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The defence industry has been manufacturing explosives using the same principal method for decades, for this report, it will be called the ‘bladed’ method. In principle, this method is a scaled-up version of a standard kitchen mixer, using blades and a mixing bowl to incorporate the ingredients required to make the explosive material. While this method is generally accepted as safe with the appropriate controls in place, there is an undeniable risk. The bladed process has the risk of creating a spark through metal-on-metal contact, if the blades were to come into contact with the mixing bowl, this could ignite the explosive mixture and cause harm to the surrounding area and people. 
Resonant acoustic mixing could eliminate this risk, the process does not have any metal-on-metal contact.  Therefore, this proposal is to investigate whether it is possible for the resonant acoustic mixing technique to produce the same or superior quality of mixture for plastic based explosives (PBX), for the purpose of filling large warheads.
[bookmark: _Toc70689097]PBX Warheads
A warhead is defined as the explosive part of a missile, torpedo, or similar weapon [1]. For this report, we will focus on the Spearfish Heavyweight Torpedo that carries a 300kg PBX warhead [2]. Warheads have been chosen instead of shell due to their size, one Spearfish warhead contains the equivalent explosive of more than 400 mortar bombs. This means that a mix in case operation could also be considered. A mix in case warhead means that the ingredients needed for the explosive mixture can be put inside the warhead casing, and mixed inside the case, eliminating the filling process completely. 
A PBX is made from a slurry, unlike a TNT mixture that is a wax-like liquid, therefore, the chemical properties of the slurry need to be understood [3]. How they react to certain types of mixing will be different to other consistencies and an explanation is given below on how RAM operates with a slurry mix.
[bookmark: _Toc70689098]Resonant Acoustic Mixing
Resonant acoustic mixing is not a new technique, although a new area of investigation for the OME industry, and commercially it is commonly used for mixing paint. DIY stores across the country use small scale RAM technology to create an effective paint mixture, this is where mixing in case has been proven effective already.  
Resonant acoustic mixing works by ‘generating a high level of energy and operating at the resonant condition of the mechanical system’. The system transfers acoustic wave energy into mechanical movement, essentially a vibrating plate to mix the substances together with great efficiency [4]. For a PBX slurry, the process works by creating intense material density border interaction through surface disturbances. [5]
[bookmark: _Toc70689099]Background to the Proposed Research
The OME industry is generally behind the times when it comes to technology, due to a number of factors. First is the explosive aspect; new technology often is not ATEX rated, meaning it cannot be installed safely into explosive atmospheres [6]. The ATEX rating essentially means that the equipment is sealed off against dust and water ingress, so if there was an electrical fault, there would be no explosive traces inside the equipment that could cause an event. The next big issue is cost. Although the installation of the equipment may not be too expensive, the surrounding work needed for an explosive environment is remarkably extensive. Civil engineering work needed to reinforce buildings in case of an event, along with licensing and various health and safety requirements, quickly escalate the cost [7]. Therefore, for this project to be feasible, it should be done on a small scale giving a ‘proof of concept’ to keep cost to a minimum and try to utilise existing licenses and building capabilities. Upon successful completion of the proof of concept, there would be a much more convincing case to take forward for significant investment.
Research with RAM technology has been done with primary explosives by Eric Beckel, Karl Oyler, Neha Mehta and others. This research discovered that even at maximum speed of the process, the primary explosive showed no reactions at any point of the mixing process, as well as no temperature increase once mixing had been completed. This essentially proved that the mixing process is safe in itself and creates a stable product. They also analysed their physical sample and found that it produced a completely homogenous mixture, thus concluding that the RAM environment is potentially safe for processing and formulating primary explosives. This is promising data, as a primary explosive is a much more reactive explosive than PBX as a secondary explosive. It would therefore be reasonable to predict that it will be safe for PBX mixing as well. While the homogenous mixture they achieved is also promising, the primary explosive they used was in powder form, and PBX will be in a slurry. Therefore, that data should not be taken forward as a ‘read across’ into PBX manufacture [8].
An unknown explosive mixture was used in a Resodyn™ resonant acoustic mixer and showed that there were no adverse effects when the explosive was tested afterwards, including tensile testing and burning rate comparison [9]. Although the explosive is unnamed in this research for security purposes, the photos show the mix is a slurry, very similar to a standard PBX that is to be used in this proposal. Therefore, it gives a level of confidence that explosive slurries can be mixed with no detrimental effect to its performance.
For the mix in case aspect of this report, the material of the spearfish warhead is classified, however, research from Cranfield University has shown that the type of material used with in case mixing can alter the length of time it takes to complete the mixing process. They found that a stainless-steel case resulted in a mixing time 20% less than a plastic based material [10].
The Resonant Acoustic Mixer to be used in this project is the LabRAM™, to be provided by Resodyn™, as they are the only company currently making this new technology. They are also able to provide good scalability. RAM technology provides direct scaling from bench to production levels, meaning this project can use a small sample with minimal cost to achieve the required results. This then leads directly onto larger equipment that could use the same settings to produce repeatable results. [11]
The research stated here has given confidence in areas that are supporting this proposal. Mixing of explosive with RAM technology seems safe and non-detrimental, however, there are areas here that can only have a minor influence on this project but give reason to investigate further. The research of this proposal is needed as there is no solid evidence that PBX formulas specifically can be successfully created using this technology. Also, the mixing in case evidence gives reassurance that it is possible and is an interesting field to investigate further on successful completion of these tests.
[bookmark: _Toc70689100]Aims
· To determine if resonant acoustic mixing can produce a PBX mixture of equivalent or enhanced quality against conventional methods
· To determine if the RAM processing method is more efficient and beneficial than existing methods
· To determine if mixing in case for PBX warheads is possible
[bookmark: _Toc70689101]Objectives
· To compare mix quality between Resonant Acoustic Mixing and Bladed methods
· To compare time taken from process start up to completely filled warhead between resonant acoustic mixing and bladed methods
· To determine the most effective parameters/variables for the resonant acoustic mixing method
· To provide enough experimental data to prove that an upscale operation of resonant acoustic mixing should be investigated
[bookmark: _Toc70689102]Experimental Design
The experiment will be split into 3 areas, each focusing on one particular variable. To maintain a fair comparison, the tests will be done using a controlled sample. The general procedure will go ahead as follows:
· Calibrate equipment
· Prepare sample
· Record conditions
· Set machine parameters
· Load sample into machine
· Start process
· Record any observations throughout 
· Finish process
· Unload sample 
· Transport sample to testing facility
· Carry out tests
· Evaluate results
· Evaluate test
· Write up a report with a conclusion
· Give recommendations for future work
[bookmark: _Toc70689103]Controlled Sample preparation
The sample to be used will contain different substances, for each substance, the sample should be taken from the same batch to cover each test. Meaning that ‘substance A’ should come from ‘Batch 1’ only but will be used in test 1, 2 and 3. By restricting each substance to one batch, it gives the best chance for that substance being the same for each test.
Sample creation must be done in the same way for each test. The substances will be weighed into individual containers to the same weight. Then each substance will be given a designation from A-Z, and will be filled into the mixing vessel in the same sequence. 
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5 tests within scenario 1 will be done, each mixing for a different period of time. A conventional mix takes approximately two hours; therefore, the timings will span the period before and after this mark at 0.5, 1, 1.5, 2 and 2.5 hours. One test will be performed per day and, to allow the LabRAM™ to return to standard conditions over night, the LabRAM™ will be calibrated 30 minutes before each test. This minimises the possibility of the machine operating under different conditions.
[bookmark: _Toc70689105]Test 2 – Speed variable
Once the time variable tests have been completed, the results are analysed, and the results of that test will feed into the requirements for the speed test. The optimum mixing time will be used as the standard for these tests, therefore finding the best match between time and speed. These tests will be done across a range of speeds for the LabRAM™, in increments of 20% of its maximum speed, resulting in 5 tests in total. 
[bookmark: _Toc70689106]Test 3 – Temperature variable
Scenario 3 will use the Resodyn™ thermocouple to keep the temperature steady throughout the mixing process and once again, utilise the data from the previous two tests to determine the best time and speed to mix at, with temperatures increasing in 25o increments from 25 to 150. 
[bookmark: _Toc70689107]Considerations
Using the best machine settings for each test may not give the perfect mix but is a good starting point for small scale proof of concept testing. For example, separately, each test may give a certain setting with the best result, but when combined, it may be the result that a different combination of settings interacts with each other differently and produce something better. Unfortunately, this is not within the scope of this project. To test every variable against each other in a three-way test would be 125 tests, this would take the project over budget and out of an appropriate timescale.
[bookmark: _Toc70689108]Data Collection
For this project to come to a successful conclusion, the data gathered must prove that this is an area worth looking into for a scale up operation. There are multiple different analysis techniques to be used to gather appropriate data. These will be split up into the following categories: physical testing, hazard testing, chemical testing, and performance testing. To effectively analyse as much data as possible, both qualitative and quantitative data will be gathered. The quantitative data allows a direct comparison between the new and existing methods of manufacture that can be displayed graphically, whereas the qualitative data is more of a discussion point for analysis. The visual observations will be qualitative and should have a team of experts to analyse and draw conclusions from it. Whereas the actual testing and experimenting on the samples will have quantitative results.
	Testing
	Method

	Physical
	Pre-cure visual observations

	
	Post-cure visual observations

	
	Mixture quality

	
	Defect measurements

	Hazard testing
	Figure of insensitiveness

	
	Temperature of ignition

	
	Spark ignition

	
	Insensitive munition procedure

	Chemical
	Density

	
	Composition 

	
	Mass spectroscopy 

	
	Chemical stability

	Performance 
	Velocity of Detonation

	
	Fragmentation pattern



[bookmark: _Toc70689109]Data Evaluation
To evaluate the data from the above testing procedures, each test will compare the samples from each RAM sample against the standard bladed method. The data gathered here is reasonably simple to evaluate. As the majority is quantitative, it can be easily compared between the two processing techniques using software such as excel to create simple graphs. The chemical, hazard and performance testing will be done using specialist equipment that is proprietary to the company.
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While the risks with resonant acoustic mixing are greatly reduced by taking out the main potential source of ignition (moving metal blades), the risks of explosive manufacture need to be considered. This project will only go ahead with the appropriate basis of safety in place that has been fully approved by all necessary departments, such as safety, engineering, operations, and the legal/ethics team.
[bookmark: _Toc70689111]Ethical Issues
The explosive industry is generally an emotive subject due to the ethical issues surrounding it, and these would be controlled and handled by the company undertaking the work. However, one area of this project in particular that needs careful consideration is the technology itself. Effective explosive manufacturing technology has been largely inaccessible to the general public, although if the resonant acoustic mixing technique is successful, it would mean that a highly efficient explosive manufacturing capability would be available for purchase readily, as it is essentially a paint mixing machine. The lack of moving parts means that there is less of a risk to the person using it and could be more inclined to attempt manufacture with this equipment than with conventional hand or bladed mixing methods. Due to this, the technology will be IP registered and appropriate patents filed, ensuring that the access to this capability is still somewhat protected. The procurement of the substances needed to create a successful explosive mixture is still generally inaccessible to the general public, so with these points in place, this project would be able to go ahead from an ethical point of view, once confirmed and reviewed by the appropriately trained personnel.
[bookmark: _Toc70689112]Resources & Planning
[bookmark: _Toc70689113]Resources Required
[bookmark: _Toc70689114]Physical Resources
· Resonant Acoustic Mixer
· PBX samples
· Testing facilities 
· Timer
· CCTV
· Remote operation facility
· PPE
· Data capture hardware
· Thermocouple
[bookmark: _Toc70689115]Human Resources
· Project Manager
The project manager will keep the whole research project on track to time and cost, ensuring that resources are available when necessary and making the decisions to ensure it is completed correctly ad to the correct standard.
· Resodyn™ Engineer
The Resodyn™ engineer is essential to set up the resonant acoustic mixer correctly, and to be on standby should anything change unexpectedly throughout the tests.
· Explosive Scientists
A team of explosive scientists will be needed to create the samples to the correct specification, and as this is a research project, it will be done by the scientist initially before having operators trained and handed over as a standard production procedure.
· Process Engineer
The process engineer needs to be involved as they will have installed the machinery itself, along with the relevant safety and process paperwork to understand the process. 
· Energetics Chemist
The energetic chemist will be needed to take the lead on the analysis once the tests are complete. They have full access to the laboratory facilities and are well trained in standard explosive testing procedures. It will be their job to interpret the data and present it to the rest of the team upon completion of the tests.
[bookmark: _Toc70689116]Other Resources
· Licensed process building
· Performance testing facility (Firing range)
[bookmark: _Toc70689117]Gantt chart
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[bookmark: _Toc70689119]Figure 1 Project Gantt Chart
The preliminary period should take 10 weeks from initial ideas through to process installation. When tasks overlap, it means that the two tasks can be done simultaneously; one task does not need to be completely finished before work on the next task can start. 
The testing phase will split each test into a one-week block, as each test has 5 sub-tests, and the equipment will need to be left overnight before the next test starts. This will take a 5-day working week to complete each one. 
The analysis phase lines up with the testing. As each mix will not take longer than the maximum 150 minutes, the analysis can start the same day that the testing is done, giving an extra week to compare the data from each test and run any analysis that has not yet been completed.
Testing phase 2 will take the results from phase 1 to influence the machine settings, to run multiple mixes to ensure repeatable results are achieved, once these tests are done, mix in case will be tested. This is the final stage of the testing procedure and will utilise 300kg spearfish warheads being mixed in case to stand as the proof of concept confirmation for further investment.
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