integration, the probes are connected. At this early stage only 50 probes (25 of each type) are randomly connected. With the probes connected to Acqiris the unit is then connected to the firing system, which allows all procedures and checks to be followed and any mistakes corrected prior to a live experiment.
System test
Once all of the integration tests have been completed, the experiment is trialled with live explosives. A re design in Figure 6, shows only 2 bolts needed to hold the unit together. Similar to the integration process, 50 probes are used (25 of each type). A further constraint on the test is that the probes are expensive, therefore not using too many on prove-out manages the risk of spending too much money before user acceptance.
[image: ]
[bookmark: _Ref44407786]Figure 6 - exploded view of assembly with commercial detonator [10]
Should the system test fail, the fault can be diagnosed and then fed back into the design stage. This redesign and test repeat ensure that the designers can be content the system works before it goes for customer acceptance. 
Customer acceptance
With the system test complete the customer acceptance test is prepared. This is a full up test with the full range of probes fitted. It can take substantial time to prepare the test which is why the full test is not performed before. The system test also gives confidence the tests works prior to final acceptance.
With the customer acceptance test successfully completed, the design is frozen at level one, using both types of probe.
Failure Mode and Effect Analysis (FMEA)
“An FMEA is a systematic method of identifying and preventing product and process problems before they occur. FMEAs are focused on preventing defects, enhancing safety and increasing customer satisfaction. Ideally FMEAs are conducted in the product design or process development stages, although conducting an FMEA on existing products and process can also yield substantial benefits.” [11]
During both the construction and the component integration tests a Failure Mode Effect Analysis (FMEA) was carried out, see APPENDIX B – FMEA. The purpose of the FMEA was to investigate what failures could take place during the system manufacture/firing, how likely they were, and what mitigating factors could be or have been put in place to protect the operator and the data. 
Although in the FMEA one possible effect was fatal injury to operator, it was given a low priority number as the chances of it happening were so low and so many checks are carried out, it rules it highly unlikely to occur. Alternatively, a very high priority number was given to the probes being fixed incorrectly. This needs to be considered severe as it would result in loss of data, making it very costly, both in time and funding. 
Conclusion
In order to develop a new test for AWE a system engineering approach was used. Using QFD, comparisons to available tests and their limitations were found as well as areas where the most importance was needed, namely the maximum weight, the placement of probes and the shape.
In order to establish the requirements a “V” diagram was used allowing all parts of the project from the business requirement to component requirements to be established. These were then built from component to system level fully all the way to customer acceptance. Going through the levels of hierarchy also allowed some constraints to be identified, such as explosive limits and expensive test probes.
As part of risk awareness and management an FMEA was carried out on the build of the design. The FMEA was successfully used to identify specific areas of concern not just from a safety, but also a quality, point of view. The use of FMEA found the possible cause of any failure and put in place any recommended actions.
Furthermore, customer acceptance of the design has set the design at level one. However, with future tests and new data acquisition systems coming on board, such as Photon Doppler Velocimetry, the test can continue to evolve and improve. To find the best test going forward design isolation techniques can be used comparing each suitable design to find the most suitable for the company needs
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