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2. [bookmark: _Toc202962634]Abstract

Pyrotechnic countermeasures form part of a suite of crucial defensive aids for aircraft in theatre, and act as lifesaving measures which protect the aircraft from being defeated by Infrared (IR) threats. These countermeasures often look to ‘distract’ or ‘seduce’ the threat, which targets the aircraft’s IR signature. Some countermeasures work by producing IR effects which either match or overpower the aircraft’s IR output, which then leads the threat to target the flare rather than the aircraft and allows the aircraft a safe escape. There are currently multiple MTV flare designs in service, and one that is being developed is the “On-Board Architecture” design.
Whilst developing this design, some relationships need to be understood in order to maximise the countermeasure’s performance and ensure that the most effective flare is being designed. The main relationship that will be examined in this report is the relationship between the burn surface area of the MTV pellets and the apparent radiant output of the burn, and how various MTV pellet geometries could affect the output of the flare. The hypothesis is that the relationship is linear.
Manufacture and testing phases were conducted over a period of a few months, with Infrared data being recorded at trial to observe the output of the pellets when burned, and how this compares to their burn surface area. The results show a mainly linear relationship between burn surface area and output, but the results also highlight that the 15mm diameter pellets may have an enhanced output compared to their surface area and so could be optimal pellets to use for the on-board architecture design.
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5. [bookmark: _Toc202962637]Chapter 1 – Introduction

Pyrotechnic countermeasures (also referred to in this paper as “Flares”) form part of a suite of crucial defensive aids for aircraft in theatre, and act as lifesaving measures which protect the aircraft from being defeated by Infrared (IR) threats. These countermeasures often look to ‘distract’ or ‘seduce’ the threat, which targets the aircraft’s IR signature [1]. Some countermeasures work by producing IR effects which either match or overpower the aircraft’s IR output, which then leads the threat to target the flare rather than the aircraft and allows the aircraft a safe escape. 
One way this effect is produced is by filling the IR countermeasures with Magnesium Teflon Viton (MTV) pellets, which burn bright and hot to produce a significant IR signature [2]. There are currently multiple MTV flare designs in service, and one that is being developed is the “On-Board Architecture” design. This design co-locates the IR effect with the aircraft and then produces a secondary effect once the countermeasure is fully ejected and separated from the aircraft.
Whilst developing this design, some relationships need to be understood in order to maximise the countermeasure’s performance and ensure that the most effective flare is being designed. The main relationship that will be examined in this report is the relationship between the burn surface area of the MTV pellets and the apparent radiant output of the burn, and how various MTV pellet geometries could affect the output of the flare. 
This report details the research behind the pellet geometries and justifications of why the pellets that have been tested have been chosen, before then going through the process of manufacturing the pellets in-house, testing them at Cranfield Ordnance Test and Evaluation Centre (COTEC) and then explaining what the results show and how this impacts the future development of the On-Board Architecture design, as well as other countermeasure designs.






6. [bookmark: _Toc202962638]Chapter 2 – Research and Background
i. [bookmark: _Toc202962639]Historic technology
Aerial countermeasures have been used as part of the protection of air platforms since World War II, with aluminium strips being used to confuse enemy radar by British aircraft [3]. This defence mechanism has developed over time as the threats develop, and infrared countermeasures (IRCM) including infrared flares started to be deployed. Initially, IR flares were not used as decoy flares but as tracking devices for drones, first seen in 1954 [4]. As the rapid development of IR missiles became apparent, IR decoy flares were designed, with the first noted use being in 1959 of the American ‘NOTS Model 704’ [5]. Many of these flares included magnesium as the main source of heat, as it burns brightly and very hot. Flares were incorporated into the aircraft by means of fitting them in dispensers, which could hold approximately 16 cylindrical flares each. 
IRCM flares continued to develop with the progression of the threats, as well as the development of aircraft. Development was rapid in the 1950s and 1960s, with the British quickly establishing various IRCM flares for British ‘V-bombers’ [4]. At this point, the flares were cylindrical, with the UK Mk 1 Decoy (1963) being 55mm diameter and 5.3 inches long. This was a prototype flare which contained safe and arming devices, as well as the inclusion of Teflon to the magnesium. This was the first prototype to add in Teflon, and this addition of Teflon increased the rise time to peak intensity compared to flares without Teflon in [6]. This was beneficial as it meant the threat would be more likely to be distracted by the flare as it more closely replicated the IR signature of the aircraft [7]. Viton was also added to magnesium and Teflon flares around 1959 to replace Kel-F wax and is included in modern MTV mixtures [8]. Viton is a binder which desensitises the magnesium Teflon mixture, as MT mixture alone is very sensitive to Electrostatic discharge (ESD) [9]. The addition of Viton also makes the composition easier to light, and so MTV is also a good composition for priming if the Viton content is a lot higher [10]. 
To be an effective decoy, calculations were made that a Vulcan aircraft would need to drop a pair of flares at low altitude, and 2 pairs at higher altitude [4]. This meant that the aircraft then needed potentially 4 flares per threat, which decreased the number of threats it could survive due to the limited storage space of the flares in the dispensers. This then prompted the design of different shaped flares, with the ‘Mini-flare’ being developed in 1967- a flare with a 1-inch diameter, and a UH-1D helicopter could carry 154 mini-flares in its dispenser. This design was then made redundant due to safety issues, but the need for making more space-efficient flares was still prevalent. Investigations began into square and hexagonal shaped flares, which would be more efficient uses of space in the tight storage of the dispenser [4]. This work concluded in 1971 that square-shaped cross-section flares were not only more space efficient, but actually provided a better spread of effects, and so square and rectilinear cross-section flares came into development. Since this discovery, most US and UK flares have a square cross section, and the modern format is in the ‘1-1-8 format’, which are the dimensions of the flare cans (1 inch x 1 inch x 8 inches) [11]. 
The combination of a well-designed flare geometry and the right composition mixture brought into commission the 118 MTV flares, which are currently used in a range of designs, geometries, and configurations to protect modern aircraft from IR threats. However, the progression of designing IR decoy flares is continuous, as it follows the progression of IR threats as they become more intelligent. When looking towards the future of pyrotechnics, one potential solution could be to have a 2-part flare, in which the first stage of the burn occurs whilst the platform is still on-board the aircraft, and the second stage of the burn occurs after the flare has been ejected and is a safe distance away from the aircraft. The proposed solution to this engineering problem is detailed below. 

ii. [bookmark: _Toc202962640]Proposed design
The potential solution to the problem of needing a 2-stage burn from an IR decoy flare is to have the on-board architecture countermeasure; a flare with built in hardware that facilitates 2 separate MTV burns from one countermeasure, so that the effect given is doubled and potentially more effective at distracting threats. 
The proposed design features internal hardware which partially ejects the payload from the flare can upon receiving an impulse, causing the first stage of the burn (cylindrical pellet) to start. After the delay burns through, the flare is then ejected fully from the aircraft, and the second stage of the flare deploys (118 pellet) and burns away from the aircraft so as to distract the threat. Initial CAD drawings for this proposed design can be seen below.
[image: ]
[bookmark: _Toc202962660]Figure 1- CAD components of On-Board Architecture design.
[image: ]
[bookmark: _Toc202962661]Figure 2- CAD drawing of 1st stage of burn being completed. Grey cylinder denotes the first payload.
The proposed design features a cylindrical pellet, which is currently planned to be 15 mm in diameter as a guide size. To ensure this diameter of MTV gives the optimal radiant output, 15 mm cylindrical MTV pellets will be tested in comparison with other diameter pellets to compare the outputs.
The design also features a 118 rectangular pellet, however the testing intended for this report is only testing the first stage of the burn to ensure the cylindrical pellet is of the correct surface area for the intended output. The rectangular pellet will then be tested at a later point in the production life cycle.
iii. [bookmark: _Toc202962641]Proposed tests

Before building all-up stores of the on-board architecture flares, initial testing needed to be done on the cylindrical MTV pellets to ensure the countermeasure was being designed with the most optimal shaping possible. The major relationship that needed to be established was to determine how the burning surface area of the pellet affects the radiant output of the MTV. The hypothesis was that the relationship would be linear, and the output would increase when the surface area was increased. 
In order to examine this relationship, the proposed testing was to fire the pellets on a clamp stand on a Pendine block, with a suite of IR instrumentation recording the event to gather the data. This data would then be analysed and graphed so that comparisons could be drawn between the differing surface areas on the pellets. 
Research in this area for pyrotechnics was limited, with the main research being conducted in either other formats (2-1-8- or 2-2-8-inch pellets) or focussing on adding different shapes/carvings to the outside faces of the pellets [12]. The main focus of this research was to examine the relationship when the surface area was increased by increasing the diameter of the pellet that was burning, and this niche topic did not appear to be well covered. This then created a need for this testing to be done before progressing the On-Board Architecture prototype to ensure the most optimised design was being carried forward.




7. [bookmark: _Toc202962642]Chapter 3- Methodology
i. [bookmark: _Toc202962643]Manufacturing
a. [bookmark: _Toc202962644]Process
The first step in delivering this experimental testing regime was to devise what needed to be tested, and to then manufacture them. This process was done in-house from concept to test pellet completion. 
Before building the energetics, a plan was devised of what type of pellets should be tested and built, which then allowed for a smoother manufacture and testing process. The full testing matrix can be found in Appendix A. The pellets in this matrix were derived from existing architectures of flares and use the 118-format and cigarette style format (varying diameters that fit in different flare hardware and have cylindrical pellets) as these are the two most common flare architectures currently in use. The cigarette style pellet provides a constant steady burn surface area by inhibiting all but one side, to allow the burn to progress consistently through the MTV. The pellets were mainly designed to contain an MTV composition which has a burn rate of 4.5 mm/s, but some batches were made with an MTV composition with a burn rate of 13 mm/s to see if there are effects on the output when combining the different compositions with different surface areas. 
Different batches of pellets were required to meet a set of 10 Trial Objectives, with Objective 5 being “Characterise the apparent radiant output of the on-board architecture concept payload in all available wavebands”. Objective 5 specifically looked at measuring pellets designed to replicate the on-board architecture design, so required some batches of cigarette style (in a mould) pellets with both 4.5mm/s MTV composition and 13 mm/s MTV composition, and with 15 mm diameter. 12 pellets in total were made for this objective, with 6 being the slower MTV composition and 6 being the faster composition. The mould the pellets were pressed into was used to replicate the cylindrical hardware that would encompass the MTV pellet within a flare. Therefore, to really understand how the effects of surface area will change within the flare the pellet needed to be encased. 
To understand the relationship between surface area and output by changing the diameter of the pellet, the on-board architecture pellets were to be compared to the other cigarette pellets with different diameters that were also in mould hardware. These included pellets with mould diameters of 8 mm, 12 mm, and 19.5 mm. The 8 mm and 12 mm pellets were made just with the 4.5 mm/s composition MTV, whereas the 19.5 mm pellets also have a batch of 13 mm/s MTV composition pellets to compare with the on-board architecture pellets. The fact that only 2 batches were made using the faster composition was due to limited resourcing, but also so that the highest burn rate could be tested for the on-board architecture payload to show a suggestion of the maximum output achievable. The other diameters were chosen to represent pellets that are designed to fit in other flare designs but are a good representation of which diameter could be included in the on-board architecture design going forward if they proved to be more effective [13]. All pellets, whilst having different diameters, all aimed to have a length of 30 mm to ensure the variable was the diameter of the pellet. This gave a total of 36 pellets being manufactured in mould hardware which are able to be directly compared to each other to observe the relationship between changing the surface area (by modifying the mould diameter), and how this affects the apparent radiant output of the pellets.
b. [bookmark: _Toc202962645]Cigarette Pressing
To manufacture the on-board architecture test pellets, the method involved pressing loose MTV powder into a mould using a hydraulic press and then priming the pellets ready for firing. The method used was a tried and tested method used by the team before and was all done manually by the team in-house.
To start the manufacturing process, the MTV compositions were brought out from storage to the manufacturing facility. As MTV has a risk of being initiated by Electrostatic Discharge (ESD), the full manufacturing process was completed in a facility that meets full conducting requirements (earthed conducting benches, conducting flooring) and full flameproof PPE was worn by staff [14]. All contraband was also removed before entering the site, and only suitably qualified and experienced personnel (SQEP) were tasked to conduct the activity.
The first stage of the process was decanting the bulk MTV into a conducting pot at around 60 g at a time, which was enough MTV to facilitate the manufacture of one batch of 6 x 15 mm diameter pellets (each pellet had an NEQ of around 9.54 g). This can be seen in the image below.
[image: ]
[bookmark: _Toc202962662]Figure 3- Decanting bulk MTV to smaller amounts.
For this format of pellet, the MTV powder was to be directly pressed into a plastic mould in a cylindrical pellet and was to be tested within the mould. Figure 4 shows the empty mould, with the drift used to press next to it.
[image: ]
[bookmark: _Toc202962663]Figure 4- Empty mould with drift.
A hydraulic press was used to press the MTV powder into pellets. This was used within an ALEV (Armoured Local Exhaust Ventilation) chamber so as to protect from unintended initiation of the powder. This is due to the fact that the MTV is most exposed to static discharge during the pressing stage, and so maximum protection was given to this step where possible. The hydraulic press also needed to be calibrated using a load cell prior to use, to ensure the pressure being applied to each pellet was consistent. This can be seen below.
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[bookmark: _Toc202962664]Figure 5- Setting up the hydraulic press.
All the tooling required and listed in the Method Statement was then brought out of storage and readied for the task. The tooling used was made of copper beryllium as this is non-sparking, which again reduces the chance of accidental initiation of the MTV. Once the tooling was laid out and the MTV was ready, the process could begin. The method was as follows:
· Weigh out (using calibrated scales) 9.54g of MTV from decanted bulk store to a smaller conducting pot using weighing scales and non-sparking scoops.
· Get mould and measure inside column length using calibrated callipers. This was then noted down in the logbook.
· Place non-sparking funnel into top of mould.
· Pour in the MTV composition into the funnel, ensuring any composition that gets stuck is gently pushed into the mould with a paint brush, tamping down when necessary to avoid overflow.
· Remove funnel and add the 15 mm drift to the top of the mould. Press down lightly on the drift to compact the powder slightly. 
· Open ALEV door and ensure hydraulic press is lowered to the correct height.
· Carefully move the assembled tooling into the press, securing the drift into the drift capture tool within the press. Shut the ALEV door.
· Pump the press until the pressure on the composition is as desired (this was stated in the method statement as 4 TSI, with the aim being to achieve a pellet length of 30 mm and pellet density of 1.8g/cm3).
· Hold the pressure on the composition for 10 seconds dwell time to allow the powder to consolidate.
· Release the pressure slowly from the press, ensuring the mould does not get stuck or wobble.
· Wait a 2-minute period for any static to dissipate from the pellet.
· Open ALEV door and remove the mould and drift from the press and return to the conducting bench.
· Remove the drift from the mould.
· Measure pellet with callipers to check length before sealing in a conducting bag.
Once all 12 pellets were made, they were sealed in conducting bags, labelled, and sealed in an ammunition container. These were then placed in storage until priming began.
The pellets were primed with a coating of SR661 primer (an MTV based solid primer) diluted with acetone. This was done by soaking the primer in acetone in a Kilner jar to desensitise it and then breaking down the primer with more acetone until it became a runny slurry. The slurry was then painted on to each open side of the pellet. For the 118 pellets this was every side, but for the mould pellets this was just the one open face.
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[bookmark: _Toc202962665]Figure 6- Painting primer onto 118 format pellets.
The pellets were then left to dry and examined when dry to see if the surfaces had a full coverage coating of the primer. When diluting SR661 with acetone, the acetone evaporates once painted onto the pellet and leaves behind the solid primer. This can mean that when painting it on there is not always a full coverage of primer if not mixed thoroughly, so checks were completed after each layer of primer to ensure a full coverage of primer on the whole of the face. This can be seen in Figure 7.
[image: ]
[bookmark: _Toc202962666]Figure 7- Inside the mould, showing dried primed face.
Once the Manufacturing Supervisor was happy, these were then resealed into conducting bags and into ammunition containers, before being stored awaiting shipping to COTEC for firing.
ii. [bookmark: _Toc202962646]Testing
a. [bookmark: _Toc202962647]De-risking Trial
Once the manufacturing of the pellets was complete, the next stage of this testing process was to perform a “de-risking activity” at COTEC. This was a 1-day trial which consisted of firing 8 test pellets to test the setup of the main trial, to ensure the data that was being collected was meaningful and worthwhile, and to help solve any issues with the instrumentation prior to the actual trial so that no valuable data is lost. The pellets fired were 8 x 118 formats, with 4 being 20mm long and 4 being 50mm long.
The setup of the de-risking activity was the same as the planned setup for the main trial. The de-risking activity was achieved by mounting the pellets on a clamp stand on a Pendine block, situated at varying distances from the instrumentation (the expected distance was 60 m, which was then validated as optimum at the de-risking activity). The pellets were held perpendicular to the instrumentation (with a long face towards the instrumentation) and the pellets were ignited with an electronically initiated match head taped to a face of the pellet on the opposite side to the instrumentation. There was also a uniform background (boards provided by COTEC) behind the sample. This can be seen in the Figure below.
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[bookmark: _Toc202962667]Figure 8- Firing point setup.
The pellet was then held in the clamp stand and the initiator (matchheads attached to a shrike initiator) attached by the COTEC Trials Conducting Officer (TCO) [15].
[image: ]










[bookmark: _Toc202962668]Figure 9- Pellet clamped with initiator attached.
The instrumentation was stationed at the main cabin, with the test site being moved by COTEC staff using their own plant equipment. A diagram showing the setup is shown in Figure 10. Flare Test Track
Main Instrumentation Cabin
Test site (moveable)
Uniform background
Instrumentation

[bookmark: _Toc202962669]Figure 10- Map showing trial setup at COTEC

Weather conditions were also considered before firing, and no firing took place if the Trials Manager (TM) considered there to be too much moisture in the air (i.e. rain, drizzle etc). This is due to the fact that rain/excess moisture can cause radiometric results to be uncontrollably skewed, and also for the waterproof protection of the instrumentation. A weather station was used to monitor and record weather conditions at firing so that any impact of changing weather conditions could be taken into consideration during analysis and reporting.
There was a variety of instrumentation set up for the de-risking exercise which was tested ahead of the main trial. This included 4 Xenics Onca Infrared imagers (2 used as spare/backup), 2 high speed Phantom Cameras (1 with a wide field of view, one with a closer image of the burn), a UV (Ultraviolet) camera and a GoPro action camera. Other pieces of instrumentation were used, however are not relevant to this report. The choice of instrumentation was based on the fact that the research work is partly investigative, and it was determined that there was a need to examine the relationship between surface area and output in all available wavebands. Infrared cameras (both short-wave and mid-wave IR) were used as these are pieces of instrumentation the team frequently use, and so all previous flare data from other trials can be comparable to the data from this trial if any need should arise. High-speed cameras were used to try and examine what was happening in the visual band and get valuable slower speed close-up imagery, to try to see timings of when the priming took over from the initiator, then when the MTV started burning, to then a full MTV takeover until full burn. This was also supported by the GoPro action camera. Finally, UV cameras were used to record observations in another waveband- UV allows for observations to be made that may not be seen in the visible or IR bands, so was there to provide extra information to the research.
The trial was conducted by the TCO who would first setup the firing point by removing the pellet from explosive storage, and then attaching the initiator (Vulcan electric matches) to the pellet. Once he was satisfied with the setup, he called for staff to be undercover and called a “minus 30” countdown. This was copied by the Trials Manager, before the TCO then conducted a full countdown from 10 and then fired.
After the firing was complete, the TCO would make the firing point safe before allowing the TM or any other approved member of staff approach the firing point. This process was repeated for all 8 firings, and all 8 pellets fired successfully.

b. [bookmark: _Toc202962648]De-risking results

With the results from the de-risking exercise, the aim was to more closely look at whether the setup of the trial was suitable for the main data capture, rather than looking at actual intensity values to understand intensity output, however this was used to aid the decisions on setup for the main trial.
[image: ]The infrared data from the 20 mm pellets can be seen below in Figures 11-12. 

[bookmark: _Toc202962670]Figure 11- Graphed short-wave Infrared data of 20mm pellets.
[image: ]
[bookmark: _Toc202962671]Figure 12- Graphed mid-wave Infrared data of 20mm pellets.
Although the axis labels have been removed from the graphs, all graphs are on the same scale (up to 16000 ARI [W/sr]) to enable a direct comparison. Intensity in the short-wave is always expected to have a greater value, so whilst the graphs do look very different, they are very similar in actuality. When looking at these graphs, it is clear to see there is some inconsistency with the shapes of the burn profiles of the different pellets. This is particularly evident when looking at Runs 07 and 08 compared to Runs 05 and 06 in Figure 11. Runs 05 and 06 show a slower, more gradual light up of the MTV, and have seemingly less energy under the curve than Runs 07 and 08. This could be explained by the priming- the amount of primer applied to each pellet was inconsistent as it is applied with a paintbrush, and so each pellet has differing amounts of primer. This could explain why there is more energy in Runs 07 and 08 as they may have more primer on them and so have more composition to burn. 
It was considered that this varied output could be due to variation in pellet production aside from priming, however this was dismissed due to the fact that pellets were measured during production and were of reasonable consistency in length. 
It was also considered that the uniform background behind the samples was not sufficient and actually reflected some energy to the instrumentation, so this variability could be caused by the weather conditions (i.e. if the weather was sunnier, there would be more reflection). This then meant that the decision was made to remove the uniform background for the main trial to try to remove this as a variable as much as possible. 
A final consideration was to evaluate whether the type of clamp used was affecting results, as some firings were conducted with a standard clamp, and some with a spring-loaded clamp which would close on the sample as it shrank as it burned. This seemed probable as there was energy lost to the spring-loaded clamp, as the clamp was seen to be bright and hot on the IR imagers after the pellet had burned, meaning it had absorbed some of its energy. The runs that used the spring clamp were Runs 05 and 06, meaning that the loss in energy may be correlated, although only 2 test points to prove this theory did not seem sufficient. As a precaution, it was decided to use the normal clamp for firings at the main trial.
Due to a software error, no analysis was able to be conducted on the UV images captured. The lesson identified was to correct this error before the main trial so that the UV data could be used.
[image: ]Stills taken from the high-speed video can also be seen below, showing the various stages involved in the burn. This includes as the match is lit, the primer taking over, the MTV starting to burn and then into a full burn of the pellet.
[bookmark: _Toc202962672]Figure 13- Still of the matchhead being lit.



[bookmark: _Toc202962673][image: ]Figure 14- Priming starting to ignite on pellet.[image: ]
[bookmark: _Toc202962674]Figure 15- MTV main charge starting to burn.






[bookmark: _Toc202962675][image: ]Figure 16- Full burn of entire pellet.[image: ]
[bookmark: _Toc202962676]Figure 17- Pellet has fully burned out, using all material.
The results of the 50mm firings were also examined using infrared. These are shown below.

[bookmark: _Toc202962677][image: ]Figure 18- Graphed short-wave infrared data for 50mm pellets.[image: ]
[bookmark: _Toc202962678]Figure 19- Graphed mid-wave infrared data for 50mm pellets.


The results from these firings are again consistent with the findings from the 20mm firings, however the comparison of the two lengths allows for initial conclusions to be made on how the surface area is affecting the output, and whether the hypothesis of a linear relationship is correct. The 20 mm pellets have a surface area that is 52% of the surface area of a 50 mm pellet however the average peak output of the 20 mm pellet was measured to be 34% of the 50 mm pellet in SWIR and 41% in MWIR. This is less than expected if it were a direct relationship between surface area and peak output. However, this is an initial conclusion and is not reliable- this is due to the many reasons that results could have been affected as previously mentioned, but also the fact that only 4 firings of each type were conducted, so the sample size is not large enough to be reliable. This data was however useful in correcting the setup of the trial and meant that important adjustments to the setup of the main trail could be made before any data was lost or skewed by inaccurate methods of collection. It is worth noting that this data cannot be directly compared to the data examined in this report from the main trial, as this data is produced from 118 sub-pellets, whereas the main trial data will report on cylindrical mould hardware, therefore the graphs will be to a different scale.

c. [bookmark: _Toc202962649]Main trial
With the lessons learnt from the de-risking exercise, the setup for the main trial was changed slightly so that optimum data collection could occur. The instrumentation used to collect the relevant data for the main trial included:
· 3 x Xenics Onca IR Imagers, one short-wave, two mid-wave 
· 2 x High speed Phantom cameras- one close in, one wide angle
· 2 x UV Imagers- UV-A and UV-A + Blue
· 1 x Spectrometer- running in wavebands of 400nm-1100nm
The addition of the Spectrometer was to see if any observations could be made when looking across the spectra, with the spectrometer measuring between visible to very near IR. 
The configuration of the Oncas was kept the same as the de-risking exercise, but with the addition of an extra mid-wave imager which was trying different settings throughout the trial to see how this affected the data. The 2 high-speed cameras were configured in the same way as the de-risking exercise as they worked effectively. The UV imagers were also configured in the same way, but there was an imager added (UV-A) in order to add a different imager to again draw any comparisons that could be made between the two. 
The main differences to the trial came from the lessons learned from the de-risking exercise, which included removing the uniform background as this could have caused a reflection to be seen on the imagers. Another change was to include an industrial sized fan to be positioned perpendicular to the firing point, with the aim of blowing away much of the smoke that is produced when the pellets burn. This fan is shown below in Figure 20. This was not identified as a factor that was affecting any of the data from the de-risking exercise as there was no correlation between more smoke and different outputs, however it was identified as a possible risk to further data and was uncontrollable due to wind speeds. In an attempt to control the smoke as much as possible, the fan was positioned to the left of the firing point, blowing the smoke across the firing point and away from the imagers. 

[bookmark: _Toc202962679][image: ]Figure 20- Industrial fan hired for eradicating smoke from firing point.
The only other change to the setup was to use the normal clamp for all firings, to help reduce the amount of energy lost to the clamp that was seen with the spring-loaded clamp. This did mean that there was a risk of the pellet falling off the clamp and onto the Pendine block, however this was deemed an acceptable risk as it would not affect the peak output of the pellet as the peak would occur before the pellet falls from the clamp. 
The trial was conducted as before, and of 36 mould pellets that were fired, 34 functioned correctly, with 2 pellets resulting in misfires. One of the misfires was retried with 2 matchheads rather than 1 (which was a common fix for some of the other pellets that did not ignite fully on first try), however the pellet still did not light with 2 matchheads. This may be due to not enough primer on the pellet. The second misfire showed signs of partially lighting, so investigative work needed to be conducted through the analysis to determine if the primer burned but not MTV, or if the MTV partially burned as this could have many root causes. The rest of the pellets burned as intended and can be used for further analysis and comparison.

d. [bookmark: _Toc202962650]Main trial results
After the trial was conducted, it was decided that this report would solely focus on IR data so as to enable a closer examination in the key wavebands of the relationship between surface area and output. 
The first set of data to analyse was the short-wave infrared data, as this can give results which show very clear indicators as to how much radiant output is produced by the pellets. Below is the short-wave IR data for all types of pellet diameter tested.

[bookmark: _Toc202962680][image: ]Figure 21- Graphed short-wave IR data from 19.5mm pellets, with 4.5mm/s composition.[image: ]

[bookmark: _Toc202962681]Figure 22- Graphed short-wave IR data from 15mm pellets, with 4.5mm/s composition.


[bookmark: _Toc202962682][image: ]Figure 23- Graphed short-wave IR data from 12mm pellets, with 4.5mm/s composition.[image: ]
[bookmark: _Toc202962683]Figure 24- Graphed short-wave IR data from 8mm pellets, with 4.5mm/s composition.


[bookmark: _Toc202962684][image: ]Figure 25- Graphed short-wave IR data from 19.5mm pellets, with 13mm/s composition.[image: ]
[bookmark: _Toc202962685]Figure 26- Graphed short-wave data from 15mm pellets, with 13 mm/s composition.

Although axis labels have been removed, all graphs are to the same scale (up to 700 W/sr) to enable a direct comparison to take place, however time has not been changed to allow for better visibility of the results.
From looking at the data in Figures 21-24, it is clear to see that the overall radiant intensity reduces with the diameter of the pellet. The firings are also fairly consistent with each other within each batch, aside from Figure 23. In this case, instrumentation issues caused there to only be 4 recordings for this data, but also the firings that are recorded are not very consistent. Each firing has a varied light-up time, as well as differing peaks and burn durations. This is likely due to the fact that this batch may have had a less reliable priming slurry applied to it, and so have erratic burn times and light up progressions. This could also be due to poor quality MTV, however this batch of MTV was used across multiple batches of mould pellets, so is unlikely. It was however noted in the manufacturing log that for this batch of pellets, some Viton was seen adhering to the bottom of the drift when removed, meaning that perhaps the surface that was primed was lacking Viton and therefore did not light as easily. This was not noted in other batches that were tested with inconsistent light-up behaviour, however, and so may be ruled out as a cause across the testing.
When comparing the faster burning composition (13 mm/s) to the slower composition, it is clear to see that a higher peak output is achieved, however in a much shorter burn duration. This was expected, however it was expected that the 4.5mm/s composition burns should last for around 7 seconds, when they were actually lasting between 12-16 seconds. This is thought to be due to using an MTV mixture which is aged, and therefore the burn rate is actually less than anticipated and more likely to be around 2mm/s. Regardless of this, it is clear to see from Figures 25-26 that a more intense peak of energy will be seen from using the 13 mm/s composition, and so this may have useful applications if the countermeasure is seeking to burn intensely for a shorter period of time. 
Mid-wave IR data was also captured, and this is seen below. As mid-wave IR tends to have a lower output, all graphs have been scaled to a maximum of 350 W/sr.
[bookmark: _Toc202962686][image: ][image: ]Figure 27- Graphed mid-wave data from 19.5mm pellets, with 4.5mm/s composition.
[bookmark: _Toc202962687]Figure 28- Graphed mid-wave data from 15mm pellets, with 4.5mm/s composition.

[image: ]
[bookmark: _Toc202962688][image: ]Figure 29- Graphed mid-wave data from 12mm pellets, with 4.5mm/s composition.
[bookmark: _Toc202962689]Figure 30- Graphed mid-wave data from 8mm pellets, with 4.5mm/s composition.
[image: ]
[bookmark: _Toc202962690]Figure 31- Graphed mid-wave data from 19.5mm pellets, with 13mm /s composition.
[image: ]
[bookmark: _Toc202962691]Figure 32- Graphed mid-wave data from 15mm pellets, with 13mm/s composition.
The results from the mid-wave IR data show the same trends seen in the short-wave, with a difference being that the sharp priming peaks are not so visible in the mid-wave. The data does still show the same relationship between diameter and output, and shows that the higher the surface area, the higher the radiant intensity. 

8. [bookmark: _Toc202962651]Chapter 4 - Evaluation
i. [bookmark: _Toc202962652]Evaluation of manufacturing method
When considering the manufacturing method, there were many positives to be drawn from the method, as well as things that could be improved upon.
The basis of the method worked well, as is evident by the fact that nearly all of the pellets functioned correctly, and clearly is an appropriate process to be reused in the future. The method was very safe and once in the rhythm of conducting it step by step it was a very efficient process. One disadvantage of the method was that when carrying the assembled press tooling with the loose MTV powder inside, there was opportunity for the tooling to slip or be dropped between the workbench and the ALEV. This did occur once, which caused MTV powder to spill, and the work then needed to be stopped. Whilst the team acted swiftly and safely to clean up the spill and assess the tooling for damage, this did cause delays to the manufacture and could have potentially been avoided. However, the only real solution to this was to conduct all of the manufacturing within the ALEV, but due to tight spacing and an inability to see the work well, this was not considered to be a useful solution as it would cause even more delays to the work. 
The major disadvantage to the manufacturing method was the way in which the primer was applied to each pellet. As this was done from making a slurry from dry MTV primer and acetone, this slurry was slightly different every time it was mixed due to it needing to be made as a fresh mix every day it was used, and so it was likely that the pellets had differing amounts of primer on them due to the evaporation of the acetone. The acetone was also not measured when mixing with the MTV primer, nor was the MTV primer measured into the slurry. This would mean that each slurry could have been completely different, and this was seen in some of the IR results as this may explain slower light up times, failure to light the primer or failure for the primer to light the main MTV charge. This effect on results was also likely due to the fact that the primer was applied by different people with a paintbrush, meaning there was no set amount of primer being put on each pellet and there was no way of calibrating this. This would contribute to explaining why some pellets did not light, as they may have had either not enough primer or a mixture of primer that did not include enough MTV. 
To improve this process, it would be highly recommended to manufacture the priming slurry in a different way. This could be by measuring out each part of the slurry to try and ensure a consistent mix. Efforts could also be made to ensure one person does all of the priming to reduce variance in human factors affecting the amount of primer on each pellet. Another measure could be to calculate how much slurry is needed for a batch of pellets and to then measure out some slurry into a conducting pot for each batch. This could help to ensure that the same amount of primer is being used across a batch, which would limit the amount of variation across the whole data set.
ii. [bookmark: _Toc202962653]Evaluation of trial method
One of the main benefits of conducting a de-risking exercise was to identify a lot of the issues with the trial setup prior to the main trial commencing. Many of the issues identified in the de-risking exercise were acted upon before the main trial- these are issues such as smoke obscuration, clamp setup and instrumentation configuration. This meant that the running of the main trial was smoother and was able to be more efficient in things like setup and pack-down due to the organisation of the team. 
This did not mean that the main trial was without its issues, however, with a few small problems appearing during the trial. One of the issues experienced on the trial was the effect of wet weather on the instrumentation. This was partly due to the fact that there were not enough wet weather covers for all of the kit, which was essentially caused by a planning issue. For the next trial, additional covers are to be purchased to cover this issue. An issue with the actual method of the trial was that frequent covering and uncovering of the instrumentation caused some imagers to be knocked out of alignment, and also for them to de-focus whilst covered. This slowed the trial down as it meant focusing and alignment needed to occur regularly, and so if this issue could be removed then it may have caused the trial to be more efficient. A solution to this issue was to have custom-made hard covers for the imagers that did not actually touch them, so they should then not be knocked out of alignment.
With regards to the actual setup at the firing point, it was noted that due to using a clamp which didn’t shrink with the pellet as it burned, the pellet would fall out of the clamp stand and onto the Pendine block before it had completed its burn. This then meant that the analysis of the end of the burn may not be wholly accurate, and so a solution for this would be to adapt the manufacturing method to enable the pellet to be clamped better. This could be done by way of manufacturing the pellets with a stick inserted into them which would then be held by the clamp, rather than the bare pellet. It was also noted that whilst the use of the large fan did help with clearing smoke away from the firing point, it also blew the pellet out of the clamp at points. This issue would be solved by the previous solution of including a stick into the actual pellet and means that the fan can still be included in the method to help with clearing the smoke.
Finally, the TCO switched mid-way through the trial to using some quick attachment clips to attach the matchheads to the shrike initiator, which greatly reduced his setup time and meant that the firings could be conducted in a much more efficient manner. This was noted as a positive change which would be used in future trials to ensure a quick turnaround of the firings.
In conclusion, it was incredibly beneficial to conduct a de-risking exercise to identify the main issues with the trial before any valuable data is lost, however the de-risking exercise would not enable all issues to be found straight away. A recommendation for future trials would be to conduct a de-risking exercise which is longer and with more firings so that more issues could potentially be identified.
iii. [bookmark: _Toc202962654]Evaluation of trial results
When analysing the data from the main trial, it is clear to see that there is a linear relationship between burn surface area and radiant intensity output, and this supports the original hypothesis of the experiment. This is the general trend that is seen across all of the IR data, so it is concluded that the hypothesis is correct. 
When looking closer at the IR data, the burn surface area can be calculated and examined as a percentage against a percentage of the shortwave IR radiant intensity output to further confirm this, for example if a pellet had a burn surface area of 50% against another pellet, it would be expected that the radiant intensity output would also be around 50% of the other pellet’s output. For the pellets inside the mould, the burn surface area is calculated by calculating the area of the single primed face, so for the 15mm diameter pellets, the burn surface area is 176.7mm2. This was calculated by using the area of a circle (. This method was used to calculate the burn surface areas for all 4 sizes of the mould pellets. A value for the average peak output was calculated by finding the highest value output from all runs in the batch and then averaging this number to get an average peak output. This is shown in the Figure 33. This table only calculates the averages using the 4.5mm/s MTV composition.




	Pellet diameter
	Burn surface area (mm2)
	Percentage of 19.5mm burn surface area
	Shortwave Average peak output (W/sr)
	Percentage of 19.5mm shortwave average peak output

	19.5mm
	298.6
	100%
	206.0
	100%

	15mm
	176.7
	59.2%
	173.7
	84.3%

	12mm
	113.1
	37.9%
	86.5
	42.0%

	8mm
	50.3
	16.8%
	41.7
	20.2%


[bookmark: _Toc202962692]Figure 33- Table comparing percentages of burn surface area to percentage of peak outputs observed in shortwave IR.

From the table above it is clear to see that the 12mm and 8mm pellets show a linear relationship between burn surface area and average peak output, as the two percentages shown for these pellets are relatively similar and roughly what would be expected in a linear relationship. An observation can be made, however, that the 15mm pellet has a higher peak output percentage than expected. This could be due to the fact that the ‘peak’ value was taken as being the highest value point on the graphs and averaging them, meaning that the intense priming spike is included in these results. This priming spike is not so obvious in the other graphs, meaning it may impact the results of the 15mm pellets more than the others and so therefore skew the output percentage of the 15mm pellets. However, when looking at the general trend of the 15mm pellet graph rather than the peak averages, the 15mm pellets appear to form the same trends as the other graphs and give an overall output that is reasonably expected for this size. These results not only highlight the fact that the relationship between burn surface area and output may be linear but also highlights that the 15mm pellets may be less accurate due to the priming spike and may need further investigation. 







9. [bookmark: _Toc202962655]Chapter 5 - Conclusion and Recommendations
To summarise, it has been established that the relationship between burn surface area and apparent radiant output is largely linear, with the output decreasing in an expected way as the burn surface area decreases. This is however not quite the case when examining the 15mm pellets, which have a higher output than expected in comparison to their surface area. This may mean that 15mm pellets may need further testing with less priming to see their true burn with less of a priming spike, or further analysis may be needed to determine a true peak output from the MTV pellet only.
In terms of recommendations for future trials, many lessons were learned whilst conducting the manufacture and trials of these pellets. One major change that needs to be implemented is controlling the amount and quality of primer applied to the pellets, as the variation in the primer has caused some of the results to be more varied in light-up times than anticipated.  When considering the trials conducted, another recommendation would be to conduct de-risking exercises with a number of test points which allows for initial conclusions to be drawn. This helps to aid the smooth running of the main trail and allows for issues to be identified early enough that it does not impact the main trial data.
When considering the future of the on-board architecture development, it would be recommended that the next stage be to conduct further investigations into the 15mm pellets and then test the two stages of pellets burning together in a prototype to test the function of the flares, before then delving into further development and bringing the flare into service. Ultimately, the testing conducted in this report has allowed the development stage to move forward knowing that the pellet burn surface area has a linear relationship with the amount of radiant output given, and this knowledge can be relied upon to calculate the optimum pellet diameter needed for the on-board architecture design.
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Appendix A- Table of all pellets manufactured and tested within the trial. 
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