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[bookmark: _Toc119579582]Abstract 200

Cylinder expansion testing is a commonly used method to develop understanding of the explosive and its characteristics and understanding of explosive materials. Testing was carried out to compare C10100 copper tubes used in such tests with that of a generic, cold-rolled, seamless steel alloy. The objective was to ascertain if steel could be considered a cost effective alternative to the comparatively expensive copper with regards to useable Equation of State variables such as volume expansion, wall velocity, and velocity of detonation and Chapman-Jouguet pressures. 
Explosive tests were conducted using copper and steel tubes filled with a military grade plastic explosive, PE8, and various instrumentation techniques to collect data. This was then analysed and the results for the copper tubes were compared with the steel. The steel tubes were found to produce approximately half the volume expansion values when compared to copper and proved more stable with regards to wall velocity values.  It was proven that detonative characteristics of the explosive was not effected by tube material. 
Steel tubes are therefore a viable alternative to copper for cylinder expansion tests, reducing their overall cost of the experiment, allowing for additional data sets to be produced at the same cost of copper tests, and improving data collected for explosive
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[bookmark: _Toc119579584]Explosive theory
The use of explosive materials varies widely across industry with each sector requiring different properties and characteristics from the materials. The Mining sector, for example, typically requires an explosive of relative low detonation velocity but high positive phase, or impulse, as found in materials such as ANFO (Ammonium Nitrate/fuel oil) [1]. These features create a heaving effect to move large quantities of earth. In contrast, military applications typically require high detonation velocities in order to rapidly overcome casing material properties and create fragmentation [2]. Whilst both these sectors may require different characteristics with regards to detonation, understanding the sensitivity properties of any explosive material is of paramount importance. 
Explosives function by rapidly evolving gas to be many times larger than the unit mass of the original solid or liquid material. Detonation is achieved when the gas generation occurs at such speed that the surrounding material is compressed to the point of its own reaction. This chain reaction propagates through the material from the origin point outwards, until all the material has reacted or the compression effect is reduced, for example, by an increase in the surface area of the material. This rapid expansion produces a shockwave wave, the magnitude of which is proportional to the speed and force of the detonation.  
Peak pressure is the largest pressure value recorded immediately after an explosive detonates with impulse being the positive phase duration seen post peak pressure, see Figure 1 Friedlander curve [3]. Impulse can be tuned through the addition of materials, such as Aluminum, to an explosive composition. The Aluminum reacts after the initial detonation effect and generates a secondary combustion, increasing the total gas volume of the event and the impulse of the reaction. As the Aluminum reaction occurs after the detonation, it does not affect the peak pressure response of the explosive.  
Sensitivity is the ease of which a reaction occurs when the explosive article under investigation is exposed to various stimuli such as impact or friction. Understanding how the explosive material being used reacts to stimulus is vital to not only the safety and wellbeing of those working with the material but also for the design and delivery of the experimental arena and overall testing. If, for example, the explosive being used is known to greatly increase in sensitivity if grit is introduced to its make-up then consideration must be made for the experimental arena and items such as sandbags should be replaced with suitable alternatives. 
If an explosive material is confined by a casing, such as is in Cylinder Expansion experiments, the gas production acts upon the casing forcing it outwards until the case materials elastic properties are exceeded and it fractures. The point at which break-up occurs is determined by the ductility of the case material used, i.e. how much plastic deformation occurs. This feature also dictates the size to which the tube will expand before rupture and to some degree the throw angle of the case fragments, a feature which is used to design artillery shell casing.  

[image: ]
[bookmark: _Ref116898072][bookmark: _Toc119579620]Figure 1 Friedlander curve [3]


[bookmark: _Toc119579585]Background Research 

Cylinder Expansion (CYLEX) tests were first developed by Lawrence Radiation Lab in the 1960’s [4] and allowed for more accurate measurement of variables such as detonation velocity, Gurney energy and Chapman-Jouguet (CJ) pressure of an explosives’ performance; when compared to such tests as the plate push or flat plate tests [5]. The test design called for a metallic cylinder to be stemmed with the explosive under test which was then detonated, usually with the assistance of a booster, at one end [6]. The propagation of the detonation front through the explosive material under test, produced large volumes of gas which drove the cylinder walls outwards. The velocity of the cylinder walls, measured at several volume expansions, was used for generating an Equation of State (EoS) whilst the maximum lateral velocity derives gurney energy [4]. CJ Pressure was also measured within a CYLEX experiment and further contributes to the EoS calculations. Once derived, these variables were then used in computer modelling tools to further analyse the explosives’ properties. The use of computational models allows for significantly more testing, experimentation and analysis to be conducted than would be financially feasible with physical testing alone. Indeed, CYLEX experiments carry significant cost not only finically but also with regard to time/manpower as well as the physical explosives required to carry out the test. The ability to model explosive testing and limit the quantity of physical testing to that necessary to validate the model greatly reduces the risk factor attached to the explosive analysis. Modelling of an explosive test is also considerably safer than carrying out a physical test. Modelling further supports the quantifying of explosive materials that are only available in small quantities due to, for example, cost, rarity or stability as to model a test does not require a physical quantity of the material. Rather the only material needed would be limited to that required to validate the model. 
CYLEX cylinders are typically made from copper, with Oxygen Free High Conductivity (OFHC), in particular C10100, being widely used. This is due to coppers’ high ductility and the requirement for the cylinder to remain intact whilst expanding during the detonation phase in order to achieve volume expansion ratios suitable for accurate EoS calculations. C10100 copper is highly regulated with low impurities therefore allowing for the removal of some unknown variables from the experiment and an element of standardisation. C10100 however is expensive, difficult to supply in large quantities and in constant demand by various other global markets such as the Energy Market. Supply problems are in part due to the large use-base of C10100 within the Energy market, specifically for electronic components from wiring to superconductor matrixes [7].
These limitations contributed to development of mini-CYLEX [8] and other tests which have been developed such as the Disc Acceleration eXperiment (DAX) [9] which removes the use of a copper tube in favour for the measurement of a steel or copper flyer plate accelerated by the explosive under test. 
Understanding the detonative properties of an explosive material is paramount to the determination of an EoS, such as the Jones Wilkins Lee (JWL), [10] [11] [12] as well as Gurney energies [13] [14]. 


[bookmark: _Ref118807208][bookmark: _Toc119579643]Equation 1 JWL equation of state (EoS)
Equation 1 JWL equation of state (EoS) shows a common JWL equation, such equations are used to describe detonation products of explosives and therefore their performance within a model, particularly the explosive-metal interactions [15]. Variables such as Pressure, entropy, VoD and CJ Pressure are required as functions before such an equation can be applied, hence the existence of such tests as CYLEX.
[bookmark: _Toc119579586]Velocity of Detonation
The velocity of detonation (VoD) is the speed at which the detonation front propagates through an explosive material. Military grade explosive such as that used for these experiments has a typical VoD value of 7000-9000 meters per second. The variability of the measurement is a result of changes in factors such as density, purity, crystal structure size and shape [16]. It is noteworthy that military explosives are not typically designed to produce highly accurate or repeatable outputs, at least not to the degree expected in the scientific field.  Rather they are designed with endpoint effect as the measurable, I.e. the destruction of a building or break up of a casing. These outputs can be achieved to the desired degree with a material whose VoD variance is measured in the thousands of meters per second, providing the lowest data point is sufficient for the requirements. Over kill is unimportant. 
[bookmark: _Toc119579587]Explosive properties 
The explosive material selected for use during the testing was a military grade plastic explosive, specifically PE8. This was chosen due to its commonality, handling properties, stability and overall relative safety when compared with other explosive materials. PE8 utilises a three part blend of explosive, plasticiser and Taggent with the explosive of choice being RDX at approximately 86% max weight, 12.5% plasticiser and 1% Taggent [17]. The latter provides the ability to trace PE8 by producing a distinctive feature sensors, such as those found in airports, are pre-programmed to identify. 
PE8 detonates at a nominal 8000m/s making it a fairly standard high explosive formulation which can be used in generic applications such as filler for cutting charges and general demolitions [17], due to the plasticiser, PE8 is easily worked by hand into a variety of shapes making it a good choice for stemming the copper and steel tubes used for testing. The stemmed tubes were x-rayed before testing with the intention of find any voids that may have been created during the process, a concern that was highlight in previous CYLEX experiments which utilised plastic explosives carried out within the company. See Figure 2 PE8 Stemmed Tube X-ray Cross Section.
The plasticiser also adds to the material safety characteristics by providing a coating of inert material around the RDX crystals that absorb energy from stimuli such as impact or friction. 
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[bookmark: _Ref119568083][bookmark: _Toc119579621]Figure 2 PE8 Stemmed Tube X-ray Cross Section

[bookmark: _Toc119579588]Chapman Jouguet (CJ) pressure
The CJ pressure of an explosive material is another parameter used to assess a materials’ performance. It is also used as a calibration mark for explosive modelling and EoS calculations. CJ pressure gives a benchmark for a materials’ detonation properties which can be expressed as regions on a Rankine-Hugoniot graph. These regions denote the strength of the detonation or deflagration of a material depending of where the CJ point is found to exist. See Figure 2 Rankine Hugoniot Curve describing solutions of combustion. 
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[bookmark: _Ref118800225][bookmark: _Toc119579622]Figure 3 Rankine Hugoniot Curve describing solutions of combustion [18]
[bookmark: _Toc119579589]Gurney energy 
Gurney energy is a variable used to characterise the ability of an explosive to accelerate metals. Such outputs however are subject to several assumptions such as assumption of a homogenous density of detonation [19] and in the cylinder style gurney model, the assumption that all energy from detonation is being directed at the plate and that the detonation wave is instantly planar. 
[bookmark: _Toc119579590]Wall velocity and Volume expansion 
Wall velocity is the speed at which the tube walls are moved outwards as a result of the expanded gases acting upon them as the detonation wave propagates through the explosive. This speed is used in EoS computer modelling to inform the material properties of the tube the explosive material under evaluation is contained within. 
Volume expansion is the maximum volume achieved by the tube before rupturing, this is measured in multiples of the original volume; for example an expansion value of 8 is 8 times the original volume. This data is used in computer modelling and acts as the point at which the model stops, the model cannot give viable data past the point of tube rupture. Using a material that yields high volume expansions allows the model the run for the longest time possible and therefore provide more data to inform EoS of the explosive material under test.  

[bookmark: _Toc119579591]Introduction 

Through research, limited evidence has been found that any significant attempt has been made to find a suitable alternative to high quality copper as the cylinder material. Rather, as Pemberton shows, various alternative test systems have been developed or amalgamated to reduce cost [20]. Steel has been used as a replacement for copper in cylinder expansion tests as seen in Svingala’s work [21]. However, this was in response to the critical diameter of the material under test requiring a significantly larger cylinder and therefore a great additional cost. No other literature has been found by the author to have investigated whether steel or alternative alloys can replace copper for a generic, mini- CYLEX, test regime. 
[bookmark: _Toc119579592]Material properties 
Ductility is measured by firstly the determination of the elongation of a test material with respect to its original length, typically expressed in percentages, and the percentage reduction of the test materials cross sectional area. C10100 copper gives and elongation at break of 55% [7] whilst cold-rolled steel alloys sit between 10% - 20% depending on specific manufacturing parameters [22]. 
As previously stated, C10100 copper is used due to its high ductility and quality through the stringent specifications placed on the material. 
The steel selected for testing was a generic, cold rolled seamless tube of identical diameter to that of the standard copper tubes in inventory. This was to represent the cheapest conceivable option for a metallic material with a seamless option specifically identified to reduce to risk of premature rupture through the weaker region that any seam would produce. 
[image: ]
[bookmark: _Ref118796407][bookmark: _Toc119579635]Table 1 Material Measurements
As shown in Table 1 Material Measurements the C10100 copper tubing used were considerably more consistent between individual tubes than the steel counterparts. This is further evidence that, when using C10100 copper as the tube material within Cylex experiments, a level of standardisation is present as it can be assumed all tubes used have the same parameters. This is due to the high level of specification required by industry to regulate C10100 as opposed to the steel, cold rolled seamless hydraulic grade used. 
[bookmark: _Toc109390289][bookmark: _Toc119579593]Method

[bookmark: _Toc119579594]Paper work 
During the planning and organisation of the trial the author was involved in the writing and reviewing of both the trials plan and risk assessment paper work [23] , specifically the instrumentation section regarding the set-up and safe use of systems and techniques. I engaged with a senior member of the trials team for reviewing and official sign-off permissions. 


[bookmark: _Toc119579595]List of Equipment 
Instrumentation 
· Sim 16D Ultra High Speed (UHS) Framing Camera
· Phantom v2512 High speed camera (HSV)
· Heterodyne Velocimetry – (HET-V)
· HBM Gen7t Data Acquisition device (DAQ)
· Pulsed power supply (PPS) – for use with Manganin-strain gauges
· Dynasen Pin Mixer – for use with Ionisation pins 
· Dell Laptops for data collection
· KeySight Agilent 32GS/s oscilloscope – for Het V 
Energetics 
· 15kg PE8
· 15 HV, RP83, detonators

Consumables 
· Tubes – 9 copper, 4 steel. 
· Table tops, 12mm MDF
· White gloss hard board – back ground
· Top hats – 3d printed
· Charge stands – 3d printed
· Megga-Flash Magnesium flash bulbs – to provide illumination for cameras 
· Dynasen Manganin-Constanten combined stress and strain gauge
· Fibre optic for Time Zero measurement 
· Ionisation pins – Time of Arrival Devices (TOAD’s) 
· Mirrors 
· Sand bags – cable protection
Infrastructure 
· Mirror stands 
· C-Channel cable armour – cable protection 
· Charge table – angle iron table frame

Software 
· PCC 3.6 Phantom Camera
· HBM Perception – DAQ viewing software
· Specialised Imaging SIM2 software 
· MATLAB 2019A

Particular attention was paid to equipment that presented an increased risk to the trials personnel, such as the use of ionisation pins as time of arrival devices (TOADs). These were required to be operated at 100V in order to provide a strong signal of their function. These devices were discussed at length with the Trials Conducting Officer (TCO), whose role is to be the experiments health and safety primary and the individual in control of and responsible for the explosive in use, this includes the safe firing of said explosives. A procedure was agreed in which they would turn the devices on once the detonator is placed and when all other personnel were in the control room. The same procedure was implemented for arming the flash-bulbs used for additional lighting. An increase in risk to the TCO was identified as should these bulbs function prematurely the TCO could be temporarily blinded whilst handling an explosive charge. A brief guide was written up and training delivered to the TCO in order to ensure systems were turned on, not only correctly, but in the correct order so as not to create a premature trigger signal. These mitigating procedures allowed for the continued use of flash-bulbs as the risk had been managed to an adequate level. Alternative lighting would have proven challenging due to the destructive nature of the experiment creating considerable fragmentation and the necessity to positon illumination in close proximity to the charge. This proximity is required due to the HSV and SIM cameras using very short exposure times and therefore producing dark images. 
[bookmark: _Toc119579596]Range Plan 
The trial was conducted on a Dstl range within the armoured blast chamber located at OP13. The charge was located in the centre of the chamber, with mirrors used to allow the Phantom Camera and SIM16D Framing camera to view the charge from outside, and at 90o. These cameras were located in an armoured container on the adjacent concrete pad see Figure 2 - Trials site arrangement [24]. The remaining instrumentation was located inside the instrumentation room attached to the chamber with signal cables being passed through a port in the wall and into the chamber itself. See Figure 1 - Trial Instrumentation Diagram.  
The charge was positioned on a metal table frame with a 12mm thick MDF board used as the table top. White gloss hard-board was used to provide a back-drop for the camera imagery with flash bulbs located on the opposite side of the table to provide front-lighting to the event. The charge was held vertically in a 3D printed stand which further allowed for the accurate positioning of Ionisation Pins, these acted as TOADs along the length of the tube. Het-v collimators were also fitted to the stand at known distances from the surface of the tube (35mm). See Figure 3 - Charge table arrangement [24]. A second type of charge stand was used when deploying the Manganin-Constanten gauges, this had the base removed to allow for the fitting of the gauge block below the charge See Figure 7 Handmade Charge Stand with Pins and Manganin-Constanten Gauge and Figure 6 3D Printed Charge Stand with Pins Positioned. 
[image: ][bookmark: _Ref109988469][bookmark: _Toc119579623]Figure 4 - Trial Instrumentation Diagram
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[bookmark: _Toc119579624]Figure 5 - Trials site arrangement [24]

[image: C:\Users\jlmungham\AppData\Local\Microsoft\Windows\INetCache\Content.Word\DSC_0051.JPG][bookmark: _Toc119579625]Figure 6 - Charge table arrangement [24]

[bookmark: _Toc119579597]Shot plan 

	Shot Type
	Explosive
	Tube Material
	No of Firings

	Shake-down
	PE8
	Copper
	3

	Copper
	PE8
	Copper
	3

	Steel
	PE8
	Steel
	3

	Repeats
	PE8
	Copper or Steel
	3


[bookmark: _Toc119579636]Table 2 - Shot plan [23]

[bookmark: _Toc119579598]Measurements 
[bookmark: _Toc119579599]Volumetric expansion
Both High-Speed-Video (HSV) and SIM16 framing cameras were used to measure the volumetric expansion of the tubes. Due to limitations in resolution as a result of frame rate requirements the HSV camera was only able to image one half of the tube’s surface area during testing. As a result volumetric expansion was assumed to be symmetrical. The SIM16 was able to record the testing at a suitable resolution to both sides of the tube and so these assumptions were not necessary with this technique. More specifically, the Phantom 2512 Mono-chrome high-speed camera used during testing is capable of 1,000,000 frames per second (fps) with a resolution of 128 x 32 pixels whereas the SIM16D framing camera can run the same fps but with 1360x1024 resolution. This larger resolution allows for a larger FOV to be achieved whilst still maintaining a suitable level of detail within the image.   
HSV & SIM16
Expansion was determined by first taking the original diameter of the tube as seen on the recorded footage prior the detonator functioning. This was used to resolve the volume of the tube. 
During the detonation phase of the recordings each frame was taken with Pixel locations of the expanding edge of the tube wall were noted and used to determine the increasing diameter as the detonation wave propagated down the tube. The final measurement was taken from the frame immediately prior to the first frame depicting the tubes break up, this is determined to be the rupture point.
As with HSV, the tubes starting volume was determined with the recorded initial diameter and known length. Due to the resolution, as outlined above, of the SIM16 camera the full tube was able to be viewed during the detonation. 
The Sim16 framing camera functions by taking 16 still images in very rapid succession, the speed, exposure, delay and inter-frame time period can all be manipulated from its software and can result in frame rates of several million frames per second (fps). A similar approach to that used with the HSV recording was applied to the SIM16 images. Pixels nearest to the frontal deformation section of the tubes were selected with corresponding x and y coordinates recorded. This allows for a data set to be produced that tracked the outwards movement of the tube walls as the detonation wave propagated through the explosive material. 
Volume expansion was calculated by registering every time the expansion of the tube surpassed 100% of the original volume calculated, this being noted as 1 volume expansion and so on until tube rupture was noted. 

[bookmark: _Toc119579600]Velocity of Detonation
Data was collected through several different measurement techniques in order to provide data sets that could be compared and analysed. 
TOADs
Ionisation pins acting as TOADs were deployed vertically down the sides of each tube in two arrays, the pins were positioned 10mm apart and 1mm from the tube surface. Bespoke charge stands were designed and 3D printed to assist in the accuracy of the placement, which was recorded before each assembly was positioned in the firing chamber, see Figure 6 3D Printed Charge Stand with Pins Positioned and Appendix 

[image: ]
[bookmark: _Ref119405629][bookmark: _Toc119579626]Figure 7 3D Printed Charge Stand with Pins Positioned
[image: ]
[bookmark: _Ref119412031][bookmark: _Toc119579627]Figure 8 Handmade Charge Stand with Pins and Manganin-Constanten Gauge


Each pin was connected to its own channel of the HBM GEN3i data recorder (DAQ), set to record at 100 mega-samples per second for a 0.5 second duration. Each Pin required its own channel so as to provide a single data point which could be linked to that pins location with regards to the tube. The option to place multiple pins into each data recorder channel was discussed however whilst this option does allow for more data points, it does not allow for individual pins to be identified. In order to ensure a high likelihood of data collection, a secondary trigger voltage was assigned to the first pin in each array and therefore the DAQ was preloaded with a 20% pre-trigger. This ensured that if the secondary triggers were required and used, any previous data collected before the pin was contacted would still be recorded. Primary trigger failure may be caused by simple human error, i.e. the trigger not being activated or turned on before the shot, or by equipment such as the firing pack not producing enough output voltage to trigger the delay generator used as the primary trigger mechanism. 
Upon detonation of the explosive, the tube walls expand outwards and contact the pins, creating a bridge between the positively charge inner core and the negative outer. The resulting voltage output gives a time of arrival of the tube wall to the pin however after this event significant noise is present of the trace as the pin is still actively being recorded at this point. The resulting data file consisted of a sharp rise from the zero voltage line followed but noise. In order to ensure the same point was used on each trace the 5V point was selected at which measurements were taken from each pin. The corresponding time stamps of this event were also noted. With the distance between pins known to be 10 millimetres this allowed for distance over time to be determined and therefore velocity. 
HSV & SIM16
[bookmark: _Toc109390290]High-Speed-Video was also deployed with the intension of capturing both Wall Expansion, and Velocity of Detonation measurements. The camera was placed at a known distance to the charge location with reference imagery of an object of known length on the shot line being collected before each test was carried out. These images provided a reference image from which a calibration of millimetre to pixel ratio could be determined for each individual test and noted alongside the cameras location values such as distance from charge and height from ground. See Figure 8 HSV Calibration Image
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[bookmark: _Ref119567141][bookmark: _Toc119579628]Figure 9 HSV Calibration Image

For each recording, a series of frames and corresponding timestamps were selected and noted. Within each identified frame pixels were selected from the corner of the tube as the detonation front propagated down, x and y coordinates were noted for the given pixel. The x coordinate was maintained in order to provide a perfect vertical path down the tube’s length with the y coordinate changing with the detonation’s movement downwards. This allowed for a record of pixel over time to be recorded. 
Pixel values were then turned into spatial measurements using the millimetre to pixel ratio calculated from that shots calibration image. This then allows for distance over time to be determined and therefore velocity. 
A SIM16 framing cameras was also used for VoD measurements, due the resolution achievable and the desired framerate it was possible to film both sides of the tube. This allowed for measurements of both sides for each test, not only increasing the data set per-shot but also allowing confirmation of whether the tube deformed in a uniform fashion.
 
[bookmark: _Toc119579601]Data

Thirteen tests were carried out during the experiment, said tests were named shots for the purposes of working procedure and internal paperwork. Table 3 Shot list of material and technique success depicts which tube material was under test and the success or failure of instrumentation equipment to capture data from that test. 
	Shot
	Material
	SIM16D
	HSV
	PINS
	HET-V

	1
	Copper
	N
	N
	Y
	Y

	2
	Steel
	N
	Y
	Y
	N

	3
	Steel
	Y
	Y
	Y
	Y

	4
	Steel
	Y
	Y
	Y
	N

	5
	Steel
	Y
	Y
	Y
	Y

	6
	Copper
	Y
	Y
	Y
	Y

	7
	Copper
	Y
	Y
	Y
	Y

	8
	Copper
	Y
	Y
	Y
	N

	9
	Copper
	Y
	N
	Y
	N

	10
	Copper
	Y
	N
	Y
	N

	11
	Copper
	N
	Y
	Y
	N

	12
	Copper 
	Y
	Y
	Y
	N

	13
	Copper
	Y
	Y
	Y
	N



[bookmark: _Ref118812316][bookmark: _Ref118812374][bookmark: _Ref118980267][bookmark: _Ref118980313][bookmark: _Toc119579637]Table 3 Shot list of material and technique success
[bookmark: _Toc119579602]Velocity of Detonation 
Figure 8 Detonation variance shows the graphical output of each calculated velocity, from the tests, as measured with ionisation pins. This technique was selected for graphing due to its high success rate, as shown in Table 3 Shot list of material and technique success.


[bookmark: _Ref118978897][bookmark: _Toc119579629]Figure 10 Detonation variance

[bookmark: _Toc119579603]Chapman Jouguet
Giga Pascal (Gpa) pressure outputs were found and recorded from each technique used for this measurement, these outputs were then averaged as shown in Table 4 Chapman-Jouguet Results using VoD Method

	Shot
	VoD Based Methods

	
	copper
	Steel

	
	Gpa
	Gpa

	1
	
	

	2
	
	21

	3
	
	21

	4
	
	22

	5
	
	22

	6
	16
	

	7
	24
	

	8
	36
	

	9
	26
	

	10
	24
	

	11
	21
	

	12
	28
	

	13
	30
	


[bookmark: _Ref118981382][bookmark: _Ref118991179][bookmark: _Ref118991251][bookmark: _Toc119579638]Table 4 Chapman-Jouguet Results using VoD Method
[bookmark: _Toc119579604][bookmark: _Toc109390291]Wall expansion 
Figure 6 Wall Velocity Box Plot shows the individual data points, the overall average of these points as well as uncertainly bars. Each data point represents the overall averaged value of each test, this was carried out as multiple instrumentation techniques were utilised for this measurement. 


[bookmark: _Ref118972551][bookmark: _Ref118972647][bookmark: _Toc119579630]Figure 11 Wall Velocity Box Plot
Volume expansion data points were collected via several instrumentation techniques, there were then averaged to give and overall value for each test. These values were graphed and shown in Figure 7 Volume Expansion box plot.

[bookmark: _Ref118981144][bookmark: _Toc119579631]Figure 12 Volume Expansion box plot


[bookmark: _Toc119579605]Analysis
[bookmark: _Toc119579606]VoD

	
	Average (m/s)
	Standard Deviation (m/s)
	Coefficient of Variance (%)

	Copper
	7965
	625
	7.8

	Steel
	7741
	821
	10.5



[bookmark: _Ref118981426][bookmark: _Ref118982262][bookmark: _Toc119579639]Table 6 Copper Vs Steel VoD
Table 6 Copper Vs Steel VoD shows the averaged VoD, standard deviation and co-efficient of variance found from analysis of the data sets acquired during testing. Coefficient of variance is independent of the number of data points collected. This is due to “co of var” being found by the standard deviation divided by the average. These are overall, averaged, values from SIM16D, HSV and TOADs results. 
Figure 8 Detonation variance depicts the variance of detonation velocity from the TOADs data set. This data set was used as it is the most complete with fewer missed points than the other measurement techniques. As shown, there is no discernible correlation in the graph between tube material and detonation speed. This is further supported with the average velocities from each test set having a 224m/s difference as shown in Table 6 Copper Vs Steel VoD. 
The large spread of detonation velocities depicted in Figure 8 Detonation variance is fairly typical of plastic explosives as used in military applications. Such materials have not be designed for highly accurate or stable VoD outputs rather they are intended primarily for demolition activities, a comparatively imprecise exercise.   
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	VoD Based Method

	
	Copper
	Steel

	
	Gpa
	Gpa

	average
	25.5
	21.5

	stdev
	6.1
	0.2

	co of var
	24%
	1%


[bookmark: _Ref118981131][bookmark: _Ref118986318][bookmark: _Toc119579640]Table 7 CJ Pressure Average, stdev and, Co of Var outputs
Table 7 CJ Average, stdev, Co and Var outputs appears to show steel as the optimum choice when compared to the copper tested. However when assessed against the original data in Table 4 Chapman-Jouguet Results using VoD Method it becomes apparent that of the four steel tests carried out, only two values were found, 21Gpa and 22. As RDX, the explosive component of the PE8 used during testing, has a known value of approximately 30Gpa if can be inferred that copper tube, the testing of which did attain values of 30 to be more accurate. 
Further comparison of CJ pressure and volume expansion data shows that the steel tubes ruptured earlier in the detonation process, this is evident through the lower volume expansion figures as shown in Table 9 Volume Expansion result table. It can be inferred that due to the steel tubes rupturing early a lower CJ pressure is seen therefore making steel a less-ideal candidate for tube material than copper. Direct comparison of recorded footage could also be used however this may not account for any rupturing that may have occurred on the back side of the tube and therefore out of line of sight of the cameras. 
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[bookmark: _Toc109390292]
	
	All
	Steel
	Copper

	average
	1668.0 m/s
	1384.0 m/s
	1794.2 m/s

	stdev
	270.5 m/s 
	140.6 m/s 
	209.9 m/s

	co of var
	16%
	10%
	12%


[bookmark: _Ref118972532][bookmark: _Toc119579641]Table 8 Wall Velocity Avg, Stdev and Co of Var
Figure 6 Wall Velocity Box Plot indicates a significantly larger uncertainly variance from copper than the steel tube tests. This indicated that, in respect to wall expansion velocity, steel is the superior choice of material. The slower velocity of steel as shown in Table 8 Wall Velocity Avg, Stdev and Co of Var may be a result of the steel being a fundamentally stronger material than copper and therefore more work must be done to move it outwards, detracting from energy available to contribute to the maximum achieved velocity. 
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Figure 7 Volume Expansion box plot indicates that the steel tube material has a much reduced data spread and uncertainty value than that of the copper tubes. This however is contrasted by the volume expansion values achieved, with steel attaining an overall averaged value of 4.04 and copper 8.43 as shown in Table 9 Volume Expansion result table. It can be construed that whilst steel has a lower volume expansion average, the material is much more consistent in its expansion. Copper, whilst reaching higher figures, did so with considerably more variation in outputted values, the lowest being 4.82 and the highest 13.20. This range causes the standard deviation of the data set to increase and suggests that a steel tube is superior in terms of consistency. 
It was unexpected that copper, with its known high ductility properties, performed so poorly with regards to volume expansion. Further investigations are required to ascertain why certain tests achieved such low values, it is thought that these tubes ruptured prematurely, potentially caused by impacting the charge stands used or TOADs deployed. Future testing should look to utilise low mass charge stands preferably made of plastic. 
	
	Phantom 
(volume expansions)
	Sim
(volume expansions)
	All
(volume expansions)

	
	Steel
	copper
	steel
	copper
	steel
	copper

	average
	3.85
	8.61
	4.13
	8.34
	4.04
	8.43

	std
	0.720155
	2.122151
	0.471058
	2.75765
	0.53765
	2.50244

	co of var
	19%
	25%
	11%
	33%
	13%
	30%
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The highest possible volume expansion value is desirable to allow computer modelling to run longer into the detonation process. An expansion figure of 8 allows a model to run well into the detonation phase and provide more data to inform EoS accuracy whilst a figure of 4 for example, results in a model running for a shorter time period and therefore may require significantly more runs to provide a viable outputs. Indeed, modelling with a ductile material such a copper which provides these higher volume expansions also allows for an element of clearance to be provided when said model is used to calculate other, less ductile materials 

[bookmark: _Toc119579610]Discussion

Steel tubing, whilst proven to rupture earlier in the detonation process than copper still produced volume expansion values that appear applicable to EoS calculations. Indeed, steel has been proven to be more consistent that copper in wall velocity and VoD calculations. Pcj calculation further support this conclusion with a 1% variance seen in steel as opposed to the 24% seen in copper.  
Testing progressed ahead of anticipated schedule irrespective of the challenged outlines below, this resulted unspent hours that were able to be reallocated out of the live trial forecast and into the post-trial and analysis costing estimates, thus resulting in more time available to conduct analysis, ensuring outputs were as thorough as possible. 
Whilst several shots were performed using bespoke 3D printed charge stands several more were conducted using lower quality, and less precise, aluminium stands. This was due to issues with the 3D printing supply chain in place as well as the failure to develop a design in good time before the start of the testing. The resulting lower quality stands were fabricated by the trials team in the evenings, after the days testing had ended, ready for the next day of firings. Therefore, these stands resulted in a less precise design made with hand tools and absent of tolerance specifications. 
This had a notable impact to the measurements of each test, most notably with the accuracy of the TOAD’s placed along the length of the Tube under test. These uncertainties, and therefore lower precision, compounded and cause a loss of confidence in the data and subsequent analysis carried out. TOAD data was supplemented and compared with HSV and SIM data, and found to sit between the two other measurements techniques. Whilst this is a desirable outcome as it indicated the inaccuracy of the pins deployment had not detracted greatly from their output it was expected the TOADs would be the most accurate, precise and reliable means of velocity collection. This is due in part to the SIM and HSV analysis being prone to user opinion, specifically when selecting pixels and therefore carrying a larger uncertainty than TOADs which should be located at fixed distances.   
As observed with the high-speed recordings, when the propagating detonation front and the corresponding deforming tube walls reached the aluminium charge stand, specifically the top strap which the tube passed through, a large flash event was observed as can be seen below in Figure 8 Handmade Charge Stand Interaction. This event could be inferred to be the stand material igniting under force impact loading as aluminium is known to react in this manner when subjected to the correct energy. Alternatively this event could be the tube deforming and therefore the comparatively weakened tube walls rupturing upon impact with the aluminium stand. This may be evidenced by using the CJ Pressure data and indeed a reduced GPa output is observed in shot 2 Figure 7 Handmade Charge Stand Interaction as opposed to shot 8 shown in Figure 6 3D Printed Charge Stand Interaction. This however requires further investigation that is outside the scope of this document.

[image: ]
[bookmark: _Ref118731355][bookmark: _Toc119579632]Figure 13 Shot 8, 3D Printed Charge Stand Interaction
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[bookmark: _Ref118731331][bookmark: _Toc119579633]Figure 14 Shot 2, Handmade Charge Stand Interaction
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[bookmark: _Toc119579612]Testing Additional Materials
The physical experiment carried out only tested two materials, these being the CR10100 copper used as a standard and a generic cold- rolled extruded steel alloy. Further testing is required of materials whose properties lie between that of the copper and the steel used. A cost/benefit analysis could also be applied to ascertain the most cost effective test subject for future experimentation. 
The use of modelling to reduce cost and increase data sets should also be applied to further improve the findings of this experiment. Whilst it is appreciated that any modelling will still require an element of physical, real world, validation testing, the ability to run potentially thousands of tests in short order and with less physical exertion cannot be overestimated. Testing would be of the tube materials physical properties when exposed to force loading as found within a detonation event. This would also remove the need for an explosive material to be modelled therefore further decrease the validation aspect associated with modelling. 
[bookmark: _Toc119579613]Increase data set
Further testing is required to increase data sets and derive more statistically viable outputs. The testing carried out was done so as a secondary output to a wider experiment and so limitations to shot count, set-up time and data acquisition were in place. Any subsequent testing should be carried out as a standalone event to allow for more tests specific to the hypothesis to be attained
[bookmark: _Toc119579614]Temperature 
Tests were carried out on an outdoors range area in the winter months of the northern hemisphere. As a result ambient temperatures, between 4 and 5 degrees Celsius, on the test days were considerably lower than that considered comfortable. This may have had an effect of the material properties of the tubes under test as the test tubes were subjected to prolonged exposure to outside elements before detonation. 
[bookmark: _Toc119579615][bookmark: _Toc109390293]Improvements to instrumentation 
Several improvements to instrumentation and measurement techniques were identified during the post-trial discussions held post-test. Further investigations are required to determine a suitable replacement for the use of ionisation pins as TOADs. It was found during pre-test preparations that this technique was time consuming to align and fix into position and was highly reliant on a good quality charge stand design. Whilst setting up each test, the TOADs took addition time to wire in correctly and then test to ensure each pin was located in the correct data recorder channel. Fundamentally, the way ionisation pins function make them prone to excess levels of moisture such as damp, foggy weather conditions. Such conditions can cause pins to short circuit prematurely and further detracts from accurate data or result in complete failure to collect data on the test. Fortunately such events did not transpire during this experiment however this does not detract from the possibility of lost data in future testing. 
Alternatives such as Piezo-electric pins remove the impact of moisture however these carry a considerable increase in price and therefore negate their use when the main experimental objective is to reduce cost through alternative tube materials.
Pins function by requiring the tube walls to physically impact them, at which point, in the case of ionisation pins, the inner and outer sections of the pin are connected, resulting in a circuit and a voltage being recorded. This physical interaction with the tube material may be detrimental to the test output as this interaction may cause additional weakening to the tube material already under considerably stress as it is driven outwards by the detonation event. Alternative techniques such as chirped fibre bragg grating (CFBG) somewhat overcome this issue by utilising a single fragile fibre optic as opposed to several solid metal pins. This single fibre is run up the length of the tube with its reflectance output being measured as it is destroyed but the expanding walls of the tube upon detonation. 
Non-contact or remote sensing techniques, such the HSV and SIM cameras used during testing, are a direct avoidance of this issue as they do not interact with the test as it progresses. However, such systems carry their own inaccuracies and challenges not least of which is adequate resolution at sufficient speeds to produce data of an acceptable standard. 
[bookmark: _Toc119579616]Trials design improvements 
It was identified that future experiments should look to use a different explosive material, specifically a material with more consistent VoD output. This would account for some variability and confidence in data sets collected as any variance in recorded VoD could is attributed to the measurement technique and not the inherit inaccuracy of the explosive itself. 
It is recommended that future experiments be conducted in an indoor blast chamber or other suitable structure to provide a more stable environment for testing. Such a chamber should also be pre wired for instrumentation techniques so as to greatly reduce pre-test setting up and test to test turnaround times. This would also serve to reduce variables as camera systems would be more adequately deployed in pre-determined locations with pre-characterised fields of view and frame rates for that given chamber. The use of white walls would also contribute to a more effective chamber design as this would greatly increase the efficiency of any illumination utilised during testing. 

[bookmark: _Toc119579617]Conclusion - 500
Several CYLEX experimental tests were carried out with two different tube materials selected for comparison. These materials, C10100 copper and Seamless cold-rolled steel were stemmed with the same explosive material (PE8) and detonated so that the materials wall expansion and velocity of detonation could be measured. 
Through this testing it was proven that c10100 copper was indeed superior to the steel selected in terms of final wall expansion values, with coppers highest output measured to be 8.43 whilst steel was measured at 4.13. The steels performance however can still be considered suitable for EoS calculations to be produced. Indeed, the steel tubes tested outperformed their copper counterparts in terms of wall velocity and CJ Pressure consistency. With steel measuring a coefficient of variance of 10% for wall velocity and 1% for CJ pressure whilst copper measured at 12% and 24% respectively.  
A comparison of copper and steel results with regards to VoD values indicated that there was no negative, nor positive, effect on the variable from the tube material. However steels lower average CJ pressure output, 21.5GPa as opposed to 25.5GPa, does support evidence that steel tubes rupture earlier than copper. 
Further testing is suggested in order to provide more data points for statistical validation as well as additional testing of other materials with higher ductility characteristics than the steel used in this case. A material with equivalent or improved cost/benefit when compared with C10100 copper is also desirable, such as a lower quality copper than C10100. 
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[bookmark: _Toc119579634]Figure 15 Pre-test record sheet
Velocity of Detonation
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Cu 0.0022 0.000706858 0.00051472 5.76E-05 8795.679

Cu 0.002 0.000706858 0.00053093 5.28E-05 9606.138

Cu 0.002 0.000706858 0.00053093 5.28E-05 9662.979

Cu 0.002 0.000706858 0.00053093 5.28E-05 9621.877

Cu 0.002 0.000706858 0.00053093 5.28E-05 9602.937

Cu 0.002 0.000706858 0.00053093 5.28E-05 9606.138

Cu 0.002 0.000706858 0.00053093 5.28E-05 9606.138

Cu 0.002 0.000706858 0.00053093 5.28E-05 9606.138

Steel 0.00026 0.000706858 0.00068257 7.29E-06 69409.73

Steel 0.00026 0.000706858 0.00068257 7.3E-06 69568.17

Steel 0.0024 0.000706858 0.00049876 6.25E-05 8134.437

Steel 0.0024 0.000706858 0.00049876 6.25E-05 8131.728
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