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Abstract 
This Thesis outlines the requirements, both legal and regulatory, regarding the testing of explosives and OME, and the need to understand the risks posed by such items through all stages of its life cycle. Examples are provided of the risks to OME from impact and penetration of the case into the into explosive filling. The testing required by national authorities is discussed with particular attention to those tests representing drop and impact as a commonly encountered accident stimulus.  It describes the aims of the project to design and validate a Laboratory Scale Spigot Intrusion Test (LASSIT) that is capable of assessing the susceptibility of a cased explosive to modest levels of impact such as that encountered when a person carrying an object falls or otherwise punctures a cased explosives with a sharp object such as a screwdriver. A small quantity of explosives is used in the test which aims to provide assessment of the explosives vulnerability to the stimulus at the early stages of development of the explosive. Currently there is no approved test that is comparable to work at this scale. The MODs acquisition principles are used in the development of the test. Many penetration scenarios were tested using prototype test design. Results showed that with low impact energy levels, explosives can be easily initiated. The mode of initiation was explored and revealed that the high temperatures generated during penetration were sufficient to lead to ignition. Several recommendations are included for future testing to improve the applicability of the LASSIT.




[bookmark: _Toc120011901]Introduction

[bookmark: _Hlk119310845][bookmark: _Toc120011902]Explosives Safety
Explosives are used for a wide range of applications in both defence and civilian purposes. The high energy density of the explosive formulation creates its destructive effect. However, in working with explosives, it is critical that munitions operate only when required to do so, in its design mode. Unfortunately explosives have been involved in accidents which have led to loss of capabilities, infrastructure and major loss of life. In 1995, the Health and Safety Executive (HSE) reported 12 accidents involving explosives in UK ports between 1950 and 1995 [1]. 
In the UK, the Ministry of Defence (MOD) are duty bound to comply with health and safety legislation. In specific situations MOD have an exemption form complying with civil legislation. It is the legal duty of the employer, including MOD, to protect the safety their employees whether civilian or service personnel who may be affected by the activities of the company. This requirement stems from The Health and Safety at Work Act (1974). Designers and manufacturers, including AWE, are also legally bound to ensure the products they produce, including all items of ordnance, munitions and explosives (OME) have a risk that is reduced to as low as reasonably practicable (ALARP).
Before it can be demonstrated that the risks are ALARP, it is necessary to understand what the risks of the products are. A wide range of test and evaluation processes have been developed to understand risk. For explosive materials and OME the key parameters that inform an understanding of risk are:
· Sensitiveness: is the UK term for the measure of the level of a prescribed stimulus, relevant to an accident situation, required to ignite or initiate an explosive material.
· Explosiveness: is the UK term which describes the degree of violence shown by an explosive material when it responds to a prescribed stimulus relevant to an accident situation.
Internationally a comprehensive range of tests have been developed which assess these two parameters. In the UK, members of the explosives industry and government form the Energetic Materials Testing and Assessment Policy Committee (EMTAP), together they have produced a manual of tests that are applied to explosive materials. The tests consider how the material will react to credible accidental stimuli such as impact, friction, heat, flame, incendiary spark and Electrostatic Discharge (ESD) [2].
The UK,s national authority, Defence Ordnance Safety Group (DOSG), assess the results of the sensitiveness and explosiveness and compares them to a library of results produced from other explosives compositions. The material can then be qualified that is deemed to:
· Qualified Explosive Material - Possesses properties which make it safe and suitable for consideration for use in its intended role.
Following qualification of the explosive material, it can be incorporated into a munition. However, the behaviour of the explosive in a munition should not be assumed to be the same as its powdered formulation. For this reason further tests are carried out on the whole munition. For this purpose, a range of tests were developed to assess the risks of from OME. These tests were designed and developed by the MODs Ordnance Board (OB), the Chief Inspector Naval Ordnance (CINO) and other research establishments including the former Atomic Weapons Research Establishment (AWRE).
The UK is a member of the North Atlantic Treaty Organisation (NATO). There is an obligation that all NATO members assess the risks of the munitions which they own. Although each nation has previously developed its own test regimes a concerted effort has taken place to standardise the tests and assessment methodologies. These methods are set out in Allied Ordnance Publication (AOP) 7[footnoteRef:2] [3]  and its associated NATO Standardisation Agreement (STANAG) 4170[footnoteRef:3] [4] as well as AOP 15[footnoteRef:4] [5], plus a range of other STANAGs for OME. The purpose of these agreements is to aid the interoperability of weapons by NATO nations so that the results of testing by one nation should be acceptable to others. The aforementioned documents require member nations to provide information on how material will react to accident situations, and so the UK will mostly use the tests in the EMTAP manual for evidence to fulfil this requirement.  [2:  Manual of Data Requirements and Tests for The Qualification of Explosive Materials For Military Use]  [3:  Principles and Methodology for the Qualification of Explosive Materials for Military Use]  [4:  Guidance on the Assessment of the Safety and Suitability for Service of Non-Nuclear Munitions for NATO Armed Forces] 

Separate testing regimes also exist in addition to those from NATO and national standards, these regimes and methodologies support the assessment of the safety of OME and relate to the transportation of dangerous goods. Before OME can be transported, the items must gain a classification from the national authorities, as OME are, by design, dangerous goods. The Model Regulations for the Transport of Dangerous Goods (The Orange Book) has been developed by the United Nations (UN). In the UK these are applied by the national authorities for classification. For civil explosives it is the Department of Transport, whilst for military explosives it is the MOD’s Defence Ordnance Safety regulator (DOSR) [2].
[bookmark: _Toc120011903]Explosives Testing
Whether it be for the purposes of classification, or for qualification, the testing regime is designed to assess the risks posed by munitions at all stages of their life cycle. In almost every case, tests are designed to represent the sort of accidental stimuli that might be encountered during manufacture, transportation, storage, use or disposal. 
A very wide range of tests is available and have been extensively used to acquire an understanding of what could happen when a material or item is subject to stimulus. There is high level of international agreement about the validity of these tests as evidenced through the NATO agreements and UN Model Regulations. However, one stimuli for which there is not yet a clear consensus concerns the penetration of an object into an explosive as a result of a drop or impact.  
The UN ‘Orange Book’ [6] for example, requires a munition to be dropped in its packaging from 12m. This is designed to show that a munition remains safe in its packaging whilst being subjected to impact forces that are severe. The HSE [1] accept that that although this test is severe, it does not provide sufficient evidence to characterise a worst-case accident scenario in a port area. Firstly, as at some ports, mostly commercial, the lift height may be greater than 12m. Secondly, the munition may not impact a flat surface as quaysides contain deck fittings and other objects, and it is also possible for a munition on the quayside to have sharper objects dropped onto them. Both of these scenarios can create a crush or nip between the explosive and two surfaces. Should it be a bare munition subject to the assault, casing failure may result in a disk of hot metal being pushed into the explosive, commonly known as a spigot intrusion. The HSE recognise that although unpackaged explosive articles are not commonly seen through commercial ports, results of tests showed that some munitions, when subject to spigot intrusion, do show explosive reactions [1] [7].
  
[bookmark: _Hlk119329237][bookmark: _Toc120011904]Service Experience
CINO Wallace [8] proposes that traditional safety drop tests onto a flat surface do not represent the reality of how naval munitions are actually handled, with docksides having many potential spigots (Figure 1). He suggests that dropped munitions will more likely land on edges, corners or protrusions. Such accidents, although unlikely, do happen. Between 1980 and 1994, 1404 incidents occurred, 40% involved a drop/impact, of which many resulted in a spigot intrusion of the explosive material [8] [7]. 
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[bookmark: _Ref119871593][bookmark: _Toc119938911]Figure 1 - Example of ammunition lighter, showing non perfect surfaces [8]
In accepting that dropping a munition onto a spigot is both cumbersome and not particularly reproducible, a test was devised whereby a weighted spigot was dropped onto a static munition, with both the weight of the spigot and the drop height being experimental variables. From over one thousand tests, Wallace pointed out that on some occasions, ‘modest’ drops produced a violent result. Tests were conducted on a variety of explosive materials and evidence found that older explosive materials that may out-gas are more likely to give a violent response. Should the case be thick/strong enough to prevent intrusion, no explosive response was seen. Where a response was seen, a case made of steel was more susceptible than other metals. The most likely cause of reaction was determined to be a piece of case material being punched into the explosive material. Therefore, a flat cylindrical spigot was found to be best for the test, and so the standard test is configured with a 1” diameter steel cylinder. Wallace summarised though, that other shapes of spigot have also been tested giving ignition results that do not conform to the standard spigot [8] [7].
An example of a low-speed impact accident was cited by Wallace, Cartwright and Jones [9]. The accident took place when two United States Air Force (USAF) F16s collided whilst taxiing. Both aircraft were carrying live missiles. A missile from one aircraft penetrated the rocket motor of a missile on the second aircraft. The penetration caused the rocket motor to ignite. Figure 2 shows the aftermath of the rocket motor ignition.
[image: ]
[bookmark: _Ref119858651][bookmark: _Toc119938912]Figure 2 - Rocket motor ignition following penetration accident of a missile [9]

Mawbey [10] states that a munition will receive accidental stimuli at some point in its life. His paper considers accident scenarios of fire and impact. Ignoring the stimulus of fire, Mawbey explained that the UK had experienced accidental dropping of munitions (impact insult) with severe damage, but no explosive events. The best way to assess a munition to impact, is to test through trial. Mawbey states it is: 
“the most satisfactory method of assessing its safety.” [10]
Impact tests developed over a number of years include dropping munitions onto a flat plate and sections of angled steel, as it was common practice which showed munitions being moved over such objects. Mawbey cites an unavailable private communication which stated that munitions are more sensitive to a spigot intrusion than the well tested flat plate impact, and that the weight of the munition may also influence the result. It is also likely that an object may fall onto a munition. With this in mind, it was found that dropping a weighted spigot onto a munition provides consistency between trials and is also more convenient [10] [7].
In 1993/4 a trial was carried out on the configured warhead of a specific munition. Two tests were carried out which involved a weighted spigot being dropped onto the target: one drop from 10m and one drop from 1.75m. The 10m drop caused the explosive in the warhead to ignite, and the explosive to catch fire. The fire was not vigorous and consumed all the material, which was the expected result. The drop from 1.75m gave an unexpected response. Upon impact, from the spigot into the explosive, the warhead gave a high order response, most likely detonation. [11] [7].
Large scale and all up round testing come with their own problems. Firstly, the testing can be very expensive. Range facilities and test hardware come with a high cost. Secondly, in most cases, only one item is made available for test. This means that the statistical validity of the results is quite low. In the case previously cited, two warheads were available for testing. The results of the test gave very different responses. The results were counter intuitive to what was expected. Where the drop test from the lower height, thus lower velocity, gave the most violent response. Thirdly, testing OME at large scale or as an all up round comes very late in the design or acquisition process. In the above case, the items were tested following many years of development. The discovery of the explosive filling being unsuitable for service use came months before the OME system was due to enter service. The explosive had to be redesigned and this was a major setback to that programme [2].
It would be preferable to find out much earlier in the development process if an explosive is susceptible to initiation be penetration of an object (spigot). For that reason, several groups have explored test methods that can be carried out on small quantities of explosive which may be candidates for use in a munition.
[bookmark: _Toc120011905]Laboratory Scale Testing
Cartwright and Lewis [12] state that a blow to a munition from a tool, or dropping of a munition from relatively low heights, are cause for accidental initiation of the explosive. They pronounce that the ignition occurs due to hotspots being created in the material where the heat created from the hotspots outweighs the heat loss during the incident. Their experiments, conducted to investigate ignitions from low-speed impacts, involve using a 50mm gas gun to fire a 50mm projectile into a target which contains a comparatively small explosive charge. One such target design had the explosive in a reasonably heavy confinement with a 3mm steel cover. A ‘piston’ was held in a ‘barrel’ in front of the explosive with a steel spigot set up to be rammed into the explosive when struck by the projectile. Depth of penetration was controlled by the use of shims around the explosive sample. HSV (High Speed Video) was employed to record the explosive events [7]. 
Cartwright and Lewis used a variety of test arrangements including 13mm and 4mm flat and round nosed spigots. They continued testing using different depths of penetration as well as grit on the surface of the spigot. No responses of detonation occurred; however they did report responses of deflagration which did not completely consume the explosive sample. No explosive responses were recorded at a velocity under 42ms-1, and the 4mm spigot needed to be fired at 115ms-1 to get a response [7].



In 2016, Holmes et al [13] from LANL[footnoteRef:5], began investigating the possible outcomes of a low-speed penetration impact of a cased charge of explosive. The accident scenario involved the dropping of a charge onto a spigot during handling in an assembly facility, or a worker falling onto the cased assembly whilst holding a tool. The low-speed velocity (0-10ms-1) simulated a ‘stabbing’ action as the worker impacted the charge. A cylindrical explosive charge of 1” x 1” cased in a steel confinement with a 1mm thick stainless steel case was used for the experiments, this can be seen in Figure 3. [5:  Los Alamos National Laboratory] 
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[bookmark: _Ref110504216][bookmark: _Toc119938913]Figure 3 - Design of test vehicle for “Punch Gun” experiments [14]
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[bookmark: _Ref110504825][bookmark: _Toc119938914]Figure 4 - Punch Gun CAD design [14]
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[bookmark: _Ref110504838][bookmark: _Toc119938915]Figure 5 - Experimental set up (target retracted) [14]


Using their “Punch Gun” (as seen in Figure 4 and Figure 5) Holmes found that a pointed spigot, with an angle of 40o, penetrating a 1mm thick stainless steel case at 1.5ms-1 had enough energy to cause a reaction of the explosive. One of the largest reactions was captured at 2ms-1. Figure 6 shows an example of a violent non-detonative reaction. Ignition occurred 5.35mm depth of penetration, 2.8ms after impact [13].
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[bookmark: _Ref110341597][bookmark: _Toc119938916]Figure 6 – Still shots of deflagration captured at 2ms-1 [13]
Holmes hypothesised that frictional heating at the interface between the case material and the penetrator was produced by the large forces involved during case failure. The localised temperature of the spigot tip remains hot enough for sufficient duration to ignite the HMX in the formulation [13].
Following their initial study, Holmes et al [14] continued testing using their “Punch Gun” to test both cased and uncased explosive materials. In some of the testing a 1E33[footnoteRef:6] detonator was imbedded into the explosive to replicate the detonator/high explosive combination. This testing continued to yield further results for both cased and uncased explosive configurations, the tests included pointed and flat faced spigots. [6:  A US designed detonator] 

Figure 7 shows a flat faced spigot impacting on US material in an uncased configuration. The explosive contains an imbedded 1E33 detonator. The test shows obvious signs of explosive reaction.
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[bookmark: _Ref110498122][bookmark: _Toc119938917]Figure 7 - Flat faced spigot impacting uncased explosive with imbedded 1E33 detonator [14]
It is known that confinement of the explosive charge can influence the properties of an explosive reaction [15]. To consider the effect of confinement, Holmes introduced vent holes into the cover plate of the test vehicle, designed to allow the vehicle to vent any gases following an explosive event, preventing any pressure build up. Figure 8 shows one of the designs used including the vent holes in the cover plate [14]
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[bookmark: _Ref110498890][bookmark: _Toc119938918]Figure 8 - Vent holes in cover plate [14]
Experiments were conducted on the vented design. The assumption that the vent holes would allow gases to vent, release any pressure build-up and prevent violent reaction proved inaccurate. Figure 9 shows even with vent holes, the explosive reacts violently when penetrated by a pointed spigot [14].
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[bookmark: _Ref110500049][bookmark: _Toc119938919]Figure 9 - Violent reaction of explosive despite vent holes in case material [14]
In 2018, Gary Parker presented the results of case penetration to AWE[footnoteRef:7] as part of a JOWOG 9[footnoteRef:8] meeting. As a response, Jones performed similar testing to LANL. Timing constraints meant Jones [16] used a different configuration to Holmes. The configuration used was of an AWE SSSI[footnoteRef:9] Test, Figure 10. The 1mm thick cover plate, in this case, was manufactured from mild steel. Rather than a compressed air ram, as used by Holmes, Jones used a 26kg weight falling under gravity to generate the penetration.  [7:  Atomic Weapons Establishment]  [8:  Joint Working Group 9]  [9:  Small Scale Spigot Intrusion] 
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[bookmark: _Ref110505196][bookmark: _Toc119938920]Figure 10 - AWE SSSI configuration adapted for pointed spigot [16]
Initially, time and material constraints allowed only two tests were completed. Drop heights of 0.2m and 0.8m gave impact velocities of approximately 2ms-1 and 4ms-1 respectively. Upon inspection of the high-speed video and post-test inspection of the explosive sample, no signs of explosive reaction were observed [16]. Figure 11 shows the explosive samples post-test with no signs of explosive reaction.
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[bookmark: _Ref110505956][bookmark: _Toc119938921]Figure 11 - Explosive samples post-test following AWE SSSI adapted test [16]
In 2019, Jones [17] was able to continue testing on a limited number of samples, further modifying the test vehicle to allow viewing access to the penetration point, Figure 12. 
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[bookmark: _Ref110512024][bookmark: _Toc119938922]Figure 12 - Further modified test assembly
The modified assembly allowed the spigot to be driven ~17mm into the explosive sample with the possibility of the spigot tip pinching on the base plate removed. Following predictive modelling, the spigot was manufactured from hardened carbon steel with a shaft diameter of 6.35mm and a point angle of 40o. The cover plate was stainless steel and 1.5mm thick [17].
Jones performed six tests with the modified configuration using two explosive materials. Each test resulted in an explosive event. The lowest approximate impact speed for each material was 3ms-1. Figure 13 and Figure 14 show post-test images of the explosive event. These are not detonative responses; they may be classed as localised and quenched deflagrations. However, the evidence of ignition occurring was the basis of the test [17].
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[bookmark: _Ref110513682][bookmark: _Toc119938923]Figure 13 - PBX[footnoteRef:10]1[footnoteRef:11] ignition evidence, 3ms-1 [17] [10:  Polymer Bonded Explosive]  [11:  Formulation not disclosed for this report] 
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[bookmark: _Ref110513694][bookmark: _Toc119938924]Figure 14 - PBX2[footnoteRef:12] ignition evidence, 3ms-1 [17] [12:  Formulation not disclosed for this report] 



[bookmark: _Toc120011906]Aims and Objectives

There are existing spigot intrusion tests for qualification in the UK which utilise less than full scale production quantities of explosive. These include the SSST[footnoteRef:13] and the AWE Spigot Intrusion test, both are found in the EMTAP manual [18]. The SSST requires a spigot to be dropped from up to 10m onto the sample (Figure 15) [7]. [13:  Small Scale Spigot test] 
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[bookmark: _Ref110947880][bookmark: _Toc70341836][bookmark: _Toc119938925]Figure 15 - EMTAP Small Scale Spigot Test design [18]
15 drops are completed to ascertain the ignition threshold. This test is carried out at few UK test sites and requires ~15kg of material to be manufactured [7]. 
The AWE Spigot Intrusion test requires a ~3.2kg explosive charge encased in a ~23kg Jabroc[footnoteRef:14] holder to be dropped from 42.6m (140ft) onto a flat target surface. A steel spigot is supported on the front of the holder to intrude into the explosive when the unit hits the ground (Figure 16) [7].  [14:  High-density wood laminate] 
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[bookmark: _Ref110947836][bookmark: _Toc70341837][bookmark: _Toc119938926]Figure 16 - AWE Spigot Intrusion Test design [18]
Approximately ten drops are performed. 32kg of explosive overall is required to complete the test. This test is currently only available at one location and requires significant maintenance before the facility can be used [7]. 
A version of the test conducted by Cartwright and Lewis [12] is performed by AWE, known as the AWE Small Scale Spigot Intrusion Test, which requires a minimum of five tests to be performed with 180g per sample, and therefore 900g of explosive is needed overall (Figure 17) [7].
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[bookmark: _Ref110947857][bookmark: _Toc70341838][bookmark: _Toc119938927]Figure 17 - AWE Small Scale Spigot Intrusion test design [19]
For the safety of operators and other persons, best practice is to complete safety tests using the minimum mass of explosives. This can assist with scale up tests as, if explosives are found to be abnormally reactive at early stages of production, they can be removed from the scale up process, minimising potential of accident effects and the risk posed to people. The manufacture of explosives is expensive, and so demonstrating the susceptibility of this material to be susceptible to accident earlier in the scale up process can potentially reduce the cost of manufacture. Table 1 shows the quantity of explosives required to complete existing spigot intrusion tests.
	Test
	Quantity of Explosive Required

	SSST
	15,000g

	Jabroc
	32,000g

	AWE SSSI
	900g


[bookmark: _Ref119919603]Table 1 – Summery of amount of material required for current spigot intrusion tests
Currently available spigot testing does not meet the requirement of being able to assess the susceptibility of explosives using minimal quantities of explosives.  This represents a UK capability gap.
This project therefore has two main aims. Primarily, this project aims to investigate whether a low-speed spigot intrusion test can be performed at AWE on a laboratory scale replicating the tests performed by Holmes and Jones. Part of the reason behind tests performed by Holmes was to investigate a person falling onto an explosive whilst holding a tool, and that tool piercing the explosive. The benefit to such a test will allow early-stage testing to rule out any materials with increased reactivity on a scale small, and so reduce need for and cost of offsite testing and large-scale formulation. A secondary aim of this project is to investigate whether different ‘realistic’ spigot types will cause a reaction in the explosive [7]. 
The objective of the project is to perform a number of spigot drop tests onto an explosive sample which is to be no more than 25g. This is one of several constraints which limit the scope of the project. The sample must be this weight as this is the maximum quantity of explosives permitted in the proposed firing chamber. The spigot will be dropped from a maximum height of 1m and weights from 1kg to 50kg can be used [7]. The height of 1m is chosen as it is a credible height from which falling can occur. 
[bookmark: _Toc120011907]Requirements
Processes have been established to fill any gaps in capabilities by MOD, the processes have been used in the acquisition of equipment. A User Requirement Document (URD) is produced which gives a clear statement of the requirement. This requirement will focus on what the capability needs to do.
AWE has a legal duty to ensure that its products are safe throughout all stages of the product life cycle. Evidence is captured in company documents and used to underwrite the safety of the product. AWE reports 588/17 [20] and 231/17 [21] both deal with the drops and impact which include spigot penetration into a cased explosive.
The user requirement in this instance is to be able to assess the susceptibility of an explosive to credible penetrating impact threats using a minimum quantity of explosives.
AWE XLA[footnoteRef:15] required further study into low-speed spigot intrusion into cased explosives materials, Appendix 1. From this a key operational requirement could be determined: [15:  Explosive Life Assessment team ] 

“to penetrate a cased explosive sample at a low speed using various spigot designs which can be performed on AWE site”     
To satisfy the URD the MOD utilises the CADMID[footnoteRef:16] lifetime cycle. The CADMID cycle, is used to address capability gaps which are articulated in a User Requirement Document (URD). It takes the initial concept and considers each stage of maturity in a system. Application of this process can also be employed for design of a new test. Using this process, the disposal of the system is prepared before any part of the system is manufactured, Figure 18 shows an example of the CADMID cycle flow [22]. [16:  Concept, Assessment, Demonstration, Manufacture, In service, Disposal] 
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[bookmark: _Ref110949874][bookmark: _Toc119938928]Figure 18 - CADMID cycle [22]
Although the original requirement had come from XLA, consideration was given to other stakeholders that would add additional requirements to the main operational requirement. A stakeholder influence map, Figure 19, was produced to find the additional stakeholders, this map included interactions between stakeholders, and which were the most important.
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[bookmark: _Ref110872087][bookmark: _Toc119938929]Figure 19 - Stakeholder Influence Map
The top-level stakeholders and those who have the most influence are shown in the influence map. The Explosive Safety team were chosen as the most influential stakeholders as they would ensure the test met all the legal perspectives as well as meeting those set by AWE as a company. To ensure that cost of the test could be met, Finance were selected as the second stakeholder. XLA, the user and Facility Management were also chosen as influential stakeholders so that the needs of the trial, usability of the test and suitability of the destination building could all be considered throughout the concept/design stages of the project.
Further stakeholder requirements are set out in Appendix 2. The affinity breakdown for each stakeholder shows what they require from the design of the trial, these are the basic and expressed requirements. From the affinity list, it is seen that XLA have the most requirements followed by the user and Explosives Safety. These three stakeholders were all noted as influential stakeholders, therefore it was important to meet their requirements.
The key requirements were those from XLA:
· Provides penetration of sample up to 4.5ms-1.
· Allows for multiple spigot designs.
· Adjustable penetration.
· Adjustable case type and thickness.
· Must determine go/no go.
· Use of existing facility.
· Must be recorded.
· Does not ram the spigot into the base causing it to bend, “hard pinch”.
· Similar geometry to US testing.
· Less than 25g explosive.
· Suitable size to embed a detonator.
Other requirements that needed consideration were:
· Must cost less than £100k.
· Easy to use.
· Minimal parts.
· Must not endanger staff.
· Remote operation.
· Must not affect engineering justification.
· Falls within building licence.

With the customer requirements expressed, functional requirements had to be determined. These requirements define how the system works to meet to the operational requirement, and are listed as:
· Hold explosive.
· Provide energy.
· Penetrate case.
· Arrest penetrator.
· Capture response.
· Retract penetrator.


Design
Once functional requirements were captured, to determine how to meet the functional requirements an FMA[footnoteRef:17] was carried out. FMAs are used to create potential solutions to each of the functional requirements. The FMA can be found in Appendix 3. The FMA shows two potential solutions for how to perform the spigot penetration test, it also shows an integrated solution, mixing ideas. This integrated solution was taken forward for initial concept design. [17:  Functional Means Analysis] 

[bookmark: _Toc120011908]Location
Prior to any concept or design implementation a suitable building had to be decided upon for testing to take place. Building Q is situated in the middle of AWE XTC[footnoteRef:18]. It contains a small remote firing chamber that has an XSO[footnoteRef:19] of 25g. The building has less usage than other firing chambers across AWE site. The size of the chamber and the existing equipment limited the possible solutions that could be taken forward. However, an existing project in the building gave an opportunity to minimise funding, equipment and to use existing facilities meeting some of the requirements.  [18:  Explosives Technology Centre]  [19:  Explosive Safety Order] 

Building Q is currently used for the LABSET[footnoteRef:20]. The LABSET uses a 27kg drop weight to impact on a cylindrical pellet of explosive partially confined in a steel housing. The size of the sample is similar to the LASSIT requirement; thus, a disposal route is already in place. The LABSET is currently going through an upgrade to all hardware, which left an opportunity for LASSIT to be integrated into the new design for the hardware. Q was chosen as the suitable building for the LASSIT. [20:  Laboratory Scale Explosiveness Test] 

[bookmark: _Toc120011909]Concept
With the building chosen, concept designs could be discussed. There is not enough room for a gas gun, or a pneumatic ram to be implemented into the firing chamber. Therefore, use of the LABSET and its drop weight were chosen as they met the functional means by which to input the energy required. The function being, ‘input energy’, the means being ‘gravity (drop weight)’.
The LABSET drop tower is 1.5m tall. The requirement from XLA was that the impact speed was expected to be up to 4.5ms-1. The velocity of the weight can be calculated using Equation 1:

[bookmark: _Ref110953206]Equation 1 – Velocity of item falling from height
With gravity at 9.81ms-2, a drop height of 1m will give the following: 

Equation 2 - Showing velocity of 4.43ms-1 from 1m
With a 1m drop giving a velocity of 4.43ms-1, re-arranging the equation calculates a velocity of        4.5ms-1 can be achieved from a drop height of 1.03m. This showed the 1.5m drop tower for LABSET is of a suitable height to meet the requirement for velocity of impact for LASSIT. 
[bookmark: _Toc120011910]Impact rig
To minimise the equipment required for the test, a hard stop[footnoteRef:21] was chosen as the simplest way to arrest the penetrator. Therefore, a rig was designed that would take the impact from the falling weight. For case penetration the chosen design was a drift with a removable tip. The drift would impact the top of the rig and stop. Arresting of the drift would prevent the spigot from going to ‘hard pinch’[footnoteRef:22]. The use of a removable tip as the spigot prevents a ‘single shot’ drift and allows for multiple spigot tips to be manufactured at a lower cost. [21:  The drift is stopped by the flange of the drift hitting the rig or spacers on the top of the rig]  [22:  When the spigot is rammed into the base plate with full force causing it to bend] 
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[bookmark: _Ref111019948][bookmark: _Toc119938930]Figure 20 - Impact rig with drift and penetrator
Figure 20 shows a cut through image of the impact rig set up (full drawing in Appendix 4). The drift has the removable penetrator/spigot tip inserted in the bottom, which is held in place with a grub screw. A base anvil has a recess designed into it so each test housing will be placed centrally under the spigot tip. To control the depth of penetration, steel spacers are placed around the drift shaft between the test rig and the drift flange, seen as the green ring in Figure 20. The number of spacers will control the depth of penetration. Spacers are 1mm and 5mm respectively. Prior to manufacture, a rapid prototype version of the design was created to ensure the rig met the requirements.
For releasing the energy, the new LABSET tower will be fitted with an electromagnet that will hold 160kg. This is sufficient to hold the 30kg LASSIT weight. The LABSET equipment is fitted with a manual release button (fire button). The system is interlocked in such a way that the weight cannot be released unless the door is closed and the interlock keys have been switched. This reduces the risk of persons being in the firing chamber when the trials are taking place. Alongside the upgrades to the LABSET hardware, a port hole is being created into the firing chamber to allow HSV[footnoteRef:23] to capture LABSET reactions. With the use of HSV already planned in Q1, this would allow for the function of ‘capture response’ by the means of ‘High Speed Video’ to be fulfilled. For recovery of the LABSET weight a manual winch rated to 1,000kg is used. The winch was a suitable solution to meet the function ‘retract penetrator’. [23:  High Speed Video] 

[bookmark: _Toc120011911]Sample holder/cup design
In order to hold the explosive, three concepts were discussed. The set of pictures for each concept show both the bare explosive, and the explosive with an imbedded detonator. Concept 1, Figure 21 to Figure 23, show the explosive held in its confinement cup, the cover plate is held in place with a strong ring and long bolts secure the strong ring directly into the base anvil of the impact rig. 
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[bookmark: _Ref111015486][bookmark: _Ref111015449][bookmark: _Toc119938931]Figure 21 - Concept 1, cut through, no detonator
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[bookmark: _Ref111015487][bookmark: _Ref111015451][bookmark: _Toc119938932]Figure 22 - Concept 1, cut though, including detonator
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[bookmark: _Ref111015489][bookmark: _Ref111015452][bookmark: _Toc119938933]Figure 23 - Concept 1, 3D image



Concept 2, Figure 24 to Figure 26, show the explosive held in the confinement cup. In this design the cover plate is bolted directly into the side walls of the cup, the strong ring element is designed as part of the cover plate and housing sits loosely on the base anvil.
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[bookmark: _Ref111016089][bookmark: _Toc119938934]Figure 24 - Concept 2, cut through, no detonator
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[bookmark: _Ref111016091][bookmark: _Toc119938935]Figure 25 - Concept 2, cut through, with detonator
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[bookmark: _Ref111016092][bookmark: _Toc119938936]Figure 26 - Concept 2, 3D image


Concept 3, Figure 27 to Figure 29, show the explosive in its cup with the cover plate placed loosely on the top. The strong ring is built into the cover plate which is fixed to the main cup using a ‘C clamp’ design, with two clamps bolted around the rim connecting the plate and a flange on the top of the cup. Pressure to hold the cover plate on is applied when the two clamps are tightened by the bolts.
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[bookmark: _Ref111018698][bookmark: _Toc119938937]Figure 27 - Concept 3, cut through, no detonator
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[bookmark: _Ref111018701][bookmark: _Toc119938938]Figure 28 - Concept 3, cut through, with detonator
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[bookmark: _Ref111018702][bookmark: _Toc119938939]Figure 29 - Concept 3, 3D image


Following a design review assessment (Appendix 5), the chosen design for the explosive test assembly was concept 2. Concept 1 was discarded as it was felt the long bolts into the base anvil would make it difficult to remove the unit, especially if the spigot was jammed in the explosive sample. It was also discussed that should the bolts shear off leaving stubs embedded in the anvil, this could create a delay in testing whilst the stubs are removed or make the anvil unserviceable should the stubs prove irremovable. Concept 3 showed good potential as the ‘C clamps’ could increase the pressure between the case and the cup giving a stronger binding between the two parts, especially during an explosive event. However, the precision required to manufacture the parts was deemed too costly and would require a longer lead time for parts manufacture. 
Concept 2 was a simple design that would be easy to manufacture. Six small bolts would hold the cover plate onto the cup (Appendix 6).  The purpose of the test was to look for any signs of ignition, the violence of the ignition was not measured. Therefore, there was no requirement for high confinement or to allow any build-up of pressure. This meant small bolts would be sufficient. The ergonomics of this cup design would also make it easiest to remove from the anvil following each firing.
To reproduce those tests performed by Holmes and Jones, the case/cover plate material was manufactured from stainless steel and was 1mm thick. Stainless steel was used to replicate part of the weapon design which is exposed during assembly/disassembly of the warhead. That material was not available to be tested on and is not eligible to be discussed in this report. The spigots are made from stainless steel hardened to 420 – 260 Vickers and have a diameter of 6mm. The flat spigots have been machined to 90o (Appendix 7) from the shaft and the pointed spigots are machined to a point of 20o (Appendix 8).
[bookmark: _Toc120011912]Explosives
The LABSET already in use in building Q, uses a pellet which is nominally 28.6mm in diameter with a height 14.3mm. Press tools and machine programmes were pre-existing for the pellet, therefore it was decided to keep the diameter of the pellet the same. The height of the pellet was increased for LASSIT to 15mm. The change in height of the pellet was decided as this would allow room for a detonator to be imbedded in the explosive in order to future proof the capability and to be large enough to assess growth of ignition.
AWE was unable to provide the explosive samples. Therefore, the pellets used for the test were CompB[footnoteRef:24], manufactured using a melt cast technique by Event Horizon (Appendix 9), and PBX1, manufactured using uniaxial pressing by Cranfield University (Appendix 10) [24:  RDX (~58%), TNT (~40%), wax (~2%)] 


[bookmark: _Toc120011913]Drop weight
The action of a person falling onto an item whilst holding a tool is complex. This report was not proposed to investigate the action and physics of what would happen during such an event, more the possible outcome of the event. Compression of the body and angle of fall are not considered in this report. Therefore a weight of 30kg was arbitrarily chosen for the project as a quarter of the weight of a 120kg person. 

[bookmark: _Toc120011914]Methodology
[bookmark: _Toc120011915]Off Site testing
Owing to complexities at AWE, it was not possible to introduce LASSIT straight into AWE facilities. For this reason, the trials were conducted at COTEC[footnoteRef:25]. A contract was put in place to book range time and a TCO[footnoteRef:26] that would allow testing. COTEC were provided with a trials plan (Appendix 11). The trials plan included the plan of works as well as a brief description of the process order and what AWE/COTEC would be expected to provide. COTEC took the trials plan to produce a process instruction and a risk assessment (Appendix 12). As part of the trials plan, a method for disposal was arranged. COTEC already has in place disposal by detonation as a suitable disposal method and therefore this was the chosen method. [25:  Cranfield Ordnance Test and Evaluation Centre]  [26:  Trials Conducting Officer] 

At COTEC, a drop rig was manufactured allowing the weight to be lifted by a winch to 1m, dropped from a bomb release down guide rails and impact the target. The target was placed on steel plates so it could be at the correct height for the HSV to capture any reactions from a suitable angle. A safety brace was used for the weight to rest on whilst anyone was working with hands under the weight. This removed the risk of injury from falling weight. At all times the TCO was in control of the test and at any point when explosives were involved. No explosives processing was allowed unless the TCO was present. Figure 30 to Figure 32 show the drop rig set up in the firing chamber.
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[bookmark: _Ref112781843][bookmark: _Toc119938940]Figure 30 - Drop tower
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[bookmark: _Toc119938941]Figure 31 - Target area
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[bookmark: _Ref112781851][bookmark: _Toc119938942]Figure 32 - Lighting set up



Before preparing the explosives, the two HSV cameras were set up in the camera shed to ensure they were working correctly (Figure 33). An empty assembly was placed in the impact rig. The cameras were aimed at the target and focused in. Lighting was placed around the target area to ensure good illumination of the target, as the speed of the camera reduces the exposure. The triggering system was checked, confirming the cameras will record at the correct time. Once complete, the explosive work could begin.

[image: https://uowtsd-my.sharepoint.com/personal/1810370_student_uwtsd_ac_uk/Documents/Attachments/20220628_125843.jpg?web=1]
[bookmark: _Ref111042622][bookmark: _Toc119938943]Figure 33 - HSV in camera shed


In the preparation room, the pellets were placed in the cup, the cover plate placed atop and the bolts screwed in to 0.5Nm. Figure 34, Figure 35 and Figure 36 show the stages of assembly.
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[bookmark: _Ref111040245][bookmark: _Toc119938944]Figure 34 - Cup, cover plate, pellet and screws pre-assembly
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[bookmark: _Ref111040247][bookmark: _Toc119938945]Figure 35 - Explosive in cup
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[bookmark: _Ref111040248][bookmark: _Toc119938946]Figure 36 - Test assembly fully assembled


The sample was moved to the test chamber and placed under in the drop impact rig. The selected spigot was placed in the drift and the grub screw tightened to secure the spigot, then fed through the aperture so that the spigot was sat on the cover plate, Figure 37.
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[bookmark: _Ref111042960][bookmark: _Toc119938947]Figure 37 - Spigot set on cover plate ready for test
The weight was lifted using the winch to the correct height, the safety bar removed and all personnel moved to the control room, the chamber was locked using a Castell interlock key, preventing access to the chamber. The TCO controlled the fire-set and released the weight when ready. After the test the TCO controlled the wait time before accessing the chamber. The wait time allows for gaseous products to disperse and allows time for secondary delayed reactions should they occur. While waiting, the HSV was saved and edited to find the point of impact and discuss whether or not an ignition had occurred. This operation was repeated for every sample tested.
[bookmark: _Toc120011916]Diagnostics
Two Vision Research® Phantom™ cameras were used to capture the impact in high-speed videography. A Phantom V2512 at resolution 256 x 256px[footnoteRef:27] used a frame rate of 80,000fps[footnoteRef:28] gave colour images. A Phantom V1610 at resolution 256 x 256px used a frame rate of 100,000fps gave black and white images. [27:  Pixels]  [28:  Frames per second] 

[bookmark: _Toc120011917]Results and Discussion
[bookmark: _Toc120011918]First Results
The results here consider the responses of 40 tests performed on the LASSIT experiment. Two explosive types were used and two spigot types were used. Three drop heights were intended. However, adjustments were made during the course of the testing as a result of the performance of the test. Table 2 shows the results of each test.
	Shot number
	Material
	Spigot Type
	Height (mm)
	Impact vel. 
(ms-1)
	Penetration
	Explosive response

	001
	CompB
	Flat
	100
	1.43
	N
	N

	002
	CompB
	Flat
	200
	1.98
	Y
	N

	003
	CompB
	Flat
	200
	1.98
	Y
	N

	004
	CompB
	Flat
	200
	1.98
	Y
	N

	005
	PBX1
	Flat
	200
	1.98
	Y
	N

	006
	PBX1
	Flat
	200
	1.98
	Y
	N

	007
	PBX1
	Flat
	200
	1.98
	Y
	N

	008
	PBX1
	Flat
	200
	1.98
	Y
	N

	009
	PBX1
	Point
	200
	1.98
	Y
	Y

	010
	PBX1
	Point
	100
	1.43
	Y
	Y

	011
	PBX1
	Point
	50
	0.99
	N
	N

	012
	PBX1
	Point
	200
	1.98
	Y
	Y

	013
	CompB
	Flat
	500
	3.13
	Y
	N

	014
	CompB
	Flat
	500
	3.13
	Y
	N

	015
	CompB
	Flat
	500
	3.13
	Y
	N

	016
	CompB
	Flat
	500
	3.13
	Y
	N

	017
	PBX1
	Flat
	500
	3.13
	Y
	N

	018
	PBX1
	Flat
	500
	3.13
	Y
	N

	019
	PBX1
	Flat
	500
	3.13
	Y
	N

	020
	PBX1
	Flat
	500
	3.13
	Y
	N

	021
	PBX1
	Point
	500
	3.13
	Y
	Y

	022
	PBX1
	Point
	500
	3.13
	Y
	Y

	023
	PBX1
	Point
	500
	3.13
	Y
	Y

	024
	PBX1
	Point
	500
	3.13
	Y
	Y

	025
	CompB
	Flat
	1000
	4.43
	Y
	N

	026
	CompB
	Flat
	1000
	4.43
	Y
	N

	027
	CompB
	Flat
	1000
	4.43
	Y
	N

	028
	CompB
	Flat
	1000
	4.43
	Y
	N

	029
	CompB
	Point
	1000
	4.43
	Y
	Y

	030
	CompB
	Point
	1000
	4.43
	Y
	Y

	031
	CompB
	Point
	1000
	4.43
	Y
	Y

	032
	CompB
	Point
	1000
	4.43
	Y
	Y

	037
	PBX1
	Point
	1000
	4.43
	Y
	Y

	038
	PBX1
	Point
	1000
	4.43
	Y
	Y

	039
	PBX1
	Point
	1000
	4.43
	Y
	Y

	040
	PBX1
	Point
	1000
	4.43
	Y
	Y


[bookmark: _Ref111111070]Table 2 - Tests performed resulting in explosive response
The first test, 001, was intended to be performed at 0.1m. However, the impact of the weight was not sufficient to breach the cover plate of the test assembly. Therefore, the initial drop height was raised to 0.2m. Although no reactions were observed using the flat right spigot, the same initial height was chosen for the pointed spigot. 
The first pointed spigot test, 009, was performed at 0.2m. An explosive response was observed as small puffs of gas through the impact point where the spigot breaches the cover plate. A larger gas evolution was observed at 6.7ms[footnoteRef:29] and eruption of the test assembly at 11.5ms after impact. The eruption[footnoteRef:30] took place as the spigot has travelled 14.1mm into the sample from impact (Figure 38 to Figure 42). [29:  All timings are taken from a time zero, which is when the spigot is impacted by the weight]  [30:  Eruption is determined to be the point at which the case is lifted from the main assembly as bolts shear off] 
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[bookmark: _Ref113356905][bookmark: _Toc119938948]Figure 38 - Impact
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[bookmark: _Toc119938949]Figure 39 - Puff of gas after 4.1ms
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[bookmark: _Toc119938950]Figure 40 - Puff of gas after 4.5ms
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[bookmark: _Toc119938951]Figure 41 - Gas evolution at 6.7ms
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[bookmark: _Ref113356907][bookmark: _Toc119938952]Figure 42 - Eruption at 11.5ms


Following this response, the trial lead (the author) decided to reduce the drop height to the original planned height of 0.1 for test 010. An explosive response was recorded with several small puffs of gas through the cover plate breach point with a large puff of gas and material after 10.5ms. The larger expulsion of gas occurred as the spigot reached 10mm into the sample from initial start point (Figure 43 to Figure 47).
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[bookmark: _Ref113356950][bookmark: _Toc119938953]Figure 43 – Puff of gas at 5.7ms
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[bookmark: _Toc119938954]Figure 44 – Puff of gas at 5.9ms
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[bookmark: _Toc119938955]Figure 45 - Puff of gas at 6.4ms
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[bookmark: _Toc119938956]Figure 46 - Puff of gas at 7.4ms
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[bookmark: _Ref113356955][bookmark: _Toc119938957]Figure 47 - Larger evolution of gas at 10.5ms


The trial lead chose to lower the drop height once more to 0.05m to investigate whether an event would take place at much lower impact velocity. During test 011, the force of the drop was insufficient for the spigot to penetrate the cover plate. Therefore, it was decided test 012 would be from the original height of 0.2m, which yielded an explosive response.
Shot 037 was performed from a drop height of 1m. The test yielded one small puff of gas through the cover plate at 1.3ms, and then a larger event that ruptured the bolts at 2.5ms. This was approximately 11mm of penetration from the cover plate (Figure 48 and Figure 49).
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[bookmark: _Ref113357004][bookmark: _Toc119938958]Figure 48 - Puff of gas at 1.3ms
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[bookmark: _Ref113357006][bookmark: _Toc119938959]Figure 49 - Eruption of assembly at 2.5ms


Shot 024 showed a different response. It was performed from 0.5m. Puffs of gas evolution are yielded at 1.7ms, 3ms, 3.8ms and 4.8ms. The penetration is halted by the hard stop after approximately 14.5mm of travel. The spigot remains stationary for approximately 2.7ms when a large eruption occurs throwing unconsumed explosive out of the cup and forcing the cover plate to the top of the spigot. After 60ms further burning of unconsumed explosive dust and/or combustion products is witnessed on the recording (Figure 50 to Figure 55).
	[image: ]
[bookmark: _Ref113357040][bookmark: _Toc119938960]Figure 50 - Puffs of gas at 1.7ms
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[bookmark: _Toc119938961]Figure 51 - Puffs of gas at 3ms
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[bookmark: _Toc119938962]Figure 52 - Larger gas evolution at 3.8ms
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[bookmark: _Toc119938963]Figure 53 - Larger puffs of gas at 4.8ms
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[bookmark: _Toc119938964]Figure 54 - Eruption of assembly begins at 8ms
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[bookmark: _Ref113357041][bookmark: _Toc119938965]Figure 55 - After 60ms further flame is witnessed



Further records of all responses can be found in Appendix 13.
The AWE Off Site Trials Approval Committee did not grant permission for post-test visual analysis which included removing the spigot or the bolts on the cover plate. It was only possible to consider any analysis on those samples that reacted in such a way to disassemble themselves during trial, or those that did not pierce the cover plate.
Figure 56 to Figure 59 show the results of the pointed spigot failing to pierce the cover plate. The spigot has dented the cover plate with enough force to mark the explosive with an indent of ~2mm. Figure 57 shows the resultant spigot tip which has been deformed and had the sharp point bent around to produce a smooth dome.
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[bookmark: _Ref111190591][bookmark: _Toc119938966]Figure 56 - 011 assembly with spigot dent
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[bookmark: _Ref111190701][bookmark: _Toc119938967]Figure 57 - 011 spigot post test
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[bookmark: _Toc119938968]Figure 58 - 011 impact dent on explosive
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[bookmark: _Ref111190593][bookmark: _Toc119938969]Figure 59 - 011 underside of cover plate



Figure 60 to Figure 63 show the post-test hardware of shot 023. The force of the response has lifted the cover plate up the spigot, although little material was ejected from the cup. Figure 61 shows the effects of the penetration through the cover plate and the subsequent ‘petalling’ of the steel. Figure 62 shows rounding of the spigot tip to produce a blunted surface.
	[image: ]
[bookmark: _Ref111192125][bookmark: _Toc119938970]Figure 60 - 023 post trial
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[bookmark: _Ref111192243][bookmark: _Toc119938971]Figure 61 - 023 spigot protrusion and ‘petalling’
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[bookmark: _Ref111192699][bookmark: _Toc119938972]Figure 62 - 023 spigot tip
	[image: ]
[bookmark: _Ref111192127][bookmark: _Toc119938973]Figure 63 - 023 explosive remnants post event


Figure 64 to Figure 67 show the post-test hardware of shot 024. The explosive event has forced the cover plate up to the flange of spigot. The ‘petalling’ of shot 024 is less severe than shot 023 with Figure 66 showing the spigot tip to be much more rounded. Figure 67 shows the spigot did not go to pinch on the base of the cup, yet the explosive event was able to eject approximately half of the material. 
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[bookmark: _Ref111194883][bookmark: _Toc119938974]Figure 64 - 024 post trial
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[bookmark: _Toc119938975]Figure 65 - 024 spigot protrusion and 'petalling'
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[bookmark: _Ref111195240][bookmark: _Toc119938976]Figure 66 - 024 spigot tip
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[bookmark: _Ref111194886][bookmark: _Toc119938977]Figure 67 - 024 explosive remnants post event



[bookmark: _Toc120011919]Thermal HSV
On completion of the first 40 tests, it was proposed to investigate the possible temperature of the spigot tip as it passed through the cover plate. The drop rig was moved to UWTSD[footnoteRef:31], Figure 68, where a high-speed thermal camera could be used to measure the approximate the temperature of the tip. [31:  University of Wales Trinity Saint David] 

An adapted anvil with a hole through the centre, Figure 69, and a cup with the base cut away,         Figure 70, were used to allow line of sight to where the spigot penetrates the cover plate. A FLIR SC6900 InSB thermal high-speed camera was aimed at a front faced mirror which angled the view to see the cover plate, Figure 71. (Note, Figure 71 does not have a cover plate, to show view through whole impact assembly). The frame rate for the imaging was 3385fps.
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[bookmark: _Ref111127463][bookmark: _Toc119938978]Figure 68 - Drop tower at UWTSD
	[image: ]
[bookmark: _Ref111127513][bookmark: _Toc119938979]Figure 69 - Modified anvil with hole
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[bookmark: _Ref111127540][bookmark: _Toc119938980]Figure 70 - Modified cup with base removed
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[bookmark: _Ref111127570][bookmark: _Toc119938981]Figure 71 - View of mirror looking up to target location


Before the camera could be used it was be calibrated using a black body radiator. The emissivity of the materials also had to be considered. The emissivity of the spigot tip was predicted to be 0.8 [23]. Blackening off half of the spigot face allowed this to be checked using the camera, then the whole face appeared to be only colour, the emissivity was set correctly, and so 0.8 was deemed suitable. The recorded temperatures are only an indication. Possible errors in calculation of emissivity, losses created from using a front faced mirror and the camera frame rate reduce the accuracy of the temperatures seen.
Limited availability of consumables meant multiple trials were not possible. Firstly, a flat spigot was dropped from 0.5m. Table 3 shows a disk of the cover plate being sheared off as the spigot penetrated through. The indicative temperature is displayed in Figure 72. The maximum temperature detected during the trial was ~176oC.
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[bookmark: _Ref111129542]Table 3 - Video frames of the flat right spigot punching out a disk of cover plate material
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[bookmark: _Ref111132079][bookmark: _Ref111132072][bookmark: _Toc119938982]Figure 72 - Flat spigot temperature graph
Trials 2, 3 and 4 were all of a pointed spigot dropped from 0.1m, 0.5m and 1m respectively. Trial 2, Table 4, show the point tip of the spigot as it passes through the cover plate. Figure 73 shows the temperature of the spigot tip to reach ~254oC.
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[bookmark: _Ref111130408]Table 4 - Pointed spigot with 0.1m drop piercing cover plate
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[bookmark: _Ref111132296][bookmark: _Toc119938983]Figure 73 – Pointed spigot temperature graph, 0.1m drop
Trial 3, Table 5, shows the point tip of the spigot as it passes through the cover plate. Figure 74 shows the temperature of the spigot tip to reach ~314oC.
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[bookmark: _Ref111130908]Table 5 -Pointed spigot with 0.5m drop piercing cover plate
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[bookmark: _Ref111132617][bookmark: _Toc119938984]Figure 74 - Pointed spigot temperature graph, 0.5m drop
Trial 4, Table 6, shows the point tip of the spigot as it passes through the cover plate. Figure 75 shows the temperature of the spigot tip to reach ~402oC.
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[bookmark: _Ref111131612]Table 6 - Pointed spigot with 1m drop piercing cover plate
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[bookmark: _Ref111132725][bookmark: _Toc119938985]Figure 75 - Pointed spigot temperature graph, 1m drop
As no explosives were used in the spigot tip thermal testing, all the spigots were recovered. Figure 76 shows how the tip of the spigot was blunted during the impact leaving some striation marks along the shaft and small jagged edges on the tip front. Figure 77 shows how the piercing of the cover plate has blunted the tip but also changed the angle of the tip, this is also shown in Figure 78.
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[bookmark: _Ref111197278][bookmark: _Toc119938986]Figure 76 - Spigot tip from 0.1m drop
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[bookmark: _Ref111197444][bookmark: _Toc119938987]Figure 77 - Spigot tip from 0.5m drop
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[bookmark: _Ref111197446][bookmark: _Toc119938988]Figure 78 - Spigot tip from 1m drop


[bookmark: _Toc120011920]Further Results
Following the initial 40 shots, a further 35 shots were carried out. The further shots included the use of flat headed and posidrive screwdriver heads as well as recovered blunt tips, and the use of flat spigots with the addition of grit to the explosive sample.
Flat head screwdriver tips were tested with drop heights of 0.8m, 0.65m, 0.5m, 0.35m and 0.2m. All tests were conducted on PBX1. All shots gave an explosive response of relatively small magnitude. The largest response came from the weight being dropped from 0.35m, shot 049. Figure 79 to Figure 83 shows the results of shot 049, of note should be that a flame appeared in air at 29ms, this flame lasted for 40ms:
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[bookmark: _Ref112778786][bookmark: _Toc119938989]Figure 79 – Puff of gas at 1.46ms
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[bookmark: _Toc119938990]Figure 80 - Puff of gas at 1.57ms
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[bookmark: _Toc119938991]Figure 81 - Puff of gas at 2.26ms
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[bookmark: _Toc119938992]Figure 82 - Eruption at 2.5ms
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[bookmark: _Ref112778793][bookmark: _Toc119938993]Figure 83 - Flame at 29ms


The force of the event rubblized some of the explosive material and ejected it from the test vehicle. The cover plate was lifted towards flange of the spigot. Figure 84 and Figure 85 show the post test results of the shot.
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[bookmark: _Ref112779484][bookmark: _Toc119938994]Figure 84 - 049 post trial
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[bookmark: _Ref112779486][bookmark: _Toc119938995]Figure 85 - 049 post trial


With the exception of 0.8m, the same heights were used for the posidrive screwdriver heads. The results gave a resemblance to those of the flat screwdriver head with shot 057 at 0.35m giving the largest response, although not as violent the flat head screwdriver. Figure 86 and Figure 87 show the small puff of gas and a light eruption of the test vehicle.
	[image: A picture containing indoor, kitchenware, fountain, stove

Description automatically generated]
[bookmark: _Ref112781052][bookmark: _Toc119938996]Figure 86 - Puff of gas at 3.4ms
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[bookmark: _Ref112781055][bookmark: _Toc119938997]Figure 87 - Gas and small eruption at 5.4ms


Figure 88 and Figure 89 show the test vehicle of shot 057 post trial. The cover plate has lifted slightly and three of the bolt heads have been removed. The figures show the reaction was less violent than shot 049.  
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[bookmark: _Ref113113347][bookmark: _Toc119938998]Figure 88 - 057 post trial
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[bookmark: _Ref113113349][bookmark: _Toc119938999]Figure 89 - 057 post trial


The final shots incorporated grit, in the form of acid washed sand, into the test vehicle. Grit is incorporated into the Rotter test (EMTAP Test 1) and the addition of grit can reduce a materials FoI[footnoteRef:32] by 80%. Therefore, it was decided to add grit to the test vehicle to assess whether it made a difference. [32:  Figure of Insensitiveness] 

Flat spigots were used for the shots as they produced no results when tested with no grit. Figure 90 and Figure 91 show the grit placed in the test vehicle for shot 072. The securing bolts were only tightened finger tight to prevent excess force being placed on the explosive with grit present.
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[bookmark: _Ref113118117][bookmark: _Toc119939000]Figure 90 - 8 pieces of grit added to base of test vehicle
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[bookmark: _Ref113118119][bookmark: _Toc119939001]Figure 91 - 5 pieces of grit on the surface below the cover plate


With the addition of grit, the spigots were allowed to ‘soft pinch’, where they were allowed to touch the base of the vehicle but were not forced into it. For shot 072 the weight was dropped from 0.5m. There was no reaction until the spigot became very close to the base of the vehicle. At which point a violent reaction occurred. Flames were visible for 201ms following the initial reaction (Figure 92 and Figure 93).
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[bookmark: _Ref113357385][bookmark: _Toc119939002]Figure 92 - 072 eruption at 7.3ms
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[bookmark: _Ref113357387][bookmark: _Toc119939003]Figure 93 - Flames lasted for 201ms


Figure 94 to Figure 98 show the post test vehicle of shot 072. The spigot was loose in the cover plate and removed with no force. All bolt heads were removed by the reaction. Figure 96 shows the disc punched out of the cover plate by the spigot resting at the bottom of the vehicle. Approximately half of the explosive was either ejected of consumed by the reaction. Figure 97 and Figure 98 show the indentation created as the cover plate hit the spigot flange to create such an indentation would have required significant force.
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[bookmark: _Ref113119654][bookmark: _Toc119939004]Figure 94 - 072 post test
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[bookmark: _Toc119939005]Figure 95 - 072 post test spigot removed
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[bookmark: _Ref113119808][bookmark: _Toc119939006]Figure 96 - 072 disk in vehicle
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[bookmark: _Ref113119915][bookmark: _Toc119939007]Figure 97 - 072 cover plate top
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[bookmark: _Ref113119657][bookmark: _Toc119939008]Figure 98 – 072 cover plate underside


Shot 073 was the final shot containing grit. As with 072 the weight was dropped from 0.5m. However, for shot 073 a single piece of grit was placed centrally on the bottom of the vehicle with a second placed centrally on the top of the explosive (Figure 99 and Figure 100).
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[bookmark: _Ref113125132][bookmark: _Toc119939009]Figure 99 - Single grain of grit at the base
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[bookmark: _Ref113125133][bookmark: _Toc119939010]Figure 100 - Single grain of grit on the top of the explosive


Figure 101 shows the eruption of the sample at 6.4ms. The result was not as violent as shot 072. However, compared to no grit being used the result was still violent.
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[bookmark: _Ref113125332][bookmark: _Toc119939011]Figure 101 - Eruption at 6.4ms


Figure 102 to Figure 106 show shot 073 post-test. The cover plate was forced into the spigot flange and is loose on the spigot. Figure 104 shows the disc punched out of the cover plate resting on the base plate. Figure 105 and Figure 106 show the damage to the cover plate as it was forced into the spigot flange. Compared with shot 072, the damage is significantly less, showing less force was used to push it into the flange suggesting the violence was lower.
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[bookmark: _Ref113126391][bookmark: _Toc119939012]Figure 102 - 073 post trial
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[bookmark: _Toc119939013]Figure 103 - 073 post trial
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[bookmark: _Ref113126456][bookmark: _Toc119939014]Figure 104 - 073 disk against rear face
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[bookmark: _Ref113126507][bookmark: _Toc119939015]Figure 105 - 073 cover plate underside
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[bookmark: _Ref113126392][bookmark: _Toc119939016]Figure 106 - 073 cover plate top


Shot 075 was designed as a proving shot to show the difference between the collected results and a detonation. Shot 075 was a PBX1 shot ignited by an L2A2[footnoteRef:33] detonator and a pea-size piece of PE8[footnoteRef:34] ~1g. Figure 107 to Figure 111 show the sequence of the detonation, in which the test vehicle is destroyed in 50µs. Beneath the flash in Figure 109, the case can be seen to be expanding and breaking apart due to the reaction going on inside the test vehicle. [33:  Electric detonator of PETN initiated by a primary charge of Aluminium/ Lead Styphnate/ Lead Azide [25].]  [34:  Plastic Explosive 8 – RDX 86.5%, plasticiser 12.5%, taggant 1%] 

	[image: A picture containing night, dark, light, night sky

Description automatically generated]
[bookmark: _Ref113127272][bookmark: _Toc119939017]Figure 107 - 075 pre-detonation
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[bookmark: _Toc119939018]Figure 108 - 075 at 20µs
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[bookmark: _Ref113127387][bookmark: _Toc119939019]Figure 109 - 075 at 30µs
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[bookmark: _Toc119939020]Figure 110 - 075 at 40µs
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[bookmark: _Ref113127274][bookmark: _Toc119939021]Figure 111 - 075 at 50µs


Figure 112 show the pieces of the test vehicle recovered after the deliberate detonation. Much of the main test vehicle had completely broken apart and only some of it was recovered. The base of the test vehicle was the largest recovered part but was mis-shapen. None of the explosive material was recovered and there was no sign of any being ejected. This meant all the material was consumed during the test. The obvious difference between shot 075 and all other shots shows no other shot resulted in a detonation. 
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[bookmark: _Ref113127628][bookmark: _Toc119939022]Figure 112 - 075 recovered pieces of test vehicle


Following completion of tests at COTEC. Further testing was carried out at LANL using PBX1 on the LANL Punch Gun. The results are found in Appendix 14. The results taken at LANL show correlation between the Punch Gun and the LASSIT test where the pointed spigot results were replicated. Two shots were caried out using grit randomly spread across the surface of the explosive under the case material. These two shots both gave no response to the spigot intrusion, which differs from those shots on the LASSIT apparatus, where a response took place. At the time of writing, video and photographic evidence was not available for publication. 
[bookmark: _Toc120011921]Discussion
For an explosive to function, it must be given sufficient energy to allow the material to decompose. The energy is in the form of heat, this can be via a flame, or by a very large shock creating hotspots in the material.
The initial shots conducted at COTEC showed that every pointed spigot that penetrated the case gave an explosive reaction, some larger than others, however, none of the flat spigots gave any reaction regardless of whether they penetrated or not. This suggested that the pointed spigots must be a higher temperature. The use of the thermal camera showed the flat spigots reached ~173oC. PBX1 has an ignition temperature of 253oC[footnoteRef:35], and the RDX in CompB has an ignition temperature of 200oC. Therefore, the flat spigots did not likely generate enough thermal energy for the explosive to react, this is because the energy density of the flat front is spread over 28mm2. In contrast, every pointed spigot, provided that it pierced the cover plate, resulted in some form of reaction. The energy density of the pointed spigot is much higher as the energy is spread over a needle point, less than 1mm2. The thermal camera results showed that from 0.1m the action of the point piercing the cover plate generated enough heat to bring the temperature of the spigot tip above the ignition temperature of the explosive material. The spigot tip temperature created hotspots in the explosive and reaction took place. It was not expected that the drop height of 0.1m would be sufficient to allow reaction, however, the results proved otherwise. It is likely only a few crystals of explosive reacted that were in direct contact with the tip, and those reactions did not create enough heat to allow the reaction to propagate into the rest of the explosive. [35:  Based on EMTAP test No.4 – Temperature of ignition test] 

The largest response from the first set of shots was shot 024 where the estimated temperature of the tip could be ~320oC. Puffs of gas were observed escaping from the vehicle as the spigot penetrated into the explosive. Once the spigot stopped moving, it sat for 2ms before a violent reaction occurred which lifted the cover plate off the vehicle. As the spigot has stopped moving, the only conclusion can be that the spigot tip remained hot enough to impart heat into the explosive with enough energy to create the violent reaction, removing the cover plate and relieving any confinement. The confinement being broken most likely was enough to quench the reaction, preventing it for propagating further. Why the results showed a more violent reaction from 0.5m than 1m require further investigation it is possible that the 1m drop created more damage in the material and casing to allow leak paths for the pressure to escape. 
The second set of shots yielded more results which showed explosive responses. The screwdriver tips were more realistic as they are used in the assembly process areas. Both flat and posidrive tips instigated a response from the explosive. The flat tips gave a more violent response, but both tips had their most violent response from 0.35m. It is possible that this is an ideal velocity for explosive reactions on these tips. This could be to the velocity they enter the sample at. The higher velocities leave more room behind the explosive for the gasses to escape through the penetration hole relieving confinement and quenching the response. 
The addition of grit to the samples gave the most interesting result. Grit is known to affect the result, increasing the sensitiveness of the explosive to impact [24]; however, the level of violence of the response was not expected. Flat spigots had no reaction in normal configuration, yet adding grit changed the results. All shots gave an explosive response, some of which were very violent. The addition of grit allows for extra hotspots to be created as the spigot passes through the material. In general, the response was only as the spigot reached the pinch point as the spigot reached the bottom face of the vehicle. As the grit is crushed, the friction between the grit, the explosive and the confinement material creates frictional heating, allowing hotspots to interact with the explosive and causing the explosive to react. The immediate effect is for the bolts to fail releasing confinement and unreacted material to be ejected from the test vehicle. Should the confinement be held, then it is possible for a more violent response to be the outcome.
The testing that took place at LANL showed positive correlation between the two different versions of the test apparatus. The pointed spigot experiments were directly repeatable, based on PBX1. Only two gritted experiments were conducted at LANL. These tests, in contrast to those conducted on LASSIT apparatus gave no responses. The likely reason for this is the depth of penetration. On the LASSIT apparatus the spigot was allowed to penetrate all the way to soft pinch. However, the LANL Punch Gun has a stand off from pinch of 6mm. It is likely that the distance from pinch affects whether a response takes place under gritted contamination. Further tests need to be conducted before any conclusions can be drawn as two data points is less than desirable.    

[bookmark: _Toc120011922]Conclusion and Recommendations
The purpose of this project was to assess if it was possible to create a small-scale spigot test that could be brought onto AWE site. The maximum weight of the explosive was required to be 25g. Using an existing explosive sample design from LABSET, a new pellet was designed which was the same diameter, but 0.7mm longer. As the proposed new LABSET rig at AWE was not ready, COTEC was used as the test house. Explosive samples were produced from Event Horizon and Cranfield University (Shrivenham). The weight used for penetration was 30kg, arbitrarily chosen as a quarter the weight of a 120kg person.
Spigots of flat cylinder and 20o point were chosen as the main spigot along with PZ2 posidrive and 6mm flat screwdriver tips. Cylindrical spigots gave no response when unadulterated samples were used. All other spigot tips, along with flat adulterated with grit yielded an explosive response.
The scenario exercised was for a cased explosive to be penetrated by a spigot being dropped onto it. Based on this scenario, I conclude that:
When using only a minimal amount of explosives (up to 25g) it is possible to assess the susceptibility of a cased explosive when subject to penetration of the case. However, the shape of the penetrator plays an important role in eliciting a response. Penetration by a pointed object increases the chances of the explosive reacting.
With pointed spigots giving responses at 0.1m, pointed spigots being present in an assembly area, should be avoided as they may yield a response should a cased explosive be penetrated by drop/impact at any point. The velocity of 1.43ms-1 for the 0.1m drop shows that to provoke a response, provided the case is penetrated, very little energy is required. As screwdriver tips gave explosives responses with a response violent enough to give concern, their use in assembly areas should be strictly controlled.
The addition of grit shows examples of why the explosive must remain clean. Despite the flat spigot giving no responses whilst unadulterated, violent responses were observed when grit was added. The most significant response came from shot 072 where a controlled amount of grit was added to the explosive sample. When the weight was dropped from 0.5m, the explosive event was quite considerable. Therefore, the presence of grit considerably increases the likelihood of response.
The design of the test rig that has been developed does provide a suitable tool to study the effect of impact on a cased material when penetration occurs. The size of the explosive material used remain within the license condition of the selected building. Therefore, the chosen facility meets the user requirements of the test.
The LASSIT test results have shown that it is possible for a small-scale test to be used on AWE site and that the test does have direct read across from those tests conducted at LANL using their Punch Gun. The following are recommendations for future testing:
· Representative confinement, to represent realistic explosive assembly.
· Higher confinement, for investigation of DDT[footnoteRef:36]. [36:  Deflagration to Detonation Transition] 

· Alternative cover plate materials and thicknesses, including caseless.
· Detonator included in sample.
· Spigot tips designed from all tools in processing areas.
· Throughput of alternative explosive compositions.
· Production of samples on AWE site.
· Different angles of impact.
This test series used only HSV and post-trial visual examination to determine whether an explosive event had taken place. Future tests may employ other detection techniques including:
· HET-V[footnoteRef:37] to examine the velocity of the cover plate. [37:  Heterodyne Velocimetry] 

· Pressure sensors to determine pressure inside the test vehicle.
· High temperature pyrometry to measure the temperatures around the test vehicle during explosion.
· Strain gauges to examine high speed deformation of the test vehicle.
· Use of sapphire windows and thermal HSV.
· Gas analysis of decomposition products.

Appendix 15 shows a predicted timeline on when each recommendation can be implemented.
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	Offsite Trials Approval Committee
	User
	Drawing office
	Supply chain
	Finance
	External suppliers
	ESH
	Explosive Safety
	XLA
	Explosives TA
	Facility Management
	Facility Engineering

	[bookmark: _Hlk110936034]Trials meet AWE standards
	Easy to build
	Suitable timescales
	Suppliers available for materials
	Ensure funding is available
	Realistic timescales
	Must not endanger staff
	Meets ONR requirements
	Provides penetration of sample up to 4.5ms-1
	Bounds trial to AWE model
	Meets requirements of ESH
	Does not overload building supply

	
	Easy to use
	Easy to understand requirement
	Suppliers available for offsite trials
	Must cost less than £100K
	Use available materials
	Environmentally sound
	Meets HSE requirements
	Allows for multiple spigot designs
	
	Meets requirements of explosives safety
	Equipment easily fits within building 

	
	Easy to dispose
	Similar to existing designs
	
	
	Provide materials not easily available
	Gases must be ventilated
	Falls within building license
	Adjustable penetration
	
	Use of existing facility
	

	
	Minimal parts
	
	
	
	
	
	Falls within building XSO
	Adjustable case type and thickness
	
	
	

	
	Minimal tooling required
	
	
	
	
	
	Does not affect building engineering justification
	Must determine go/no go
	
	
	

	
	Remote operation
	
	
	
	
	
	
	Use of existing facility
	
	
	

	
	
	
	
	
	
	
	
	Must be recorded
	
	
	

	
	
	
	
	
	
	
	
	Does not hard pinch
	
	
	

	
	
	
	
	
	
	
	
	Similar geometry to US testing
	
	
	

	
	
	
	
	
	
	
	
	Less than 25g explosive
	
	
	

	
	
	
	
	
	
	
	
	Suitable size to embed a detonator
	
	
	

	
	
	
	
	
	
	
	
	Represent actual case material
	
	
	

	
	
	
	
	
	
	
	
	Replicate US work
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	Function
	Means

	Hold Explosive
	Bolt on cover
	C clamp
	Glued case
	long bolt to base
	Placed case, unsecured
	 
	Bolt on cover
	C Clamp
	Bolt on cover

	[bookmark: _Hlk110952677]Provide Energy
	Gravity (drop weight)
	Gas gun
	Rocket rail
	Sprung motion
	Pneumatic ram
	Servo
	Gas gun
	Gravity
	Gravity (drop weight)

	Release energy
	Fire button (manual)
	Pull string (manual)
	Automated release
	 
	 
	 
	Automated release
	Fire Button
	Fire button (manual)

	Penetrate Case
	Drift
	long rod
	removable tip
	 
	 
	 
	Drift
	Remaovable tip
	Drift with removable tip

	Arrest Penetrator
	arrester wire
	hard stop 
	spigot length varibale
	spring arrester
	 
	 
	Spigot length variable
	Hard stop
	Hard stop

	Capture Response
	High speed video
	Pyrometry
	PDV
	Strain guage
	Post test analysis
	 
	Pyrometry
	High speed video
	High speed video

	Retract Penetrator
	By Hand
	pulley system
	winch
	 
	 
	 
	By Hand
	Winch
	Winch
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1. The CompB was melted in a steam jacked container at ~90-94°C
2. The RDX and TNT were mixed thoroughly to incorporate the RDX with the TNT
3. The material was cooled to ~84°C
4. Comp B was placed under a Vacuum to extract the small bubbles from the mix
5. 150 mm long honed Aluminium moulds were heated to 40-50°C and coated in PFTE Mould release
6. Comp B was cast into warm mould
7. Moulds places on vibrating table to remove any large casting bubbles 
8. Mould were insulated around the outside/ Base and top to cool slowly
9. Using the Remote Bandsaw the rough length for the pellet is cut from the bottom of the mould, further pellets are cut after inspection of the material for voids
10. In a cylindrical holder the top face is CNC faced off square to the axis of the pellet.
11. The pellet is flipped over and the bottom face is faced of to length
12. Clean/weigh/Package

Information provided by Bob Hughes at Event Horizon
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Pressing PBX1 Pellets.  
Process Instructions for pressing PBX1 pellets in the Abel Building, Shrivenham, Cranfield University.  The moulding powder was supplied by AWE and was used to press 50 pellets.  The method used was agreed by AWE.  The pellets were then sent to COTEC for testing.   
	Stage
	Press Instructions 

	1.
	Carry out any pre-processing on the moulding powder- drying; sieving, hazard testing if required. 

	2.
	Set up press, ensure vacuum and press heater jacket are functioning correctly before starting work.  

	3.
	Prepare the press tool; clean and dust the spacers with lithium stearate release agent.  Assemble press tool. (place first spacer into the press mould.  

	4.
	Weigh out powder and decant into the press tool; Place second spacer on top. 

	5.
	Transport press tool to press (in approve transport container), Locate press tool onto press bed; place heater jacket over the tool and fit vacuum line.  

	6.
	Return to control room and press pellet; at 250 bar, under vacuum at 50oC for 1 minute.  On completion of the pressing cycle, cool pellet to 20oC.  

	7.
	Remove the base plate and place tool on catcher cup.  Press out pellet.  Extract pellet and measure the dimensions and mass.  

	8.
	Clean tool and prepare for next pellet.  

	9.
	Pack pellets.



Process instruction supplied by Sally Gaulter, Cranfield University, Shrivenham.
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Description automatically generated with low confidence]

	[image: A close-up of a faucet

Description automatically generated with medium confidence]

	[image: A picture containing metalware

Description automatically generated]




	Shot: 063
Height: 1000mm
Material: PBX1
Spigot: Flat
Response: Y
Other: grit added to front and rear faces
	[image: A picture containing indoor, pot, kitchenware, close

Description automatically generated]

	[image: ]

	[image: A picture containing cup, coffee, indoor, drink

Description automatically generated]

	[image: A picture containing cup

Description automatically generated]

	
	[image: A picture containing floor, disk brake, gear

Description automatically generated]

	[image: A picture containing cup

Description automatically generated]

	
	



	Shot: 064
Height: 500mm
Material: PBX1
Spigot: Flat
Response: Y
Other: grit added to front and rear faces
	[image: A picture containing indoor, silver, cooking, pan

Description automatically generated]

	[image: A picture containing metalware, gear

Description automatically generated]

	[image: A close-up of a lighter

Description automatically generated with low confidence]

	[image: A close-up of a key

Description automatically generated with medium confidence]




	Shot: 065
Height: 1000mm
Material: PBX1
Spigot: Flat
Response: Y
Other: grit added to rear face
	[image: A picture containing indoor, cooking, pan, silver

Description automatically generated]

	[image: A close-up of a faucet

Description automatically generated with medium confidence]
	[image: A close-up of a screw

Description automatically generated with low confidence]




	Shot: 066
Height: 500mm
Material: PBX1
Spigot: Flat
Response: Y
Other: grit added to rear face
	[image: A close-up of a light bulb

Description automatically generated with low confidence]

	[image: A picture containing gear

Description automatically generated]

	[image: A picture containing cup

Description automatically generated]

	[image: A picture containing ground, floor

Description automatically generated]


	
	[image: A picture containing food

Description automatically generated]

	[image: A picture containing tool

Description automatically generated]

	[image: A circular object with holes in it

Description automatically generated with low confidence]

	




	Shot: 067
Height: 1000mm
Material: CompB
Spigot: Flat
Response: Y
Other: grit added to front and rear faces
	[image: A picture containing indoor

Description automatically generated]

	[image: A picture containing cup

Description automatically generated]

	[image: A picture containing floor

Description automatically generated]

	[image: A close-up of a key

Description automatically generated with low confidence]




	Shot: 068
Height: 500mm
Material: CompB
Spigot: Flat
Response: Y
Other: grit added to front and rear faces
	[image: A picture containing indoor

Description automatically generated]

	[image: A picture containing metalware, gear

Description automatically generated]

	[image: A close-up of a can

Description automatically generated with low confidence]

	[image: A potato with a face drawn on it

Description automatically generated with medium confidence]




	Shot: 069
Height: 600mm
Material: CompB
Spigot: Point
Response: Y
	[image: A picture containing indoor, stove, oven, cooking

Description automatically generated]

	[image: A close-up of a faucet

Description automatically generated with medium confidence]

	[image: A close-up of a coffee maker

Description automatically generated with low confidence]

	[image: A close-up of a light bulb

Description automatically generated with low confidence]




	Shot: 070
Height: 600mm
Material: CompB
Spigot: Point
Response: Y
	[image: A close-up of a faucet

Description automatically generated with medium confidence]

	[image: A close-up of a microscope

Description automatically generated with low confidence]

	[image: A close-up of a microscope

Description automatically generated with low confidence]

	[image: A close-up of a screw

Description automatically generated with low confidence]





	Shot: 071
Height: 500mm
Material: PBX1
Spigot: Point
Response: Y
Other: 20 bits of grit on front and rear
	[image: A picture containing indoor, oven

Description automatically generated]

	[image: A picture containing metalware, gear

Description automatically generated]

	[image: A picture containing indoor, gear

Description automatically generated]

	[image: A picture containing cup

Description automatically generated]




	Shot: 072
Height: 500mm
Material: PBX1
Spigot: Point
Response: Y
Other: 5 bits of grit on front and rear
	[image: A picture containing stove, cooking, oven, weapon

Description automatically generated]

	[image: A picture containing close

Description automatically generated]
	[image: A close-up of a key

Description automatically generated with low confidence]

	[image: ]


	
	[image: A coin with a face on it

Description automatically generated with low confidence]

	[image: A circular object with holes in it

Description automatically generated with low confidence]

	[image: A picture containing gear

Description automatically generated]

	




	Shot: 073
Height: 500mm
Material: PBX1
Spigot: Point
Response: Y
Other: 1 bit of grit on front and rear
	[image: A picture containing indoor

Description automatically generated]

	[image: A picture containing metalware, gear

Description automatically generated]

	[image: A picture containing counter

Description automatically generated]

	[image: A picture containing gear

Description automatically generated]




	Shot: 074
Height: 500mm
Material: PBX1
Spigot: Point
Response: Y
	[image: A close-up of a gas burner

Description automatically generated with low confidence]

	[image: A picture containing metalware, gear

Description automatically generated]

	[image: A picture containing cup, close

Description automatically generated]

	[image: A picture containing cup, sitting, indoor, close

Description automatically generated]







	Shot: 075
Detonation
Material: PBX1
L2A1 detonator
Response: Y
	[image: A picture containing fire, weapon, blurry, blur

Description automatically generated]

	[image: A picture containing nature, weapon, blurry

Description automatically generated]

	[image: A picture containing nature, weapon, blurry

Description automatically generated]

	[image: A picture containing weapon, hydrogen bomb, blurry, cooking

Description automatically generated]

	
	[image: ]

	[image: A picture containing piece, slice, half, eaten

Description automatically generated]

	[image: ]

	[image: ]







[bookmark: _Toc120011937]Appendix 14
	Test
	Spigot
	Velocity (ms-1)
	Extras
	Response

	Control
	Flat
	4.5
	
	N

	001
	Flat
	4.5
	Random grit
No case
	N

	002
	Point
	1.4
	
	Trigger failed

	003
	Point
	3.1
	
	Y

	004
	Point
	4.5
	
	Y

	005
	Point
	1.4
	
	Y

	006
	Point
	3.1
	
	Y

	007
	Point
	4.5
	
	Y

	008
	Point
	1.4
	
	Y

	009
	Point
	3.1
	
	Y

	010
	Point
	4.5
	
	Y

	011 (002 repeat)
	Point
	1.4
	
	Y

	012
	Blunt Point
	1.4
	
	Y

	013
	Blunt Point
	3.1
	
	Y

	014
	Blunt Point
	4.5
	
	Y

	015
	Flat
	3.1
	Random grit
	N

	016
	Flat
	4.5
	Random grit
	N
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FW: requirements for cased spigot intrusion data
I

Mon 08/08;

To: Steven [N . >

RHYBUDD: Deilliodd yr e-bost hwn o du allan i system E-bost Prifysgol Cymru Y Drindod Dewi Sant. Peidiwch
ag ateb, na chlicio ar ddolenni nac agor atodiadau oni bai eich bod yn adnabod cyfeiriad e-bost yr anfonwr ac
yn gwybod bod y cynnwys yn ddiogel.

WARNING: This email originated from outside University of Wales Trinity Saint David's Email System. Do not
reply, click links or open attachments unless you recognise the sender's emall address and know the content is
safe.

From:
Sent: 02 August 2021 15:26

To:

Subject: requirements for cased spigot intrusion data

Steve,

Further to our conversation today, these two references are the key ones in my opinion ~ they interpret the
environmental definition document (EDD) into environments that are applicable to our system in assembly
and disassembly operations.

The first one deals with drops and impacts including to cased explosive intrusion.
The second one deals with drops and impacts including multiple insults and this also includes cased explosive
spigot intrusion.

Both documents cover evidence used to underwrite the assessment of an explosive’s response to those types
of insults and the evidence used will be finite and not always of a configuration where the threshold is
identified.

i — Module 23 -

2021

A-2A07 Nuclear Safety Assessment, Module 8 - Abnormal Drop and Impact Environment N EEEEEEE
Deb 2022, AWE Report 231/17

Further data is always required to support these assessments by providing insight into the margin of safety
between processing level insults and thresholds for ignition.

Following the results shared with us by Gary and his team at LANL regarding the low speed spigot impact
testing, and the follow up testing conducted by Andy, it is my opinion that we need more evidence to
support the EDD and subsequent documents on low speed spigot intrusion. Ideally we would require the
testing to be conducted on site to keep costs to a minimum and maximise the time allowed for testing (no
need to book time offsite and transport materials). If this is something you could pursue | will be happy to
support the project as the evidence wil assist the next issue of all associated documents

Kind regards,

Suve

Enorgotics Materials Sciontist

tps Jicatlon affce 365 commalideeplnk7Print
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HE Hazards and Safety, M&AS
Dis
AWE, Aldermaston, Reading, RG7 4PR

The information in this email and in any is cialin nce. If you are not
the named addressee(s) or if you receive this email in error then any distribution, copying or use of
this communication or the information in it is strictly prohibited. Please notify us immediately by
email at admin.internet(at)awe.co.uk, and then delete this message from your computer. While
attachments are virus checked, AWE plc does not accept any liability in respect of any virus which is
not detected. AWE Plc Registered in England and Wales Registration No 02763902 AWE,
Aldermaston, Reading, RG7 4PR

s Jlouteok offce36S.com/mal doeplnk 7Print
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19/11/21 OFFICIAL

[Meeting Minutes
Design review, cup ing of ive sample for Lal y Scale Spigot Intrusion Test (LASSIT)
18/11/21, 11:00[
Attendees:

I s)) - Process lead
I °\)- Manufacuring lead

_ (MR- Research Design Authority representative

SJ began the meeting with a description of the test and how it was going to work. PW opened
pictures to assist with explanation. SJ explained the point of the meeting was to look at 3 designs for
the cup, in which the explosive is located.

SJ explained the purpose of the cover was to represent a case of the material, and stainless steel was
being used, as this is what was used by the lab at LANL, and what was used by Andy Jones when he
did some work on a different version of the test. MR suggested Wolfmet tungsten alloy for future
reference. Though it was not applicable at this stage.

Design 1. It was discussed that should an event occur. The anvil may be damaged. MR questioned
whether the threads in the anvil would be stripped. PW explained that the holes had been designed
50 they were 2 diameters deep, and a general engineering rule was that they if they were 1.5
diameters deep, then the threads would not strip, 50 he could see know issue on that front. MR
suggested that if this design were used, then proof should be sought for the 1.5 diameter rule.

Design 2. The cup is not secured to the base in design 2, the case material is screwed into the cup
itself so is a very simple design. With this design an explosive event should not damage the anvil. PW
had a slight concern that the case material could wrinkle during the penetration. S) explained that its
possible that this could make it more realistic and was not concerned of the possible wrinkles. PW
also explained that he would change the boits from allen key to hex, 5o that should the test come
onto site, it will meet the required standard from the start as allen keys are not preferred as they
could get explosives in the recesses. SJ requested that the recess in the anvil, used to locate the cup,
not be as deep as in the picture. 2mm deep was suggested, as it is only used to locate the cup.

Design 3. Similar to design 2, the cup rests on the anvil in a recessed location. The case is connected
to the cup using a ‘ccdlamp’ type y. MR i i i he thought the
design was quite complex for the design of the test. PW explained that it was possible that the
design may not work correctly should it be used. MR suggested that this design had to be
manufactured to quite high tolerances, which would increase the cost with no real benefit to the
test.

Conclusion. MR and PW both agreed that as the anvil would be a consumable item in design 1, it
would not be suitable as it would require lots of parts for manufacture with an increased cost.
Design 3 was over complicated for the requirements of the test and the precision required at
manufacture would again raise costs. Design 2 would be the best design as it met the requirements
of the test, parts are simple to manufacture and it would not be overly expensive.

OFFICIAL Steve James - 1810370
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