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[bookmark: _Toc131008929]Abstract

The aim of this project was to conduct an assessment into fragmentation theory and understand fragment distribution and velocity. Modelling data will be compared with data from a designed experiment using cylindrical charges. The cylindrical charges were designed with different wall thicknesses but all other specifications were identical. The case material of the charges were selected to be different to understand the effect from the explosive deformation and how this is represented in the modelling data alongside the experimental data and theoretical research.
An experimental trial was designed to incorporate many different instrumentation capture methods to gather as much data on fragment velocity from the cylindrical charges to compare with the modelled data. The trial required a safe system of work to be generated and the main hazards and control measures are highlighted within this report.
The results indicate that the modelling simulations can predict the velocities of fragments for all different configurations tested within this project and the data corresponds with the data gathered from the experimental research. The modelling has its limitations when predicting fragment size as shown from the recovered fragments from the strawboard capture method. Although the experiment only captured up to 27% of the case material, the mass of the fragments recovered highlighted that the case will break apart into smaller fragments with a lower mass. The modelling shows an accurate distribution of the fragments and the throw of the fragments upon detonation, which is shown on the strawboard back stop. Due to the initiation of the charges from the top, most of the frag was thrown towards the lowest part of the strawboard which is represented in both the modelling and experimental results. The experiment had its limitations in capturing a large quantity of fragments for analysis. An assumption can be made that the modelling data is good at predicting the distribution of the case material and can differentiate between different material properties and case thicknesses.
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Cylindrical Fragmentation Comparison of Modelling and Trial Data

1. [bookmark: _Toc131008932]Introduction

In this project titled ‘Cylindrical Fragmentation Comparison of Modelling and Trial Data’ the author conducts research into fragmentation theory to better understand the subject matter when used to predict fragment velocities and depth of penetration. The author will compare results from modelling data with results gathered from an explosive experiment. In this section are the aims and objectives of the project, the background research into fragmentation theory and the desired outcome of the project.

1.1 [bookmark: _Toc131008933]Aim

The aim of this project is to conduct an assessment into fragmentation theory and understand fragment distribution and velocity. Modelling data will be compared with results from a designed explosive experiment using cylindrical charges. The cylindrical charges are designed with the same tolerances and are stemmed with the same explosive composition. Varying material properties have been selected to understand the effect from the explosive deformation and how this is represented in the modelling data alongside any theoretical research.

1.2 [bookmark: _Toc131008934]Objectives

The objectives of this project are to:
· Provide a review of prior research into fragmentation theory.
· Identify and apply the appropriate equations from Gurney.
· Run simulations and modelling to understand velocity and fragment distribution.
· Develop a bespoke experiment to compare with the modelled data.
· Conduct the experiment to gather information on fragment velocity and depth of penetration using various instrumentation techniques.
· Evaluate the results from the testing to see the limitations of the modelling.

1.3 [bookmark: _Toc131008935]Structure of the Project

The structure of this project will be to firstly understand the theoretical research that is current with fragment calculations for velocity and depth of penetration, with Gurney Theory being the main aspect. Pre-calculations will be generated with the specifications of the cylindrical tubes highlighted in the project. Modelling of these charges will then be simulated to understand the break-up of the case upon detonation of the explosive and the velocity and mass of the fragments produced. This will give an understanding of the varying performance of the cylindrical tubes with the different material properties, the cylindrical charge case materials that has been selected for this project is steel and copper.

Post a review of the simulations, a trial will be designed and a safe system of work will be produced to perform this experiment on an explosive range. The results from the explosive experiment will be analysed and compared with the modelled simulations and pre-calculation results to understand any differences. The results will be discussed and compared from all aspects of the data gathered from the instrumentation techniques and a conclusion will be made for the benefits or flaws in the modelled results.
2. [bookmark: _Toc131008936]Background Research & Review of Literature

2.1 [bookmark: _Toc131008937]Introduction

When an explosive filled shell or device detonates, the case is subject to an extremely high pressure from the gaseous products of the detonation of the explosive composition. Under the high pressure the case begins to rapidly move outwards, if the case is made of a ductile material such as steel, the casing will undergo plastic deformation before the case breaks apart, this is most easily seen by examination of the larger fragments from a shell which include parts from the original liner and the outer surfaces; the distance between these surfaces will be less than the original case. The velocity in which the case is moving will be nearly equal to the final velocity with which the fragments are projected, and the gas pressure will have decreased to a small fraction of its original value. The fragmentation of a shell case must be thought of as the tearing apart of a rapidly expanding tube when the case material reaches its limit of ductility. [1]
Fragments can be either pre-formed or naturally formed. Pre-formed fragments can include ball bearings, cubes of materials and are mainly used where a consistent, regular pattern of fragmentation is required. Natural fragments result from the bursting effect of an explosive on its casing, as described above. 

2.1.1 [bookmark: _Toc131008938]Fragment Throw & Fragment Velocity

In a study by Capt E Poch, the effects of fragment throw and fragment velocity were examined on off-set and dual point initiation disc shaped warheads. The application of Gurney theory and Hydrocode modelling was also used for the prediction of the warhead behaviour. The study highlighted that the velocity distribution in symmetrical warheads is not uniform and the dual point system allowed for a slight steer in the area of highest velocity. The Hydrocode modelling is applicable for this study and showed some good results within the limits set out, while Gurney theory delivered no comprehensible results. [2]
In a report by Guang-yan Huang et al, the distribution of fragment velocities from cylindrical casing under explosive loading was investigated. They found that most formulae available can predict the average velocity or the velocities of fragments at the middle part of the cylindrical casing. However, due to the influence of rarefaction waves[footnoteRef:1] often called ‘edge effects’. They found most methods cannot accurately predict the velocities of the fragments near the two ends of a cylindrical casing. Through investigation, the initial velocity distribution was obtained by flash-radiography technique. A formula for fragment velocity dispersing along the axis of the cylindrical casing was proposed by theoretical analysis and data fitting with the ‘edge effects’ from the two ends of the charge. The formula has a higher accuracy and wider applicability in the study of fragment velocities of cylindrical casings under interior blast loading. [3] [1:  Rarefaction waves – the progression of particles being accelerated away from a compressed or shocked zone.] 

2.1.2 [bookmark: _Toc131008939]Gurney Theory Approximation for Fragment Velocity

Gurney equations are a set of formulae that can be used in explosives to predict how fast an explosive will accelerate a surrounding layer of metal or material when the explosive detonates. This can determine how fast fragments are released on detonation of the explosive. The initial fragment velocity can then be used with other ballistic equations to predict fragment penetration of danger areas required for trials/proofing. There are separate Gurney equations that can be used for different geometries, as this project is using cylindrical charges, the formula for a long cylinder will be used to get the initial Gurney approximations. The equations assume a uniform but time-varying pressure and density, a linear initial velocity profile for the accelerating casing, a uniformly distributed explosive and a uniform thickness of the case. [4]
Gurney Approximation for a long cylinder;

Where;
 = the gurney constant (depends on explosive fill)
= the mass of case
= the mass of explosive fill
2.1.3 [bookmark: _Toc131008940]Modelling of Fragmentation charge casing

In a paper by Andreas Helte, Olof Andersson & Patrik Lundburg, an experiment was designed to understand the deformation, fragmentation and acceleration of a controlled fragmentation charge casing. Two different finite element software packages were used, LS-DYNA and Impetus. In order to validate these computational models, a series of laboratory experiments took place. The charge geometry was fixed with only the depth of the groove changed from very shallow to very deep resulting in different deformation patterns, fracture modes and terminal velocities. Three different techniques were applied to follow the acceleration of the fragments: a Photon Doppler velocimetry to determine the initial velocity of the casing post firing, double exposed radiographs to estimate the break-up of the casing material and the terminal velocity of the fragments leaving the fireball. They also recovered the fragments in a set of sawdust pits to understand their final shape and mass. The results showed that the computation models can predict the change in deformation behaviour when the groove depth increases, from necking for shallow grooves to radial punching for deep grooves. Both software packages predicted the acceleration of the fragments well but both software packages overestimated the terminal velocity for the charge with the deepest groove. [5]
[bookmark: _Toc130891288][bookmark: _Toc130896120]Figure 2 - Breakup of Grooved Charges, Experiment
[bookmark: _Toc130896119]Figure 1 - Breakup of Grooved Charges, Modelling



2.1.4 [bookmark: _Toc131008941]Strawboard Calculations

Strawboards can be used to capture and measure the velocity of projected fragments that imbed into the fibrous material. Strawboards are the standard witness material used in the United Kingdom. They are sorted into packs of 20 to 25 sheets, with each sheet being 3.7mm thick. To ensure consistency each pack must be measured to ensure they are identical. In order to capture large or very fast fragments, multiple packs can be used in line. They have their limitations where strawboards can only be used within the velocity range from 215m/s to 1400m/s. According to the following formula, velocity calculations can be made for each fragment. [2]

Where;
V (ms-1) = Velocity of Fragment
P (mm) = Penetration depth into Strawboard
M (mg) = Mass of fragment

The fragments recovered from the strawboard are marked in accordance with their distribution along the x and y axis of the strawboard. The layer in which the fragment is recovered from is the depth of penetration of that fragment. The fragments are individually weighed for their mass and inputted into the formula to calculate the velocity.

2.1.5 [bookmark: _Toc131008942]Warhead Calculator

A warhead calculator was developed in order to help further predict the blast effect and other parameters of a blast/fragmenting warhead. The calculator works by inputting your design parameters to define the measurements of the warhead. The case thickness you input into the calculator will then give you the external diameter of the warhead. The system allows for the change of explosive composition from the inputted data of each explosive compound. The system also allows for a change of material properties of the casing material. 
This is a really helpful tool in understanding how the warhead you have inputted into the system will perform. Due to the nature of this project, only the parameters around the fragmentation will be used from this calculator. The spreadsheet calculates approximate values for fragment velocity and blast over-pressure from a cylindrical warhead. [6]Figure 3 - Warhead Calculator Parameters


3. [bookmark: _Toc131008943]Research Methodology 
3.1 [bookmark: _Toc131008944]Introduction 

The methodology for the project exploring fragmentation behaviour for velocity calculations and depth of penetration will be examined using Gurney calculations for the cylindrical charges. The specifications of the charges stated in the research design of the experiment will be used to understand what the initial velocity of the fragments produced from the extreme loading from the explosive fill. 
The fragmentation behaviour of cylindrical charges will be examined using modelling and simulations using Impetus software. This software is an Afea solver for running a non-linear explicit finite-element simulations. It is primarily used to predict large deformations of structures and components exposed to extreme loading conditions. [7] The same specifications of the cylindrical charges will be used in the simulation software to highlight the distribution and velocity of the fragments as well as the break-up of the casing.
Finally an experiment has been designed to capture the velocity of the fragments using various instrumentation techniques and the fragments will be captured using strawboard for further analysis. The results produced from Gurney theory, modelling simulations and the experiment will be compared to see if the modelling is a viable tool for the prediction of fragment behaviour. 

3.2 [bookmark: _Toc131008945]Research Overview

3.2.1 [bookmark: _Toc131008946]Charge Design

The charges for the project were made up from copper and steel cylindrical charges with varying wall thickness. The copper and steel tubes were sourced from another project so the material properties were unknown so a standard unit for the material properties was assumed.
The size and dimensions of the cylindrical tubes is shown below in figure 3.
L = 200mm
D1= 30mm
D2 = 26mm & 25mm
[bookmark: _Toc130891289][bookmark: _Toc130896121]Figure 4 - Charge Design






	 
	Thin Case Copper
	Thick Case Copper
	Thin Case Steel
	Thick Case Steel

	Length
	200mm
	200mm
	200mm
	200mm

	Outside Diameter
	30mm
	30mm
	30mm
	30mm

	Wall Thickness
	2.0mm
	2.5mm
	2.0mm
	2.5mm

	Mass
	316.75g
	391.05g
	276.84g
	340.6g

	Volume of Internal Fill
	106.19cm3
	98.17cm3
	106.19cm3
	98.17cm3

	Explosive Mass
	166.72g
	154.13g
	166.72g
	154.13g


[bookmark: _Toc131004468]Table 1 - Charge Specification
3.2.2 [bookmark: _Toc131008947]Modelling Overview

The modelling simulations were run using Impetus software. The design of charge specifications were input into the software to be able to compare with the experiment outlined below.
The simulations were run in a 3D Cartesian space[footnoteRef:2] using a meshless SPH[footnoteRef:3] (Smoothed-particle hydrodynamics) approach. The simulations were run in a vacuum to ease computational strain. [2:  Cartesian Space – It is a coordinate system based on three mutually perpendicular coordinate axes; x, y & z-axis. All three axis intersect at the point called the origin.]  [3:  SPH – Smoothed-particle hydrodynamics – a computational method for simulating the mechanics of media, such as solid mechanics and fluid flows.] 

The explosive composition was assumed to have a perfect fill with a uniform density. Material models of the cylinders were taken as a standard density for each the copper and the steel with random defects added into the material model.
No detonation mechanisms were investigated through these simulations. All detonation mechanisms were the same across all the simulations.

3.2.3 [bookmark: _Toc131008948]Safe System of Work

In order for the experiment to go ahead, a safe system of work needed to be produced to cover all aspects of safety and processes in accordance with any standing orders or explosive regulations.
The explosive experiment required a trials plan to be authored to incorporate the design of trial and the setup of all aspects of the trial. Alongside this document, a risk assessment, highlighting all the potential hazards and control measures was also authored and signed off by the relevant management system to authorise this package of work.
Due to the nature of using explosives, noise forecasts needed to be accounted for in order to not break the decibel limit on the boundary of the explosive range. This is a process in accordance with the MET office, meteorological data is inputted into a system with the all up weight of the explosive charge required for the experiment. This will give you an overlay on a map to highlight whether the noise is within the boundary of the explosive range.

3.2.4 [bookmark: _Toc131008949]Hazard and Risk Management

Prior to the development of the explosive trial to assess the performance of the cylindrical charges, an assessment of the hazards and risks involved with working with explosives was conducted to enable the author to develop a safe procedure and to conform with the safe system of work.
This information was gathered from;
· The authors prior knowledge and experience with working with explosively stemmed charges;
· Knowledge gained from similar risk assessments relating to the firing of explosively stemmed cylindrical charges;
· Each phase of the process of working with explosives; from the procurement of the explosive compositions and high voltage detonators, to the stemming procedure and the firing of the articles in question. Also accounting for any mis-fire procedures which could arise.
This section will highlight the main hazards identified from this project when working with explosives and the mitigation controls put in place to make the risk ALARP[footnoteRef:4]. [4:  ALARP – As Low as Reasonably Practicable.] 


3.2.5 [bookmark: _Toc131008950]Main Hazards Identified

This is a list of the main hazards identified from the project that were deemed significant and require mitigation. The main ways in which harm could occur are highlighted for each hazard identified.
Initiation of Explosives (intentional and unintentional) from the movement/transport and processing of explosives – Injury could occur from Blast, Fragmentation, Ground and Air Shock, Debris, Noise, Heat and Fire.
Manual Handling – Injury could occur from incorrect lifting techniques, from the movement of trials equipment of explosive containers.
Hazardous Waste – Injury could occur from Cuts, Crushing and Contamination injuries from blast/fragments. Accumulation of flammable materials resulting in fire, explosion and environmental damage.
Electrical – Injury could occur from electrocution or fire from malfunction of electrical equipment, resulting in burns. Water ingress into electrical equipment and electrocution from mis-handling of high voltage firing packs.
Sharps – Injury could occur from sharp edges of plates and other trials materials leading to cuts or puncture wounds to exposed skin and also through clothing.
Ventilation – Injury could occur from exposure to residual dust and detonation products, whilst sweeping or cleaning the trials area post firing, leading to respiratory problems from airborne particles. 

3.2.6 [bookmark: _Toc131008951]Main Hazards Mitigation

The controls and mitigation of the hazards highlighted;
Initiation of Explosives (intentional and unintentional) from the movement/transport and processing of explosives
· All energetic materials for the trial will be held in the magazine prior to issue. Only the minimum practicable amount for the day’s firing will be transferred to the trials site and will be stored in the explosive day store and in direct control of the TCO[footnoteRef:5]. [5:  TCO – Trials Conducting Officer] 

· Detonators and energetic materials are to be held separately in appropriate storage containers.
· Storage to ensure any compatibility issues are managed to prevent inadvertent initiation.
· The personnel conducting this work will be fully trained and competent in handling explosives and stemming of the charges.
· The energetic stores will be transported by competent trained personnel and following all regulations for the range.
· All explosive on site will be housed in appropriate containers with the correct signage denoting the hazard present.
· The use of contraband will be controlled when near or working around the explosives and detonators to ensure all electronic and RF devices are secured and away from all energetic materials.
· During the processing of explosives to stem the charges, only trained and competent personnel will be allowed in the preparation room.
· Only the TCO will be present when placing the charges and detonators to keep the minimum number of personnel away from any potential harm.
· Upon placement of the charge and detonator, all trials staff must be under ‘hard cover’ or outside of the cover area when the explosives are initiated. 
· All staff handling explosives will wear suitable gloves to avoid any contamination onto exposed skin.
· All staff will rigorously maintain good personal hygiene and wash hands thoroughly after working in the vicinity of the explosives to avoid any residual explosive contamination.
Manual Handling
· Safety footwear to be worn at all times on the range when carrying out any work
· All staff must have an in-date medical to deem them safe to work on the explosive range.
· Any bulky/heavy items must be moved with mechanical aides and mobile plant and equipment is available for suitably trained and competent staff.
· All staff must have completed the manual handling training
Hazardous Waste
· All explosively contaminated items must be disposed of by the correct disposal routes.
· All waste must be stored in an appropriate vessel until it can be disposed of.
· Waste will be stored in marked areas away from the trials arena.
· Waste will not be allowed to accumulate in access/egress areas.
· Hazardous waste will display the correct identification labels and appropriate PPE[footnoteRef:6] must be worn when required. [6:  PPE – Personal Protective Equipment] 

Electrical
· All electrical equipment must be tested by a suitable qualified electrician or portable appliance tester.
· All portable equipment must have an in-date PAT.
· All electrical equipment will be visually inspected prior to each use, if found faulty, then the item will be isolated and no longer used until it is either fixed or replaced.
· Electrical equipment must only be used in line with manufacturer’s guidance. Any outdoor equipment must be water ingress protected.
· Each device requiring 240v power supply must be fitted with an RCD[footnoteRef:7], this will be tested before use. [7:  RCD - Residual Circuit Device] 

· All electrical equipment and connections will be sheltered from rain in weather proof enclosures. Insulated cables may run outside.
· All systems will be unplugged and switched off when not in use.
· The high voltage firing systems discharge a capacitor producing voltages of ~4kV and a current of +200A. These packs are operated by the TCO who is fully trained in their use and operation.
· The TCO will retain the firing interlock key at all times, no other member of staff will be permitted to use the high voltage firing pack at any time.
Sharps
· Trials team to apply duct tape to any sharp edges.
· Trials team to wear suitable gloves when handling trials materials that may present a sharp or jagged edge hazard.
· Staff will use shovels and brushes to clear smaller items and debris where possible.
Ventilation
· An assessment of the major sources of dust has been concluded this will be largely from broken sandbags/concrete blocks and wood.
· Where practicable, damp sandbags will be used to mitigate some dust.
· Post firing and prior to cleaning the chamber, the TCO will advise where respiratory protection must be worn. If this is necessary, then the user of the RPE[footnoteRef:8] will have them face fit tested. [8:  RPE – Respiratory Protective Equipment] 


3.2.7 [bookmark: _Toc131008952]Research Process

The process of the experiment was to collect data from the fragmentation of various metal cylinders stemmed with plastic explosive number 8 (PE8). Upon firing the cylindrical charges, data will be captured using different experimental designs;
· Copper and Steel cylinders, to understand the performance with different wall thickness;
· Understand the fragmentation properties of each cylindrical charge, using straw packs to gather fragments for further analysis.
· Instrumentation techniques to understand fragment velocity.

3.2.8 [bookmark: _Toc131008953]Research Design

The arena for the setup of the trial is shown below in figure 4. The cylindrical devices were positioned on a table in the middle of the blast chamber at 1.5m above ground level. An instrumentation container was placed on the concrete pad outside the chamber to house all the instrumentation equipment to protect from any fragmentation and blast effect. All cables for the instrumentation equipment were fed into the chamber and placed under sandbags to protect from any fragmentation damage. 
[bookmark: _Toc130891290][bookmark: _Toc130896122]Figure 5 - Arena Setup












The cylindrical charges were secured to the wooden table with duct tape to ensure they did not move when the detonator was fitted. The charges were placed upon a metal table with a wooden top which was replaced with each firing. The detonator was secured into the charges using a ‘top hat’ detonator holder which ensured a flush contact with the explosive composition. The setup for the placement of the charges in shown below in figure 5.


[bookmark: _Toc130891291]Figure 6 - Charge Layout
To ensure no damage post firing of the devices, all additional ports/windows within the blast chamber were covered with specific metal plates. These metal plates and all the metal wall plates of the chamber are designed to take some pitting damage from the fragments post firing.
As shown in figure 4, the strawpacks were set out using 2 full packs stacked upon each other and placed directly in front of the chamber entrance. The straw packs are 1000mm x 2000mm and were placed at a set distance perpendicular to the charge in an upright position. Each strawboard pack contains 20 sheets, in which each sheet is 3.7mm thick. A pendine block structure was built to stand the strawpacks against and then they were secured in place with string, which was designed to be replaced if any damage to the string occurred from the firings. 
Pendine blocks were placed in the entrance to the chamber as there is exposed concrete which has no protection from the reinforced metal places. These blocks mitigated any fragmentation damage to the structure of the blast chamber and also focused down the area for the collection of fragments onto the strawboard packs. 
The shadowgraph rig was placed directly opposite the instrumentation splinter proof which houses the high speed camera. A retro-reflective board was placed in-line with the firing to capture footage of the fragments penetrating into the strawboard packs.

3.2.9 [bookmark: _Toc131008954]Data Capture

As outlined in the background research, many different methods can be employed for capturing velocities of fragments and the break-up of cylindrical cases. Due to the design of this project, there were no means of capturing high speed footage of the break-up of the case from the explosive loading, instead the high speed camera was deployed using a shadowgraph rig to capture the flight of the fragments before they were captured into the strawboard. Details of each data capture method employed on this project are outlined below;
3.2.9.1 [bookmark: _Toc131008955]Strawboard 

Strawboard is the standard method in the United Kingdom for captured fragments. It is a fibrous material of a controlled specification. The distance that a fragment penetrates into this material is directly related to its velocity and size, shape and density.

3.2.9.2 [bookmark: _Toc131008956]Shadowgraphy

Shadowgraphy is a method using a high speed camera and a retro-reflective board to highlight the transit of the fragments. The time of transit across a known distance is used to calculate the velocity. This method is suitable for multiple fragments as they can be individually analysed using the correct software. This method can be labour intensive and the setup of the camera is crucial, maintaining the same distance for each firing to ensure all the calibration is correct for analysing the velocity of each fragment. 

3.2.9.3 [bookmark: _Toc131008957]Make-Break Foils

Make-Break foils work on the basis of time of arrival and transit time between two known points. This method is not suitable for multiple fragments as a separate break foil can be required for each fragment. Analysis is simple but can sometimes be a bit ambiguous.

4. [bookmark: _Toc131008958]Research Results

4.1 [bookmark: _Toc131008959]Theoretical Results

Gurney theory has been used in this project as a basis of understanding the initial velocities of the fragments post firing and the effect of the case thickness, the mass of the case and the mass of the explosive fill.
Below are the results produced from inputting the specifications of the cylindrical tubes into the Gurney formula and the velocity difference between the two different specifications of cylindrical charges.
The Gurney Constant that has been used in this formula is that of PE4, which comes out at 2.53 or 2530m/s.
	 
	Thin Copper
	Thick Copper
	Thin Steel
	Thick Steel

	Length (mm)
	200
	200
	200
	200

	OD (mm)
	30
	30
	30
	30

	Wall Thickness (mm)
	2
	2.5
	2
	2.5

	Mass (g)
	316.75
	391.05
	276.84
	340.6

	Volume (cm3)
	106.19
	98.17
	106.19
	98.17

	Explosive Mass (g)
	166.72
	154.13
	166.72
	154.13

	Gurney Approximation (ms-1)
	1633
	1451
	1721
	1537









[bookmark: _Toc131004469]Table 2 - Gurney Approximation


From the designed charges for this project the Gurney approximation is highlighted in table 2 above, ranging from 1451 m/s-1 up to speeds of 1721 m/s-1. 

4.2 [bookmark: _Toc131008960]Modelling Results

4.2.1 [bookmark: _Toc131008961]Thin Steel Cylinder

As detailed, the modelling was run using Impetus for each design of cylindrical charge. The simulations show the break-up of the casing and the distribution of the fragments onto a backstop, the backstop was set to a distance of 2m from the charge. The simulations were run up to 150µs and the results are detailed below.[bookmark: _Toc130891292]Figure 7 - Modelling Simulation, Thin Steel


The above, figure 7, shows a step by step screenshot of the expansion of the cylindrical tube upon detonation and the direction of the fragment throw. The cylinder is initiated from the top of the tube showing the rapid expansion of the cylinder.

	Initial Setup

	Case Material
	Steel 4340

	Case Length
	200mm

	Case outer Radius 
	15mm

	Case Thickness
	2.0mm

	Case Mass
	275g

	Explosive Mass
	170g


	Results at 150µs

	No. of fragments
	2121

	Mass (mg)
	Maximum
	3810

	
	Minimum
	0.188

	
	Average
	121

	Velocity (ms-1)
	Maximum
	1984

	
	Minimum
	886

	
	Average
	1497


[bookmark: _Toc131004470]Table 3 - Modelling Results, Thin Steel
[bookmark: _Toc131004471]Table 4 - Modelling Parameters, Thin Steel



The modelling parameters are set out in table 4 and highlight the dimensions of the tube and the case material. Table 3, shows the results produced from the simulation, showing the number of fragments produced, the maximum and minimum velocities and mass of fragments.

▲Target plate at 2m


Figure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m


Figure 10 - Fragment Distribution, Thin Steel



Figure 11 - Fragment Mass v No. Of Fragments Graph

Figure 12 - Fragment Mass v No. Of Fragments GraphFigure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m


Figure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m


Figure 9 - Fragment Distribution, Thin Steel▲Target plate at 2m


Figure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m


Figure 10 - Fragment Distribution, Thin Steel



Figure 11 - Fragment Mass v No. Of Fragments Graph

Figure 12 - Fragment Mass v No. Of Fragments GraphFigure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m


Figure 13 - Fragment Distribution, Thin Steel

▲Target plate at 2m

[bookmark: _Toc130891293]Figure 9 - Fragment Distribution, Thin Steel
[bookmark: _Toc130891294]Figure 8 - Fragment Mass v No. Of Fragments








4.2.2 [bookmark: _Toc131008962]Thick Steel Cylinder
Figure 10 - Modelling Simulation, Thick Steel



	Initial Set-up
	
	Results at 150µs

	Case Material
	Steel 4340
	 
	
	No of Fragments

	1761

	Length
	200mm
	 
	
	Mass (mg)
	Maximum
	3970

	Outer Radius
	15mm
	 
	
	
	Minimum
	0.204

	Thickness
	2.5mm
	 
	
	
	Average
	180

	Case Mass
	388g
	 
	
	Velocity (ms-1)
	Maximum
	1755

	Explosive Mass
	157g
	 
	
	
	Minimum
	811

	
	
	
	
	
	Average
	1346


[bookmark: _Toc131004472]Table 5 - Modelling Parameters & Results

[bookmark: _Toc130891295]Figure 12 - Fragment Mass v No. Of Fragments
▲Target plate at 2m

Figure 29 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 30 - Fragment Distribution, Thick Steel

Figure 31 -Modelling of Thin Copper CylinderFigure 32 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 25 - Fragment Distribution, Thick Steel

Figure 26 -Modelling of Thin Copper CylinderFigure 27 - Fragment Distribution, Thick Steel

Figure 28 -Modelling of Thin Copper Cylinder

Figure 29 - Fragment Mass v No. Of Fragments GraphFigure 30 -Modelling of Thin Copper CylinderFigure 31 - Fragment Distribution, Thick Steel

Figure 32 -Modelling of Thin Copper CylinderFigure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 29 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 30 - Fragment Distribution, Thick Steel

Figure 31 -Modelling of Thin Copper CylinderFigure 32 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 11 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 29 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 30 - Fragment Distribution, Thick Steel

Figure 31 -Modelling of Thin Copper CylinderFigure 32 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 25 - Fragment Distribution, Thick Steel

Figure 26 -Modelling of Thin Copper CylinderFigure 27 - Fragment Distribution, Thick Steel

Figure 28 -Modelling of Thin Copper Cylinder

Figure 29 - Fragment Mass v No. Of Fragments GraphFigure 30 -Modelling of Thin Copper CylinderFigure 31 - Fragment Distribution, Thick Steel

Figure 32 -Modelling of Thin Copper CylinderFigure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 29 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 30 - Fragment Distribution, Thick Steel

Figure 31 -Modelling of Thin Copper CylinderFigure 32 - Fragment Distribution, Thick Steel▲Target plate at 2m

Figure 33 - Fragment Distribution, Thick Steel▲Target plate at 2m
[bookmark: _Toc130891296]Figure 11 - Fragment Distribution, Thick Steel









Figure 10, shows a step by step of the simulation of the thick steel cylinder upon detonation and the direction the fragments are being distributed. Figure 11 shows the distribution of the fragments on the target plate. Figure 12 shows the number of fragments alongside the maximum and minimum weight of the fragments produced.
4.2.3 [bookmark: _Toc131008963]Thin Copper Cylinder
[bookmark: _Toc130891297]Figure 13 -Modelling Simulation, Thin Copper





 







	Initial Set-up
	
	Results at 150µs

	Case Material
	Copper
	
	No of Fragments
 
	5950

	Length
	200mm
	
	Mass (mg)
	Maximum
	1600

	Outer Radius
	15mm
	
	
	Minimum
	0.215

	Thickness
	2.0mm
	
	
	Average
	47.8

	Case Mass
	315g
	
	Velocity (ms-1)
	Maximum
	1894

	Explosive Mass
	170g
	
	
	Minimum
	945

	
	
	
	
	
	Average
	1469


[bookmark: _Toc131004473]Table 6 - Modelling Parameters & Results
[bookmark: _Toc130891298]Figure 15 - Fragment Mass v No. Of Fragments
▲Target plate at 2m

Figure 50 - ▲Target 

Figure 51 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 52 - ▲Target 

Figure 50 -Fragment Distribution, Thin Copper



Figure 51 - Modelling Simulation, Thick Copper

Figure 52 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 50 - ▲Target 

Figure 51 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 52 - ▲Target 

Figure 14 -Fragment Distribution, Thin Copper▲Target plate at 2m

Figure 50 - ▲Target 

Figure 51 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 52 - ▲Target 

Figure 50 -Fragment Distribution, Thin Copper



Figure 51 - Modelling Simulation, Thick Copper

Figure 52 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 50 - ▲Target 

Figure 51 -Fragment Distribution, Thin Copper

▲Target plate at 2m

Figure 52 - ▲Target 
[bookmark: _Toc130891299]Figure 14 - Fragment Distribution, Thin Copper









The above figure 13, shows a step by step of the simulation of the thick steel cylinder upon detonation and the direction the fragments are being thrown. Figure 14 shows the distribution of the fragments on the target plate. Figure 15 shows the number of fragments alongside the maximum and minimum weight of the fragments produced.

4.2.4 [bookmark: _Toc131008964]Thick Copper Cylinder
[bookmark: _Toc130891300]Figure 16 - Modelling Simulation, Thick Copper


	Initial Set-up
	
	Results at 150µs

	Case Material
	Copper
	
	No of Fragments
	 
	4475

	Length
	200mm
	
	Mass (mg)
	Maximum
	2650

	Outer Radius
	15mm
	
	
	Minimum
	0.233

	Thickness
	2.5mm
	
	
	Average
	80.3

	Case Mass
	386g
	
	Velocity (ms-1)
	Maximum
	1613

	Explosive Mass
	157g
	
	
	Minimum
	848

	
	
	
	
	
	Average
	1279


[bookmark: _Toc131004474]Table 7 - Modelling Parameters & Results
▲Target plate at 2m

Figure 61 - 

Figure 62 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 63 - 

Figure 59 - Fragment Distribution, Thick Copper



Figure 60- Experimental Layout

Figure 61 - Arena MeasurementsFigure 62- Experimental LayoutFigure 63 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 61 - 

Figure 62 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 63 - 

Figure 17 - Fragment Distribution, Thick Copper▲Target plate at 2m

Figure 61 - 

Figure 62 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 63 - 

Figure 59 - Fragment Distribution, Thick Copper



Figure 60- Experimental Layout

Figure 61 - Arena MeasurementsFigure 62- Experimental LayoutFigure 63 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 61 - 

Figure 62 - Fragment Distribution, Thick Copper

▲Target plate at 2m

Figure 63 - 
[bookmark: _Toc130891302]Figure 17 - Fragment Distribution, Thick Copper
[bookmark: _Toc130891301]Figure 18 - Fragment Mass v No. Of Fragments









The above figure 16, shows a step by step of the simulation of the thick steel cylinder upon detonation and the direction the fragments are being thrown. Figure 17 shows the distribution of the fragments on the target plate. Figure 18 shows the number of fragments alongside the maximum and minimum weight of the fragments produced.



















4.3 [bookmark: _Toc131008965]Experimental Results

The experimental setup has been highlighted above showing the arena setup of all the placement of equipment and instrumentation. In order to gather accurate data using the strawboard and high speed video, the measurements of the arena were required to be replicated for each firing of the cylindrical charges.
In order to keep the arena the same for each firing, a diagram was drawn highlighting the distances from each corner of the strawboard backstop, the high speed video camera and the charge placement.
[bookmark: _Toc130891304]Figure 19 - Arena Measurements

[bookmark: _Toc130891303]Figure 20 - Experimental Layout



A = Length of Strawboard
B = Distance from charge to right edge of strawboard pack
C = Distance from charge to left edge of strawboard pack
D = Distance from charge to centre of strawboard pack
E = Distance from high speed camera to shot line
F = Distance from shot line to retro-reflective board.
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Figure 80 - Arc of Fragment ThrowC

Figure 81 - Arc of Fragment Throw
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Figure 81 - Arc of Fragment Throw



Figure 82 - Arc of Fragment Throw
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Figure 81 - Arc of Fragment Throw
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Figure 82 - Arc of Fragment ThrowC

Figure 21 - Arc of Fragment ThrowC

Figure 80 - Arc of Fragment ThrowC

Figure 81 - Arc of Fragment Throw
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Figure 82 - Arc of Fragment Throw
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Figure 80 - Arc of Fragment ThrowC

Figure 81 - Arc of Fragment Throw
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Figure 82 - Arc of Fragment ThrowC
[bookmark: _Toc130891305]Figure 21 - Arc of Fragment Throw










To understand the potential for frag collection onto the strawboard, figure 21, shows the diagram of the capture area from the shot line to the strawboard. Using the formula; [8]



We can understand the arc of the throw of the fragments (angle C) to be 15.4%, which highlights that a maximum of 27% of the case material could potentially hit the strawboard for analysis.
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[bookmark: _Toc130891306]Figure 22 - Strawboard Layout











The strawboard was configured as shown in figure 20;
X = 1m
Y = 2m
CP = Centre point, bottom left corner is the origin
For each firing, a probe/fibre was inserted into the top of the charge alongside the detonator, another fibre was carved into the wooden table top underneath the charge to get some data on the velocity of detonation of each charge. The fibre next to the detonator upon detonation will give a T0, which alongside the timings of each frag hitting the make/break foils, will give a velocity of the fragments produced.Fibre 1
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Figure 94 - Probe/Fibre arrangement on the charge



Figure 95 - Probe/Fibre on the charge
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Figure 23 - Probe/Fibre arrangement on the chargeFibre 2

Figure 94 - Probe/Fibre arrangement on the chargeFibre 2

Figure 95 - Probe/Fibre arrangement on the charge
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Figure 95 - Probe/Fibre on the charge

Figure 96 - Probe/Fibre arrangement on the charge
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Figure 95 - Probe/Fibre arrangement on the charge
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Figure 96 - Probe/Fibre arrangement on the chargeFibre 2
[bookmark: _Toc130891307]Figure 23 - Probe/Fibre arrangement on the charge

[bookmark: _Toc130891308]Figure 24 - Probe/Fibre on the charge











4.3.1 [bookmark: _Toc131008966]Shot 1 – Thin Walled Copper Case

Arena Measurements;
B = 373cm, C = 374.5cm, D = 370cm, E = 432cm, F = 171.5cm
Height to the bottom of the charge = 115cm
Centre of charge = 125cm
CP of strawboard = x = 150cm, y = 125cm
The make/break foils were aligned in an arrangement as shown in figure 25 & 26 below;[bookmark: _Toc130891309]Figure 26 - Layout of Make/Break Foils
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Figure 114 - Make/Break foil arrangement
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Figure 117 - Make/Break foil arrangementCP
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Figure 25 - Make/Break foil arrangementCP

Figure 113 - Make/Break foil arrangementCP
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Figure 117 - Make/Break foil arrangementCP

Figure 110 - Make/Break foil arrangement

Figure 111 - Make/Break Foil arrangementFigure 112 - Make/Break foil arrangement

Figure 113 - Make/Break Foil arrangement

Figure 114 - Make/Break Foil arrangementFigure 115 - Make/Break foil arrangement

Figure 116 - Make/Break Foil arrangementFigure 117 - Make/Break foil arrangementCP

Figure 113 - Make/Break foil arrangementCP

Figure 114 - Make/Break foil arrangement

Figure 115 - Make/Break Foil arrangementFigure 116 - Make/Break foil arrangementCP

Figure 117 - Make/Break foil arrangementCP
[bookmark: _Toc130891310]Figure 25 - Make/Break foil arrangement










The foils are 20cm x 20cm, the edge of each foil overlap each other to avoid any gaps between the foils.
[bookmark: _Toc131008967]Firing Results;

Fibre 1 – Fibre 2 = 26µs
Velocity of Detonation = 7.69km/s
Foil 1 = No Signal, Foil 2 = 2.975ms, Foil 3 = 4.127ms, Foil 4 = 2.894ms, Foil 5 = 3.170ms
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = no signal (no frag made contact with Foil 1)
Foil 2 = 1243.7ms-1
Foil 3 = 896.5ms-1
Foil 4 = 1278.5ms-1
Foil 5 = 1167.1ms-1

4.3.2 [bookmark: _Toc131008968]Shot 2 – Thick Walled Copper Case

The foils were re-arranged to the format shown in figure 27 & 28, due to the frag throw from the first firing hitting below the area of the first foil arrangement.[bookmark: _Toc130891311]Figure 28 - Foil arrangement on strawboard
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Figure 125 - Foil Arrangement6[image: ]

Figure 126 - Foil Arrangement
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Figure 125 - Foil Arrangement



Figure 126 - Foil Arrangement on Strawboard
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[bookmark: _Toc130891312]Figure 27 - Foil Arrangement









[bookmark: _Toc131008969]Firing Results;

Fibre 2 – Fibre 1 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 2.879ms, Foil 2 = no signal, Foil 3 = no signal, Foil 4 = 2.793ms, Foil 5 = 2.713ms, Foil 6 = no signal
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1285.1ms-1
Foil 2 = no signal
Foil 3 = no signal
Foil 4 = 1324.7ms-1
Foil 5 = 1363.8ms-1
Foil 6 = no signal
4.3.3 [bookmark: _Toc131008970]Shot 3, Thin Walled Steel Case

The make/break foils were aligned in an arrangement as shown in figure 29 & 30 below, the number of foils were reduced for this firing as they were in limited supply. The 3 foils for this firing were placed another 100cm below the shot line from shot 2 to enhance the chances of frag making contact.[bookmark: _Toc130891313]Figure 30 - Foil Arrangement on Strawboard
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Figure 133 - Make/Break Foil Arrangement



Figure 134 - Thick Copper Case, Shadowgraph Footage

Figure 135 - Make/Break Foil Arrangement
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Figure 134 - Make/Break Foil Arrangement
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Figure 135 - Make/Break Foil ArrangementCP

Figure 133 - Make/Break Foil Arrangement



Figure 134 - Thick Copper Case, Shadowgraph Footage

Figure 135 - Make/Break Foil Arrangement

CP

Figure 133 - Make/Break Foil ArrangementCP

Figure 134 - Make/Break Foil Arrangement

CP

Figure 135 - Make/Break Foil ArrangementCP
[bookmark: _Toc130891314]Figure 29 - Make/Break Foil Arrangement






[bookmark: _Toc131008971]Firing Results;

Fibre 1 – Fibre 2 = 24µs
Velocity of Detonation = 8.33km/s
Foil 1 = 2.291ms, Foil 2 = 2.366ms, Foil 3 = no signal, 
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1285.1ms-1
Foil 2 = 1615ms-1
Foil 3 = no signal
4.3.4 [bookmark: _Toc131008972]Shot 4, Thick Walled Steel Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.

[bookmark: _Toc131008973]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 4.356ms, Foil 2 = 2.511ms, Foil 3 = 2.455ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 849.4ms-1
Foil 2 = 1473.5ms-1
Foil 3 = 1507.1ms-1
4.3.5 [bookmark: _Toc131008974]Shot 5, Thin Walled Copper Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008975]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 2.438ms, Foil 2 = 2.602ms, Foil 3 = 2.686ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1517.6ms-1
Foil 2 = 1421.9ms-1
Foil 3 = 1377.5ms-1

4.3.6 [bookmark: _Toc131008976]Shot 6, Thick Walled Copper Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008977]Firing Results;

Fibre 1 – Fibre 2 = 22µs
Velocity of Detonation = 9.09km/s
Foil 1 = 2.885ms, Foil 2 = 2.659ms, Foil 3 = 2.626ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1282.4ms-1
Foil 2 = 1391.5ms-1
Foil 3 = 1408.9ms-1


4.3.7 [bookmark: _Toc131008978]Shot 8, Thick Walled Steel Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008979]Firing Results;

Fibre 1 – Fibre 2 = 24µs
Velocity of Detonation = 8.33km/s
Foil 1 = 2.384ms, Foil 2 = no signal, Foil 3 = 2.753ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1552.1ms-1
Foil 2 = no signal
Foil 3 = 1343.9ms-1

4.3.8 [bookmark: _Toc131008980]Shot 9, Thin Walled Copper Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008981]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 3.199ms, Foil 2 = 3.012ms, Foil 3 = 2.593ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1156.6ms-1
Foil 2 = 1228.4ms-1
Foil 3 = 1426.9ms-1

4.3.9 [bookmark: _Toc131008982]Shot 10, Thick Walled Copper Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008983]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 2.640ms, Foil 2 = 3.258ms, Foil 3 = 2.702ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1401.5ms-1
Foil 2 = 1135.6ms-1
Foil 3 = 1369.3ms-1

4.3.10 [bookmark: _Toc131008984]Shot 11, Thin Walled Steel Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008985]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 2.268ms, Foil 2 = 2.276ms, Foil 3 = 2.413ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1631.3ms-1
Foil 2 = 1625.6ms-1
Foil 3 = 1533.3ms-1

4.3.11 [bookmark: _Toc131008986]Shot 12, Thick Walled Steel Case

The make/break foils were aligned in the same arrangement as shown in figure 29 above.
[bookmark: _Toc131008987]Firing Results;

Fibre 1 – Fibre 2 = 25µs
Velocity of Detonation = 8.0km/s
Foil 1 = 2.524ms, Foil 2 = 2.439ms, Foil 3 = 2.456ms.
Using the formula for speed = distance/time, the velocity of each fragment hitting the foils are;
Foil 1 = 1465.9ms-1
Foil 2 = 1517ms-1
Foil 3 = 1506.5ms-1

4.4 [bookmark: _Toc131008988]Shadowgraphy Results

Shot 1 – Thin Copper, no trigger on the camera so no shadowgraph results.
Shot 2 – Thick Copper Case;[bookmark: _Toc130891315]Figure 31 - Thick Copper Case, Shadowgraph Footage
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Figure 138 - Thin Steel Case, Shadowgraphy Footage3

Figure 139 - Thin Steel Case, Shadowgraphy Footage

Figure 140 - Thin Steel Case, Shadowgraphy Footage3

Figure 141 - Thin Steel Case, Shadowgraphy Footage3

Figure 142 - Thin Steel Case, Shadowgraphy Footage

Figure 143 - Thin Steel Case, Shadowgraphy Footage

Figure 144 - Thin Steel Case, Shadowgraphy Footage

Figure 145 - Thin Steel Case, Shadowgraphy Footage3

Figure 138 - Thin Steel Case, Shadowgraphy Footage3

Figure 139 - Thin Steel Case, Shadowgraphy Footage

Figure 140 - Thin Steel Case, Shadowgraphy Footage3

Figure 141 - Thin Steel Case, Shadowgraphy Footage3

Figure 32 - Thin Steel Case, Shadowgraphy Footage3

Figure 138 - Thin Steel Case, Shadowgraphy Footage3

Figure 139 - Thin Steel Case, Shadowgraphy Footage

Figure 140 - Thin Steel Case, Shadowgraphy Footage3

Figure 141 - Thin Steel Case, Shadowgraphy Footage3

Figure 142 - Thin Steel Case, Shadowgraphy Footage

Figure 143 - Thin Steel Case, Shadowgraphy Footage

Figure 144 - Thin Steel Case, Shadowgraphy Footage

Figure 145 - Thin Steel Case, Shadowgraphy Footage3

Figure 138 - Thin Steel Case, Shadowgraphy Footage3

Figure 139 - Thin Steel Case, Shadowgraphy Footage

Figure 140 - Thin Steel Case, Shadowgraphy Footage3

Figure 141 - Thin Steel Case, Shadowgraphy Footage3

	Shadowgraph Results - Thick Copper

	 Shot 2
	Frag 1
	1349.2308 ms-1

	
	Frag 2
	1333.5539 ms-1

	
	Frag 3
	1232.465 ms-1

	
	Frag 4
	1254.5562 ms-1

	
	Frag 5
	1315.8945 ms-1

	
	Average
	1297.14008 ms-1


[bookmark: _Toc131004475]Table 8 - Shadowgraph Results
Shot 3, Thin Steel Case;[bookmark: _Toc130891316]Figure 32 - Thin Steel Case, Shadowgraphy Footage
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4.1 [bookmark: _Toc130983105][bookmark: _Toc131008989]Strawboard Fragment Recovery

Annex A, shows the fragments recovered from the strawboard. The process requires a sweep of the each layer of strawboard and recovering any fragment wedged into that layer of strawboard. Each individual fragment is weighed marked for its location across the x and y axis and then weighed for its mass. 
Formula for velocity of recovered strawboard fragments (Cubic);

	Shadowgraph Results - Thin Steel

	Shot 3
	Frag 1
	1366.597 ms-1

	
	Frag 2
	1638.8823 ms-1

	
	Frag 3
	1765.9412 ms-1

	
	Frag 4
	1566.5556 ms-1

	
	Frag 5
	1345.7855 ms-1

	
	Average
	1536.75232 ms-1





[bookmark: _Toc131004476]Table 9 - Shadowgraph Results


Shot 4, Thick Steel Case;1
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Figure 150 - Thick Steel case, Shadowgraph Footage3

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage3

Figure 153 - Thick Steel case, Shadowgraph Footage3

Figure 150 - Thick Steel case, Shadowgraph Footage

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage

Figure 153 - Thick Steel case, Shadowgraph Footage3

Figure 150 - Thick Steel case, Shadowgraph Footage3

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage3

Figure 153 - Thick Steel case, Shadowgraph Footage3

Figure 33 - Thick Steel case, Shadowgraph Footage3

Figure 150 - Thick Steel case, Shadowgraph Footage3

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage3

Figure 153 - Thick Steel case, Shadowgraph Footage3

Figure 150 - Thick Steel case, Shadowgraph Footage

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage

Figure 153 - Thick Steel case, Shadowgraph Footage3

Figure 150 - Thick Steel case, Shadowgraph Footage3

Figure 151 - Thick Steel case, Shadowgraph Footage

Figure 152 - Thick Steel case, Shadowgraph Footage3

Figure 153 - Thick Steel case, Shadowgraph Footage3
[bookmark: _Toc130891317]Figure 33 - Thick Steel case, Shadowgraph Footage


	Shadowgraph Results - Thick Steel

	Shot 4
	Frag 1
	1433.972 ms-1

	
	Frag 2
	1545.1428 ms-1

	
	Frag 3
	1513.7937 ms-1

	
	Frag 4
	1541.5562 ms-1

	
	Frag 5
	1465.5565 ms-1

	
	Average
	1500.00424 ms-1







[bookmark: _Toc131004477]Table 10 - Shadowgraph Results

Shot 5, Thin Copper Case; 1
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Figure 154 - Thin Copper Case, Shadowgraph Footage2

Figure 155 - Thin Copper Case, Shadowgraph Footage

2

Figure 156 - Thin Copper Case, Shadowgraph Footage2

Figure 161 - Thin Copper Case, Shadowgraph Footage



Figure 162 - Thin Copper Case, Shadowgraph Footage

2

Figure 154 - Thin Copper Case, Shadowgraph Footage2

Figure 155 - Thin Copper Case, Shadowgraph Footage

2

Figure 156 - Thin Copper Case, Shadowgraph Footage2

Figure 34 - Thin Copper Case, Shadowgraph Footage2

Figure 154 - Thin Copper Case, Shadowgraph Footage2

Figure 155 - Thin Copper Case, Shadowgraph Footage

2

Figure 156 - Thin Copper Case, Shadowgraph Footage2

Figure 161 - Thin Copper Case, Shadowgraph Footage



Figure 162 - Thin Copper Case, Shadowgraph Footage

2

Figure 154 - Thin Copper Case, Shadowgraph Footage2

Figure 155 - Thin Copper Case, Shadowgraph Footage

2

Figure 156 - Thin Copper Case, Shadowgraph Footage2


[bookmark: _Toc130891318]Figure 34 - Thin Copper Case, Shadowgraph Footage
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Figure 159 - Thick Copper Case, Shadowgraph Footage6

Figure 160 - Thick Copper Case, Shadowgraph Footage

Figure 161 - Thick Copper Case, Shadowgraph Footage6

Figure 162 - Thick Copper Case, Shadowgraph Footage6

Figure 166 - Thick Copper Case, Shadowgraph Footage

Figure 167 - Thick Copper Case, Shadowgraph Footage

Figure 168 - Thick Copper Case, Shadowgraph Footage

Figure 169 - Thick Copper Case, Shadowgraph Footage6

Figure 159 - Thick Copper Case, Shadowgraph Footage6

Figure 160 - Thick Copper Case, Shadowgraph Footage

Figure 161 - Thick Copper Case, Shadowgraph Footage6

Figure 162 - Thick Copper Case, Shadowgraph Footage6

Figure 35 - Thick Copper Case, Shadowgraph Footage6

Figure 159 - Thick Copper Case, Shadowgraph Footage6

Figure 160 - Thick Copper Case, Shadowgraph Footage

Figure 161 - Thick Copper Case, Shadowgraph Footage6

Figure 162 - Thick Copper Case, Shadowgraph Footage6

Figure 166 - Thick Copper Case, Shadowgraph Footage

Figure 167 - Thick Copper Case, Shadowgraph Footage

Figure 168 - Thick Copper Case, Shadowgraph Footage

Figure 169 - Thick Copper Case, Shadowgraph Footage6

Figure 159 - Thick Copper Case, Shadowgraph Footage6

Figure 160 - Thick Copper Case, Shadowgraph Footage

Figure 161 - Thick Copper Case, Shadowgraph Footage6

Figure 162 - Thick Copper Case, Shadowgraph Footage6

	Shadowgraph Results - Thin Copper

	Shot 5
	Frag 6
	1415.6905 ms-1

	
	Frag 7
	1353.9926 ms-1

	
	Frag 8
	1487.1118 ms-1

	
	Frag 9
	1454.5661 ms-1

	
	Frag 10
	1394.5541 ms-1

	
	Average
	1421.18302 ms-1


[bookmark: _Toc131004478]Table 11 - Shadowgraph Results
Shot 6, Thick Copper Case;[bookmark: _Toc130891319]Figure 35 - Thick Copper Case, Shadowgraph Footage
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Figure 167 - Thin Steel Case, Shadowgraph Footage3

Figure 168 - Thin Steel Case, Shadowgraph Footage

3

Figure 169 - Thin Steel Case, Shadowgraph Footage3

Figure 173 - Thin Steel Case, Shadowgraph Footage



Figure 174 - Thin Steel Case, Shadowgraph Footage

3

Figure 167 - Thin Steel Case, Shadowgraph Footage3

Figure 168 - Thin Steel Case, Shadowgraph Footage

3

Figure 169 - Thin Steel Case, Shadowgraph Footage3

Figure 36 - Thin Steel Case, Shadowgraph Footage3

Figure 167 - Thin Steel Case, Shadowgraph Footage3

Figure 168 - Thin Steel Case, Shadowgraph Footage

3

Figure 169 - Thin Steel Case, Shadowgraph Footage3

Figure 173 - Thin Steel Case, Shadowgraph Footage



Figure 174 - Thin Steel Case, Shadowgraph Footage

3

Figure 167 - Thin Steel Case, Shadowgraph Footage3

Figure 168 - Thin Steel Case, Shadowgraph Footage

3

Figure 169 - Thin Steel Case, Shadowgraph Footage3


	Shadowgraph Results - Thick Copper

	Shot 6
	Frag 6
	1399.5888 ms-1

	
	Frag 7
	1549.4653 ms-1

	
	Frag 8
	1592.869 ms-1

	
	Frag 9
	1365.2563 ms-1

	
	Frag 10
	1415.5548 ms-1

	
	Average
	1464.54684 ms-1






[bookmark: _Toc131004479]Table 12 - Shadowgraph Results

Shot 7, Thin Steel Case;[bookmark: _Toc130891320]Figure 36 - Thin Steel Case, Shadowgraph Footage
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Figure 172 - Thick Steel Case, Shadowgraph Footage6

Figure 173 - Thick Steel Case, Shadowgraph Footage
6

Figure 174 - Thick Steel Case, Shadowgraph Footage6

Figure 178 - Thick Steel Case, Shadowgraph Footage


Figure 179 - Thick Steel Case, Shadowgraph Footage
6

Figure 172 - Thick Steel Case, Shadowgraph Footage6

Figure 173 - Thick Steel Case, Shadowgraph Footage
6

Figure 174 - Thick Steel Case, Shadowgraph Footage6

Figure 37 - Thick Steel Case, Shadowgraph Footage6

Figure 172 - Thick Steel Case, Shadowgraph Footage6

Figure 173 - Thick Steel Case, Shadowgraph Footage
6

Figure 174 - Thick Steel Case, Shadowgraph Footage6

Figure 178 - Thick Steel Case, Shadowgraph Footage


Figure 179 - Thick Steel Case, Shadowgraph Footage
6

Figure 172 - Thick Steel Case, Shadowgraph Footage6

Figure 173 - Thick Steel Case, Shadowgraph Footage
6

Figure 174 - Thick Steel Case, Shadowgraph Footage6


	Shadowgraph Results - Thin Steel

	Shot 7
	Frag 6
	1622.6345 ms-1

	
	Frag 7
	1622.4843 ms-1

	
	Frag 8
	1574.3817 ms-1

	
	Frag 9
	1545.6652 ms-1

	
	Frag 10
	1614.2553 ms-1

	
	Average
	1595.8842 ms-1






[bookmark: _Toc131004480]Table 13 - Shadowgraph Results


Shot 8, Thick Steel Case;[bookmark: _Toc130891321]Figure 37 - Thick Steel Case, Shadowgraph Footage
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Figure 177 - Thin Copper Case, Shadowgraph Footage3

Figure 178 - Thin Copper Case, Shadowgraph Footage

3

Figure 179 - Thin Copper Case, Shadowgraph Footage3

Figure 180 - Thin Copper Case, Shadowgraph Footage



Figure 181 - Thin Copper Case, Shadowgraph Footage

3

Figure 177 - Thin Copper Case, Shadowgraph Footage3

Figure 178 - Thin Copper Case, Shadowgraph Footage

3

Figure 179 - Thin Copper Case, Shadowgraph Footage3

Figure 38 - Thin Copper Case, Shadowgraph Footage3

Figure 177 - Thin Copper Case, Shadowgraph Footage3

Figure 178 - Thin Copper Case, Shadowgraph Footage

3

Figure 179 - Thin Copper Case, Shadowgraph Footage3

Figure 180 - Thin Copper Case, Shadowgraph Footage



Figure 181 - Thin Copper Case, Shadowgraph Footage

3

Figure 177 - Thin Copper Case, Shadowgraph Footage3

Figure 178 - Thin Copper Case, Shadowgraph Footage

3

Figure 179 - Thin Copper Case, Shadowgraph Footage3


	Shadowgraph Results - Thick Steel

	Shot 8
	Frag 6
	1422.8971 ms-1

	
	Frag 7
	1285.0469 ms-1

	
	Frag 8
	1520.9765 ms-1

	
	Frag 9
	1298.5564 ms-1

	
	Frag 10
	1356.8744 ms-1

	
	Average
	1376.87026 ms-1


[bookmark: _Toc131004481]Table 14 - Shadowgraph Results
Shot 9, Thin Copper Case;[bookmark: _Toc130891322]Figure 38 - Thin Copper Case, Shadowgraph Footage
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	Shadowgraph Results - Thin Copper

	Shot 9
	Frag 11
	1436.3593 ms-1

	
	Frag 12
	1385.444 ms-1

	
	Frag 13
	1726.1639 ms-1

	
	Frag 14
	1456.2516 ms-1

	
	Frag 15
	1522.6502 ms-1

	
	Average
	1505.3738 ms-1


[bookmark: _Toc131004482]Table 15 - Shadowgraph Results
Shot 10, Thick Copper Case;
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Figure 182 - Thick Copper Case, Shadowgraph Footage3

Figure 183 - Thick Copper Case, Shadowgraph Footage

3

Figure 184 - Thick Copper Case, Shadowgraph Footage3

Figure 188 - Thick Copper Case, Shadowgraph Footage



Figure 189 - Thick Copper Case, Shadowgraph Footage

3

Figure 182 - Thick Copper Case, Shadowgraph Footage3

Figure 183 - Thick Copper Case, Shadowgraph Footage

3

Figure 184 - Thick Copper Case, Shadowgraph Footage3

Figure 39 - Thick Copper Case, Shadowgraph Footage3

Figure 182 - Thick Copper Case, Shadowgraph Footage3

Figure 183 - Thick Copper Case, Shadowgraph Footage

3

Figure 184 - Thick Copper Case, Shadowgraph Footage3

Figure 188 - Thick Copper Case, Shadowgraph Footage



Figure 189 - Thick Copper Case, Shadowgraph Footage

3

Figure 182 - Thick Copper Case, Shadowgraph Footage3

Figure 183 - Thick Copper Case, Shadowgraph Footage

3

Figure 184 - Thick Copper Case, Shadowgraph Footage3


[bookmark: _Toc130891323]Figure 39 - Thick Copper Case, Shadowgraph Footage
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Figure 187 - Thin Steel Case, Shadowgraph Footage6

Figure 188 - Thin Steel Case, Shadowgraph Footage

6

Figure 189 - Thin Steel Case, Shadowgraph Footage6

Figure 193 - Thin Steel Case, Shadowgraph Footage



Figure 194 - Thin Steel Case, Shadowgraph Footage

6

Figure 187 - Thin Steel Case, Shadowgraph Footage6

Figure 188 - Thin Steel Case, Shadowgraph Footage

6

Figure 189 - Thin Steel Case, Shadowgraph Footage6

Figure 40 - Thin Steel Case, Shadowgraph Footage6

Figure 187 - Thin Steel Case, Shadowgraph Footage6

Figure 188 - Thin Steel Case, Shadowgraph Footage

6

Figure 189 - Thin Steel Case, Shadowgraph Footage6

Figure 193 - Thin Steel Case, Shadowgraph Footage



Figure 194 - Thin Steel Case, Shadowgraph Footage
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Figure 187 - Thin Steel Case, Shadowgraph Footage6

Figure 188 - Thin Steel Case, Shadowgraph Footage

6

Figure 189 - Thin Steel Case, Shadowgraph Footage6

	Shadowgraph Results - Thick Copper

	Shot 10
	Frag 11
	1399.1981 ms-1

	
	Frag 12
	1245.1374 ms-1

	
	Frag 13
	1413.2127 ms-1

	
	Frag 14
	1411.5541 ms-1

	
	Frag 15
	1306.6521 ms-1

	
	Average
	1355.15088 ms-1







[bookmark: _Toc131004483]Table 16 - Shadowgraph Results

Shot 11, Thin Steel Case;[bookmark: _Toc130891324]Figure 40 - Thin Steel Case, Shadowgraph Footage
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Figure 192 - Thick Steel Case, Shadowgraph Footage3

Figure 193 - Thick Steel Case, Shadowgraph Footage

3

Figure 194 - Thick Steel Case, Shadowgraph Footage3

Figure 198 - Thick Steel Case, Shadowgraph Footage



Figure 199 - Thick Steel Case, Shadowgraph Footage

3

Figure 192 - Thick Steel Case, Shadowgraph Footage3

Figure 193 - Thick Steel Case, Shadowgraph Footage

3

Figure 194 - Thick Steel Case, Shadowgraph Footage3

Figure 41 - Thick Steel Case, Shadowgraph Footage3

Figure 192 - Thick Steel Case, Shadowgraph Footage3

Figure 193 - Thick Steel Case, Shadowgraph Footage

3

Figure 194 - Thick Steel Case, Shadowgraph Footage3

Figure 198 - Thick Steel Case, Shadowgraph Footage



Figure 199 - Thick Steel Case, Shadowgraph Footage

3

Figure 192 - Thick Steel Case, Shadowgraph Footage3

Figure 193 - Thick Steel Case, Shadowgraph Footage

3

Figure 194 - Thick Steel Case, Shadowgraph Footage3


	Shadowgraph Results - Thin Steel

	Shot 11
	Frag 11
	1637.9352 ms-1

	
	Frag 12
	1791.4517 ms-1

	
	Frag 13
	1614.5438 ms-1

	
	Frag 14
	1654.5512 ms-1

	
	Frag 15
	1578.7895 ms-1

	
	Average
	1655.45428 ms-1






[bookmark: _Toc131004484]Table 17 - Shadowgraph Results

Shot 12, Thick Steel Case;[bookmark: _Toc130891325]Figure 41 - Thick Steel Case, Shadowgraph Footage
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Figure 197 - Thin Copper Fragments3

Figure 198 - Thin Copper Fragment3

Figure 199 - Thin Copper Fragments3

Figure 200 - Thin Copper Fragments

Figure 201 - Thick Steel Fragments

Figure 202 - Thin Steel FragmentsFigure 203 - Thick Steel FragmentsFigure 204 - Thin Copper Fragment3

Figure 197 - Thin Copper Fragments3

Figure 198 - Thin Copper Fragment3

Figure 199 - Thin Copper Fragments3


	Shadowgraph Results - Thick Steel

	Shot 12
	Frag 11
	1238.5503 ms-1

	
	Frag 12
	1188.942 ms-1

	
	Frag 13
	1206.1832 ms-1

	
	Frag 14
	1194.85 ms-1

	
	Frag 15
	1214.1454 ms-1

	
	Average
	1208.53418 ms-1


[bookmark: _Toc131004485]Table 18 - Shadowgraph Results

[bookmark: _Toc131008990]4.5 Warhead Calculator Results

As discussed in the background research the warhead calculator can be a useful tool in understanding the performance of a warhead with some basic measurements and dimensions of the warhead. Below are the results generated from using the calculator for both variations of the cylindrical charges. It highlights the fragment velocity and number of fragments produced.

	Warhead Calculator Results

	 
	Thin Steel
	Thick Steel
	Thin Copper
	Thick Copper

	Fragment Velocity (ms-1)
	1730
	1547
	1644
	1466

	No of Fragments
	4398
	2764
	4398
	2764


[bookmark: _Toc131004486]Table 19 - Warhead Calculator Results


[bookmark: _Toc131008991]4.6 Summary of Results

	Summary of Results – Average Fragment Velocity (ms-1)

	 
	Thin Steel
	Thick Steel
	Thin Copper
	Thick Copper

	Gurney Theory Prediction
	1721
	1537
	1633
	1451

	Modelling Prediction
	1497
	1346
	1469
	1279

	Make/Break Foils
	1523
	1407
	1285
	1329

	Shadowgraph
	1536
	1500
	1421
	1297

	Warhead Calculator
	1730
	1547
	1644
	1466

	Strawboard Capture
	678
	595
	728
	672


[bookmark: _Toc131004487]Table 20 - Summary of Results

Above table 20, highlights the average velocities of fragments from each section of the report, from the Gurney Theory predictions to the analysed fragments captured in the strawboard.



5 [bookmark: _Toc131008992]Fragment Collection

The images below show all the fragments recovered from the strawboard for each of the 12 firings.[bookmark: _Toc130891327]Figure 44 - Thin Copper Fragments
[bookmark: _Toc130891329]Figure 42 - Thin Steel Fragments
[bookmark: _Toc130891328]Figure 43 - Thick Steel Fragments

[bookmark: _Toc130891326]Figure 45 - Thick Copper Fragments

6 [bookmark: _Toc131008993]Discussion

[bookmark: _GoBack]As shown by the results from using Gurney theory equations, we can see the predicted velocities of the fragments upon detonation of the case. As shown in the background research, a uniform pressure and density is assumed and only the case thickness and mass of explosive will affect the results. The results show that the thickest cases produce slower velocities for the fragments due to the energy being dissipated into the case to break apart the material and less energy transferred into the fragments. Gurney theory is not applicable when working out multiple fragment speeds from a simple cylindrical charge but does give a good indication of the higher velocities which can be achieved from some of the fragments. Gurney theory is more applicable when larger differences between the mass of case and mass of explosive ratio are examined.
The modelling simulations shown in figures 7, 10, 13 and 16, show the break-up of the case material and the distribution of the fragments from being initiated from the top of the cylinder. They show a maximum and minimum velocity of the fragments produced, the largest velocities correlate closely with the predicted velocities from the Gurney equation. The modelling simulations predicted much larger quantities of fragments for the thinner charges and smaller number of fragments produced from the thicker charges which is represented in the fragment recovery from the strawboard. The distribution of the fragments are shown in figures 9, 11, 14 and 17, with a wide spread of fragments across the backstop. The modelling predicted the maximum and minimum mass of the fragments produced and is highlighted in figures 8, 12, 15 and 18, they show that both the thin and thick case materials will produce a lot of fragments with a small mass but the thicker of the case materials will produce more fragments with a larger mass. The fragment distribution is similar to that of the distribution graphs from the strawboard shown in annex B, due to the angle of collection being quite low as opposed to the modelling, far less fragments made impact with the strawboard, if the capture area of the experimental trial was increased you can assume this will show more similarity.
The experimental capture methods outlined in the report show a series of fragment velocities gathered from the make/break foils, the shadowgraph imagery and the collection of the fragments into the strawboard. The make/break foils show accurate velocity measurements of the fragments that penetrated the foil area but don’t highlight the mass of fragment, so it can be assumed from the results that the slower the time the fragment took to make contact with the foil, the fragment would be of a larger mass and vice versa for the faster recorded speeds. The foils that recorded no data, either had very small fragments make contact or none at all and therefore didn’t send a signal or timing to be recorded. The VOD[footnoteRef:9] measurements from the fibre probes shows the performance of the explosive composition and correlates with the figures for PE8. There are some discrepancies with some of the firings resulting in a higher VOD than what should have been expected. This could be due to instrumentational error in the system. The insignificant difference in the wall thickness of the tubes didn’t play a part in altering the VOD. [9:  VOD – Velocity of Detonation] 

The shadowgraph imagery shown in figures 31 - 41, shows the transit of fragments from the charge into the strawboard. The fragments were analysed using computational software and each fragment can be tracked for its velocity. Only five fragments were tracked using the software and an average velocity was gathered from these results. The results highlight that the thin case materials have faster velocities than that produced from the thicker case materials which corresponds with the Gurney theory predictions and that of the modelling simulations. The footage highlights the tumbling of larger fragments which will decrease their speed due to air resistance and drag which will directly affect the depth of penetration into the strawboard. The accuracy of these results can be limited to the software, you can assume from the imagery that the larger fragments will carry a larger mass but there isn’t an accurate measurement to highlight the mass of the fragments using the software. The accuracy of the results can also be determined by the calibration of the firing arena, imagery is inputted into the software to calibrate the arena measurements in order to be able to calculate the velocities of the fragments. The fragments were thrown towards the lower section of the strawboard and it was difficult to determine if a fragment had ricocheted off part of the structure before coming into the field of view or if it was directed through the capture zone directly from the charge.
Annex A, shows the statistical results gathered from the strawboard analysis. The results show the number of fragments collected from the strawboard and the depth of penetration into the strawboard layer. The results highlight that the fragments have varying size through all layers of the strawboard and no uniformity with the results from the modelling and the other experimental capture methods deployed. Each fragment recovered has its own velocity given from the formula. The strawboard does show some anomalies in the results with very small fragments will little mass, penetrating through a lot of layers of strawboard. This could be due to some error in the break-up of the fragments when making contact with the strawboard, the very small fragments with a high velocity could be broken up from a larger fragment when penetrating through the layers of the strawboard and not the actual mass of the fragment that made first contact with the strawboard.
The recovered fragments from the strawboard are shown in figures 42 - 45, the images show the thicker case materials produced far less fragments than that of the thinner cased materials, which corresponds with the results from the modelling simulations. The copper cylindrical cases show the ductility of the copper and the fragments are stretched and thin in dimensions as opposed to the steel case materials which show much thicker fragments. As the design of the charges were a simple cylindrical charge the fragments produced were natural and show no uniformity.
The warhead calculator results are directly linked to the Gurney equation for fragment velocity and show very similar results to that of the pre-calculations done in this report. The calculator predicted the same amount of fragments produced regardless of the material property selected, unlike the modelling and experimental data which shows this will not be the case.

7 [bookmark: _Toc131008994]Conclusion

The project successfully identified the hazards involved with firing cylindrical explosive charges and the collection of very fast fragments into the strawboard and highlighted the appropriate control measures and mitigation to make the experiment ALARP. The controls in place made the firings of the charges and collection of the fragments to be deemed safe. The SSoW was efficient and allowed for the selected sample of firings to be completed within the time frame.
The strawboard fragment recovery was a lengthy process in order to gain accurate information of the fragment size and distribution, the process for the recovery of fragments was done post experiment in a dry clean environment to not impinge on the time needed to complete the firings on the explosive range.
Due to the low sample size of firings and the small difference in wall thickness between the selected charges, more firings could have taken place to gather more information about the velocities of the fragments. The shadowgraph imagery could have been implemented more to gather a greater sample size of fragments from the footage if the field of view was adjusted to account for the angle of throw for the fragments. 
The computational model can be used to predict the fragment behaviour of a cylindrical warhead for fragment velocity and distribution but has some limiting factors. The computational model does not account for any case material to be consumed from the explosive detonation and predicts a large number of very small fragments. When looking at the recovered fragments from the strawboard, it shows that there would be far greater larger fragments than predicted in the modelling as opposed to a ‘dust’ like cloud of small particles. The experimental capture results do show similarity with the fragment behaviour shown in the modelling with similar average velocities across all variations of design.
The strawboard capture method is ideal for capturing fragments for further analysis to understand the deformation of the material in question, the results for velocities of the fragments do not correlate with the experimental capture results, it has its limitations with very small fragments that do not penetrate the layers of material and thus no data can be gathered for very small fragments using strawboard. The fragments collected from the strawboard and inputted into the formula had no similarity with the results produced from the modelling or experimental data.
As discussed in this report, the make/break foils are mainly used for single fragments and not multiple fragments, the design of the foil is that when a fragment has made contact the foil triggers, thus any other fragments making contact will no longer be recorded and only the first contact will be recorded. There is limitations in knowing the fragment size that made contact with the foil. 
The measurements of the fragments using the shadowgraph setup rely on accurate recording of measurements and calibration of the distances in order to gather valid data. The software allows for the input of an image of the shot line with a known measurement to calibrate the distance the fragments have transited. It has its limitations as the fragments are tumbling and not all fragments are perpendicular with the shot line so it doesn’t account for any angle of obliquity in the velocity calculations.

8 [bookmark: _Toc131008995]Reflections

The experiment could have been designed slightly differently if the modelling data was available before the experiment. The back stop for the collection of fragments in the modelling data is set to 2m whereas the strawboard backstop was set at 3.7m due to the trials arena having to incorporate all the instrumentation methods. The modelling data would have allowed for better placement of the make/break foils for the first firing and more accurate data would have been gathered from this method. Several of the firings gathered no significant data using this method.
Due to the low sample size and the small difference in wall thickness of the selected charges, not much data was gathered for each of the firings. Ideally a greater variance of wall thickness would have been selected with only one material property to understand more about the fragment behaviour between a larger difference in thickness of case material.
The availability of the materials due to circumstances out of my control made the availability of greater wall thickness cylinders unachievable and thus getting the specifications of the charges for the modelling was delayed, resulting in the experimental side of the project to be carried out prior to the modelling data. Reviewing the modelling data before designing the experiment would have guided the best placement for all instrumentation methods deployed and improved the sample size of results from both the make/break foils and the fragment collection from the strawboard.
More research could have been examined with the shadowgraph imagery to gather a greater sample size of fragment velocities. The mach angle from the displacement of air behind each fragment could have been analysed to cross reference the velocities given from the computational software.
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[bookmark: _Toc131008997]Annex A – Strawboard Fragment Collection Results

	SHOT 1 - Thin Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	49.5
	48
	0.06
	1
	291

	2
	25
	58.5
	0.001
	1
	643.6

	3
	69.5
	64.5
	0.001
	1
	643.6

	4
	87.5
	96
	0.01
	1
	389.8

	5
	35
	174.5
	0.001
	1
	643.6

	6
	13.5
	124
	0.001
	1
	643.6

	7
	21
	124
	0.001
	1
	643.6

	8
	53.5
	127
	0.001
	1
	643.6

	9
	61.5
	131
	0.001
	1
	643.6

	10
	45.5
	138.5
	0.05
	1
	298.6

	11
	3.5
	140
	0.001
	1
	643.6

	12
	5
	150.5
	0.002
	1
	545.9

	13
	39
	142.5
	0.13
	1
	263.5

	14
	49
	160.5
	0.001
	1
	643.6

	15
	66
	195.5
	0.001
	1
	643.6

	16
	1.5
	65
	0.14
	2
	352.4

	17
	28
	98
	0.17
	2
	341

	18
	68.5
	92.5
	0.41
	2
	297.5

	19
	84
	85.5
	0.9
	2
	268.1

	20
	86
	85.5
	0.01
	2
	609.7

	21
	96.5
	81.5
	0.11
	2
	367.7

	22
	65
	105
	0.35
	2
	304.4

	23
	20
	112.5
	0.01
	2
	609.7

	24
	44.5
	110
	0.07
	2
	399.8

	25
	64.5
	146.5
	0.001
	2
	1117.2

	26
	85.5
	172.5
	0.12
	2
	362

	27
	44
	160
	0.15
	2
	348.3

	28
	53.5
	89
	0.22
	3
	405.4

	29
	54
	97
	0.44
	3
	356.8

	30
	92
	87.5
	0.14
	3
	443.6

	31
	94.5
	92.5
	0.01
	3
	829.5

	32
	96
	95
	0.05
	3
	555.7

	33
	3
	114.5
	0.08
	3
	499.7

	34
	53.5
	135.5
	0.13
	3
	450.5

	35
	10
	185.5
	0.03
	3
	627.3

	36
	47
	142.5
	0.06
	3
	532.9

	37
	43.5
	77.5
	0.07
	4
	629.7

	38
	14
	103
	0.22
	4
	483.8

	39
	77
	103.5
	0.8
	4
	374.1

	40
	48.5
	152
	0.05
	4
	684.2

	41
	38.5
	63.5
	0.001
	5
	2538

	42
	60
	69.5
	0.3
	5
	523.7

	43
	51.5
	78.5
	0.25
	5
	545.9

	44
	63
	88.5
	0.44
	5
	481.3

	45
	3.5
	124.5
	0.23
	5
	556.5

	46
	73
	80
	0.24
	6
	627.3

	47
	53.5
	88
	0.14
	6
	717.3

	48
	45
	90.5
	0.001
	6
	3011.6

	49
	15
	92.5
	0.52
	6
	523.4

	50
	67
	99
	0.33
	6
	581.2

	51
	37.5
	115
	0.05
	6
	941.3

	52
	54
	88
	0.08
	7
	939.4

	53
	22
	90
	0.001
	8
	3958.8

	54
	46
	89.5
	0.17
	8
	853.9

	55
	64
	87.5
	0.08
	8
	1049.3

	56
	19
	62.5
	0.23
	9
	865.7

	57
	15
	92
	0.01
	9
	2148.4

	58
	59
	89.5
	0.08
	9
	1159.2

	59
	14
	103
	0.08
	9
	1159.2

	60
	51
	79.5
	0.06
	9
	1258.8

	61
	51
	80
	0.11
	10
	1158.4

	62
	60
	89
	0.29
	10
	885.5

	63
	4
	98.5
	0.22
	10
	954.5

	64
	14.5
	91
	0.14
	11
	1173.3

	65
	3
	98
	0.34
	11
	916.4

	66
	17
	129
	0.1
	11
	1292.4

	67
	14
	91.5
	0.38
	12
	954.6

	68
	15
	130
	0.25
	12
	1072.2

	69
	15
	92
	0.14
	13
	1355.7

	70
	97
	114
	0.27
	14
	1195.9

	71
	92.5
	110.5
	0.47
	14
	1022.8

	72
	3
	97.5
	0.4
	14
	1069.9

	
	
	
	
	Average =
	805.1055556



	SHOT 2 - Thick Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	29
	93
	0.001
	1
	643.6

	2
	17.5
	100
	0.001
	1
	643.6

	3
	36
	103
	0.001
	1
	643.6

	4
	8.5
	106
	0.05
	1
	298.6

	5
	47
	119
	0.001
	1
	643.6

	6
	71
	143.5
	0.001
	1
	643.6

	7
	65
	157.5
	0.001
	1
	643.6

	8
	17
	165
	0.001
	1
	643.6

	9
	86
	189
	0.08
	1
	279.9

	10
	8
	92.5
	0.22
	2
	326.9

	11
	6.5
	96.5
	0.61
	2
	281.7

	12
	64.5
	102.5
	0.09
	2
	381.4

	13
	31.5
	122
	0.6
	2
	282.3

	14
	52.5
	125
	0.27
	2
	316.6

	15
	90
	114
	0.13
	2
	357

	16
	30
	123
	0.14
	2
	352.4

	17
	30
	81
	0.59
	3
	339.4

	18
	22
	93
	0.74
	3
	327.1

	19
	60
	98
	0.88
	3
	318.3

	20
	58
	102
	0.26
	3
	392.6

	21
	36
	112.5
	0.47
	3
	352.7

	22
	43
	122
	0.26
	3
	392.6

	23
	81
	104
	0.09
	3
	487

	24
	50
	135
	0.09
	3
	487

	25
	41
	85
	0.09
	4
	592.7

	26
	19
	86
	0.56
	4
	399.8

	27
	42
	97
	0.28
	4
	459.6

	28
	27
	124.5
	0.09
	4
	592.7

	29
	49
	81
	0.2
	4
	493.9

	30
	70
	151.5
	0.2
	5
	574.9

	31
	46.5
	63
	0.64
	6
	499.7

	32
	99
	75
	0.11
	6
	763.1

	33
	17
	86.5
	0.17
	6
	683

	34
	65
	98
	0.1
	7
	884.2

	35
	64.5
	98.5
	0.44
	8
	668.1

	36
	40
	96
	0.86
	8
	568.4

	37
	20
	104
	0.08
	8
	1049.3

	38
	26
	88
	0.41
	9
	743.8

	39
	19
	101.5
	0.16
	9
	955.1

	40
	29.5
	120
	0.41
	9
	743.8

	41
	18.5
	101.5
	0.95
	10
	651.8

	42
	20
	105.5
	0.45
	10
	788

	43
	29.5
	120
	0.11
	10
	1158.4

	44
	85
	107
	0.07
	10
	1319.2

	45
	86.5
	83.5
	0.16
	11
	1129.6

	46
	82.5
	104.5
	0.06
	11
	1500.7

	47
	86.5
	83.5
	0.36
	12
	968.9

	48
	79
	123.5
	0.13
	12
	1291.9

	49
	82.5
	105
	0.23
	13
	1174.9

	50
	84.5
	106.5
	0.2
	13
	1222.8

	51
	11.5
	116.5
	0.61
	14
	951.8

	52
	84
	105.5
	0.4
	14
	1069.9

	53
	75
	134.5
	0.17
	14
	1366.9

	54
	4
	173.5
	0.24
	14
	1236.9

	55
	75
	134
	0.05
	15
	2098.3

	56
	20.5
	105.5
	0.32
	16
	1277.9

	57
	64.5
	99.5
	0.62
	17
	1114.2

	
	
	
	
	Average =
	727.5947368



	SHOT 3 - Thin Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	29
	117
	0.001
	1
	643.6

	2
	64
	70.5
	0.001
	2
	1117.2

	3
	69.5
	85
	0.001
	2
	1117.2

	4
	23
	93
	0.001
	2
	1117.2

	5
	54
	106
	0.001
	2
	1117.2

	6
	37
	46.5
	0.24
	3
	398.6

	7
	2.5
	155.5
	0.11
	3
	466.5

	8
	71.5
	112
	0.16
	3
	431.7

	9
	38.5
	85.5
	0.44
	4
	419.1

	10
	76
	100.5
	0.19
	4
	499.5

	11
	86
	100
	0.78
	4
	375.8

	12
	87
	91.5
	0.71
	4
	382.3

	13
	34
	93.5
	0.53
	4
	404.1

	14
	28
	99
	0.94
	4
	363.4

	15
	22
	112
	0.24
	4
	474.8

	16
	6.5
	96.5
	2.25
	5
	350.7

	17
	87.5
	100.5
	0.2
	5
	574.9

	18
	93
	138.5
	0.39
	5
	494.1

	19
	87.5
	106.5
	0.26
	6
	615.2

	20
	49.5
	95.5
	0.22
	6
	640.7

	21
	97
	115.5
	0.15
	6
	704.8

	22
	18
	73.5
	0.07
	6
	859.5

	23
	75
	135
	0.27
	6
	609.7

	24
	87
	99
	0.56
	8
	629.7

	25
	88
	106
	0.3
	8
	736

	26
	27.5
	83
	0.26
	9
	837.8

	27
	49
	95.5
	0.19
	9
	911.4

	28
	46.5
	113
	0.41
	9
	743.8

	29
	87
	98.5
	0.29
	9
	814

	30
	13
	88
	0.33
	10
	855.3

	31
	87
	98
	0.64
	10
	719.6

	32
	13
	88.5
	0.14
	11
	1197.9

	33
	43
	124
	0.11
	11
	1284

	34
	80.5
	93.5
	0.1
	12
	1394.4

	35
	42.5
	124.5
	0.46
	12
	906.2

	36
	13
	89
	0.27
	13
	1122.6

	37
	44.5
	93
	0.69
	13
	866.7

	
	
	
	
	Average =
	735.0594595



	SHOT 4 - Thick Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	75
	107.5
	0.05
	1
	298.6

	2
	20.5
	120
	0.24
	1
	246.2

	3
	48.5
	182.5
	0.05
	1
	298.6

	4
	79
	178
	0.08
	1
	279.9

	5
	68
	41
	0.001
	2
	1117.2

	6
	32
	53
	0.11
	2
	367.7

	7
	4.5
	43
	0.13
	2
	357

	8
	91.5
	155
	0.08
	2
	389.8

	9
	64.5
	48.5
	0.09
	2
	381.4

	10
	13
	65.5
	0.15
	2
	348.3

	11
	5
	81
	0.07
	2
	399.8

	12
	78
	135.5
	0.05
	2
	427.1

	13
	11
	56.5
	0.12
	3
	458.1

	14
	45.5
	85.5
	0.16
	3
	431.7

	15
	19
	42
	0.06
	4
	653.9

	16
	59
	77.5
	0.48
	4
	411.9

	17
	67
	86.5
	0.3
	4
	453

	18
	99.5
	85.5
	0.42
	4
	423

	19
	9
	82.5
	1.32
	4
	342.7

	20
	19.5
	84
	0.71
	4
	382.3

	21
	13.5
	93.5
	0.92
	4
	364.8

	22
	30.5
	102.5
	0.09
	4
	592.7

	23
	10
	104.5
	0.21
	5
	568.4

	24
	56.5
	89.5
	0.24
	5
	551

	25
	78.5
	82.5
	1.7
	5
	368.4

	26
	69.5
	89
	1.2
	6
	437.4

	27
	49
	162
	0.37
	6
	565.8

	28
	7
	77
	0.19
	6
	664.3

	29
	63
	86
	1.01
	7
	500.4

	30
	7.5
	79.5
	0.78
	7
	530.1

	31
	62
	117.5
	0.16
	7
	780.7

	32
	37.5
	136
	0.26
	7
	689.4

	33
	71.5
	134.5
	0.16
	7
	780.7

	34
	50.5
	107
	0.56
	11
	802

	
	
	
	
	Average =
	490.1264706



	SHOT 5 - Thin Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	82
	128.5
	0.001
	1
	643.6

	2
	38
	183
	0.001
	1
	643.6

	3
	85.5
	197
	0.08
	1
	279.9

	4
	62.5
	195
	0.001
	1
	643.6

	5
	49.5
	56.5
	0.05
	1
	298.6

	6
	96.5
	101
	0.06
	1
	291

	7
	36
	18
	0.07
	2
	399.8

	8
	37.5
	25.5
	0.002
	2
	921.8

	9
	86
	57.5
	0.002
	2
	921.8

	10
	84
	62.5
	0.74
	2
	274.7

	11
	85
	82
	0.23
	2
	324.6

	12
	73.5
	83.5
	0.41
	2
	297.5

	13
	65.5
	82.5
	0.27
	2
	316.6

	14
	45.5
	83
	0.33
	2
	307.1

	15
	35.5
	83
	0.002
	2
	921.8

	16
	7
	70.5
	0.15
	2
	348.3

	17
	55
	91
	0.47
	2
	291.8

	18
	44.5
	97.5
	0.1
	2
	374.1

	19
	37
	104
	0.002
	2
	921.8

	20
	13
	107
	0.16
	2
	344.5

	21
	88.5
	119
	0.2
	2
	322

	22
	30
	80
	0.1
	3
	476.1

	23
	16.5
	84.5
	0.41
	3
	361.3

	24
	15
	87.5
	0.17
	3
	426.5

	25
	16
	90.5
	0.05
	3
	555.7

	26
	56.5
	117
	0.14
	3
	443.6

	27
	40.5
	168.5
	0.002
	3
	1297.7

	28
	92
	82
	0.09
	3
	487

	29
	64
	138
	0.01
	3
	829.5

	30
	13.5
	106.5
	0.8
	4
	374.1

	31
	5.5
	118
	0.44
	4
	419.1

	32
	55
	89
	0.35
	5
	506

	33
	56.5
	198
	0.22
	5
	562.3

	34
	56
	77.5
	0.27
	6
	609.7

	35
	10
	87.5
	0.23
	6
	633.8

	36
	60
	77.5
	1.05
	7
	496.2

	37
	10.5
	87
	0.16
	7
	780.7

	38
	20.5
	100.5
	0.05
	7
	1069.9

	39
	55
	97.5
	0.4
	8
	684.2

	40
	11
	87
	0.01
	9
	2148.4

	41
	16.5
	89
	0.17
	9
	939.4

	42
	54.5
	97.5
	0.01
	9
	2148.4

	43
	87
	129.5
	0.09
	9
	1121.1

	44
	36
	117
	0.19
	9
	911.4

	45
	20
	92.5
	0.45
	10
	788

	46
	14.5
	64.5
	0.19
	10
	993.8

	47
	11.5
	86
	0.14
	10
	1082.1

	48
	55.5
	97.5
	0.07
	11
	1434.1

	49
	14
	66
	0.17
	12
	1195.9

	50
	56
	77.5
	0.07
	13
	1663.9

	51
	16.5
	88
	0.23
	13
	1174.9

	52
	55.5
	77.5
	0.32
	14
	1139.4

	53
	33
	91.5
	0.07
	14
	1778.8

	54
	33
	91
	0.24
	16
	1389.3

	
	
	
	
	Average =
	759.4592593



	SHOT 6 - Thick Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	79
	88
	0.001
	1
	643.6

	2
	9.5
	83.5
	0.001
	1
	643.6

	3
	22
	93
	0.001
	1
	643.6

	4
	65.5
	156.5
	0.001
	1
	643.6

	5
	91
	3.5
	0.001
	1
	643.6

	6
	80
	92.5
	0.001
	1
	643.6

	7
	29
	130
	0.05
	1
	298.6

	8
	33
	80
	2.14
	2
	243.5

	9
	71
	92
	0.3
	2
	311.5

	10
	88
	88
	0.57
	2
	284.2

	11
	91.5
	108.5
	0.001
	2
	1117.2

	12
	23.5
	115
	0.005
	2
	723.9

	13
	3
	114.5
	0.001
	2
	1117.2

	14
	26.5
	140
	0.001
	2
	1117.2

	15
	76.5
	92.5
	0.54
	2
	286.3

	16
	76
	96.5
	0.24
	2
	322.4

	17
	46.5
	79
	0.08
	3
	499.7

	18
	7.5
	83
	0.45
	3
	355.4

	19
	4
	87
	0.45
	3
	355.4

	20
	28
	107
	0.33
	3
	375.6

	21
	69.5
	91
	0.46
	3
	354.1

	22
	87
	99
	0.68
	3
	331.6

	23
	3.5
	86
	0.29
	4
	456.2

	24
	10
	84.5
	0.24
	4
	474.8

	25
	23
	99.5
	0.21
	4
	488.7

	26
	94
	133
	0.27
	4
	463.1

	27
	57.5
	89.5
	0.22
	5
	562.3

	28
	36.5
	84.5
	0.12
	5
	650.1

	29
	20
	91.5
	0.91
	6
	463.2

	30
	27.5
	140.5
	0.09
	6
	804.1

	31
	7.5
	123.5
	0.51
	8
	644.2

	32
	18
	140
	0.44
	10
	792.7

	33
	46
	87
	0.5
	11
	826.4

	34
	74
	92
	0.53
	11
	813.7

	35
	22
	185
	0.41
	11
	871.3

	36
	49
	139
	0.1
	16
	1802.5

	37
	46.5
	86
	0.23
	16
	1406.8

	38
	91.5
	75
	0.47
	17
	1205.5

	39
	46
	86
	0.06
	17
	2226.6

	
	
	
	
	Average =
	689.9384615



	SHOT 7 - Thin Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	27
	4
	0.001
	1
	643.6

	2
	30
	8.5
	0.001
	1
	643.6

	3
	98.5
	84
	0.001
	1
	643.6

	4
	63.5
	95
	0.001
	1
	643.6

	5
	11
	116.5
	0.001
	1
	643.6

	6
	22.5
	159.5
	0.1
	1
	272

	7
	52.5
	54
	0.18
	1
	253.9

	8
	60.5
	173
	0.08
	1
	279.9

	9
	63
	79.5
	0.001
	2
	1117.2

	10
	98
	70
	0.06
	2
	411.9

	11
	88.5
	98.5
	0.01
	2
	609.7

	12
	65
	51
	0.06
	2
	411.9

	13
	53.5
	69
	0.06
	2
	411.9

	14
	28.5
	75.5
	0.001
	2
	1117.2

	15
	96.5
	77
	0.36
	2
	303.1

	16
	78
	89
	0.001
	2
	1117.2

	17
	9
	90.5
	0.001
	2
	1117.2

	18
	48
	73.5
	0.29
	3
	384.7

	19
	5
	79.5
	0.11
	3
	466.5

	20
	5.5
	70.5
	1.43
	3
	296.1

	21
	9
	79.5
	0.4
	3
	362.8

	22
	8
	91
	0.64
	3
	334.9

	23
	54.5
	83
	0.05
	3
	555.7

	24
	75
	86
	0.59
	3
	339.4

	25
	55
	112
	0.08
	3
	499.7

	26
	93.5
	114
	0.09
	3
	487

	27
	68
	78.5
	0.82
	4
	372.4

	28
	55.5
	85
	0.59
	4
	395.9

	29
	95
	115
	0.06
	4
	653.9

	30
	96.5
	58
	0.17
	5
	597.5

	31
	5.5
	66.5
	0.2
	5
	574.9

	32
	82
	107
	0.49
	5
	470.4

	33
	58
	122.5
	0.58
	5
	453.9

	34
	5.5
	66.5
	0.17
	5
	170

	35
	13.5
	164.5
	0.23
	5
	556.5

	36
	12
	178
	0.19
	5
	581.9

	37
	24
	178
	0.19
	5
	581.9

	38
	35
	87.5
	0.24
	6
	627.3

	39
	87.5
	92.5
	0.28
	6
	604.4

	40
	57.5
	85
	0.1
	7
	884.2

	41
	51
	94.5
	0.13
	9
	1011.4

	42
	87
	83
	0.61
	10
	728.4

	43
	50.5
	94.5
	0.08
	12
	1489

	44
	96.5
	141.5
	0.09
	12
	1438.2

	45
	68.5
	77.5
	0.07
	13
	1663.9

	46
	68
	77.5
	0.07
	14
	1778.8

	47
	71
	84.5
	0.14
	14
	1446.9

	48
	88
	78.5
	0.05
	14
	1969.8

	49
	86.5
	78
	0.31
	16
	1289.6

	50
	72
	83
	0.43
	17
	1236.7

	
	
	
	
	Average =
	718.914



	SHOT 8 - Thick Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	98
	45.5
	0.06
	1
	291

	2
	98
	131.5
	0.06
	1
	291

	3
	39
	143
	0.06
	1
	291

	4
	35
	167
	0.001
	1
	643.6

	5
	4.5
	189.5
	0.15
	1
	259.1

	6
	48.5
	45.5
	0.06
	2
	411.9

	7
	95
	97.5
	0.08
	2
	389.8

	8
	1.5
	85
	0.54
	4
	402.6

	9
	93.5
	85.5
	0.95
	4
	362.7

	10
	19
	85
	0.65
	4
	388.7

	11
	63
	161
	0.34
	4
	441.4

	12
	83
	87
	0.66
	5
	442

	13
	25
	83
	0.65
	5
	443.4

	14
	18
	96
	0.58
	5
	453.9

	15
	34.5
	153
	0.08
	5
	719.6

	16
	39.5
	150
	0.15
	5
	615.7

	17
	80
	84.5
	1.59
	6
	413.5

	18
	86
	87.5
	0.91
	7
	512.1

	19
	62
	84.5
	0.37
	7
	631.8

	20
	19
	98
	0.38
	7
	627.7

	21
	16
	73.5
	0.13
	8
	917.9

	22
	2
	103
	0.45
	8
	664.4

	23
	62
	85
	0.05
	8
	1198.4

	24
	16.5
	72.5
	0.54
	9
	693.4

	25
	87
	163.5
	0.52
	9
	700.1

	26
	21
	97
	1.17
	10
	664.4

	27
	17.5
	149
	0.6
	11
	787.7

	28
	33
	85.5
	0.19
	13
	1241

	29
	87.5
	88.5
	0.58
	14
	965.1

	30
	31
	81
	0.8
	20
	1190.3

	
	
	
	
	Average =
	601.84



	SHOT 9 - Thin Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	52
	51
	0.001
	1
	643.6

	2
	39.5
	68.5
	0.001
	1
	643.6

	3
	50
	81
	0.001
	1
	643.6

	4
	79.5
	98.5
	0.11
	1
	268.8

	5
	40.5
	106
	0.001
	1
	643.6

	6
	44.5
	114.5
	0.05
	1
	298.6

	7
	12
	120.5
	0.001
	1
	643.6

	8
	50.5
	150.5
	0.11
	1
	268.8

	9
	61.5
	160.5
	0.001
	1
	643.6

	10
	14
	169
	0.001
	1
	643.6

	11
	99
	176
	0.06
	1
	291

	12
	60
	100
	1.11
	1
	215.9

	13
	59
	78
	0.09
	2
	381.4

	14
	55.5
	79.5
	0.54
	2
	286.3

	15
	99
	82.5
	0.42
	2
	296.5

	16
	95.5
	93.5
	0.34
	2
	305.7

	17
	36
	85.5
	0.25
	2
	320.4

	18
	2.5
	86
	0.15
	2
	348.3

	19
	10
	90
	1.04
	2
	263.5

	20
	13
	83
	0.66
	2
	278.8

	21
	58
	82
	0.12
	2
	362

	22
	60
	96.5
	0.08
	3
	499.7

	23
	81.5
	72.5
	0.23
	4
	479.2

	24
	75
	78.5
	1.07
	4
	355.2

	25
	56
	80
	0.28
	4
	459.6

	26
	38
	70.5
	0.28
	4
	459.6

	27
	14.5
	85.5
	0.24
	4
	474.8

	28
	81.5
	72.5
	0.21
	5
	568.4

	29
	6
	101.5
	0.32
	5
	516.2

	30
	95.5
	128
	0.37
	5
	499.8

	31
	38
	73.5
	0.07
	6
	859.5

	32
	71
	121.5
	0.66
	6
	496.4

	33
	59.5
	71.5
	0.12
	7
	842.1

	34
	92
	99
	0.16
	7
	780.7

	35
	6
	75
	0.41
	8
	680

	36
	37
	125
	0.19
	8
	829

	37
	58
	158
	0.12
	8
	938.1

	38
	77
	195
	0.32
	9
	793.2

	39
	60
	71
	0.19
	12
	1158.6

	40
	65
	85
	0.03
	13
	2151.4

	41
	13.5
	85
	0.33
	13
	1060.9

	42
	61
	85.5
	0.29
	14
	1171.7

	43
	13
	85.5
	0.6
	15
	1012.3

	44
	57.5
	76
	0.17
	16
	1537.9

	
	
	
	
	Average =
	620.8068182



	SHOT 10 - Thick Copper

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	66
	94.5
	0.001
	1
	643.6

	2
	81.5
	139.5
	0.001
	1
	643.6

	3
	72.5
	191
	0.001
	1
	643.6

	4
	22
	190
	0.001
	1
	643.6

	5
	16
	198.5
	0.06
	1
	291

	6
	75.5
	94.5
	0.47
	2
	291.8

	7
	52.5
	83.5
	1.17
	2
	259.9

	8
	46
	80
	0.29
	2
	313.1

	9
	27.5
	80
	0.58
	2
	283.6

	10
	18
	88.5
	0.62
	2
	281.1

	11
	39
	97.5
	0.36
	2
	303.1

	12
	21
	84.5
	0.05
	2
	427.1

	13
	19.5
	95
	0.35
	2
	304.4

	14
	70
	102
	0.44
	2
	294.5

	15
	94
	79
	1.98
	3
	283.1

	16
	70
	75
	0.15
	3
	437.4

	17
	72.5
	95
	1.39
	3
	297.3

	18
	42.5
	77
	0.42
	3
	359.7

	19
	22
	99.5
	0.22
	3
	405.4

	20
	22
	106
	0.36
	3
	369.7

	21
	77.5
	187.5
	0.17
	3
	426.5

	22
	2.5
	144.5
	0.45
	4
	417.2

	23
	29
	93
	0.22
	5
	562.3

	24
	35.5
	94.5
	0.55
	6
	516.8

	25
	24.5
	96.5
	0.54
	6
	519

	26
	24.5
	96.5
	1.03
	7
	498.3

	27
	96
	76
	0.25
	7
	696.3

	28
	31.5
	87.5
	0.15
	9
	972.2

	29
	64
	86.5
	0.06
	10
	1379.7

	30
	64
	87
	0.22
	11
	1033

	31
	48
	138
	0.16
	11
	1129.6

	32
	23
	93.5
	0.16
	12
	1216.9

	33
	18.5
	132
	0.27
	15
	1269.1

	34
	35.5
	94.5
	0.73
	17
	1064.2

	35
	99
	138.5
	0.23
	17
	1484.1

	
	
	
	
	Average =
	598.9085714



	SHOT 11 - Thin Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	40.5
	21
	0.001
	1
	643.6

	2
	25.5
	55.5
	0.001
	1
	643.6

	3
	64.5
	87.5
	0.001
	1
	643.6

	4
	26
	101.5
	0.001
	1
	643.6

	5
	98
	135.5
	0.001
	1
	643.6

	6
	7
	182.5
	0.001
	1
	643.6

	7
	7
	154.5
	0.2
	2
	332

	8
	61
	168.5
	0.001
	2
	1117.2

	9
	58.5
	78
	0.11
	2
	367.7

	10
	27.5
	81
	0.67
	3
	332.4

	11
	27.5
	89
	0.5
	3
	349

	12
	67.5
	85
	0.65
	3
	334

	13
	90
	84
	0.5
	3
	349

	14
	65
	91.5
	0.65
	3
	334

	15
	78.5
	99.5
	0.23
	3
	401.9

	16
	51
	110
	0.19
	3
	417.1

	17
	63
	91
	0.65
	3
	334

	18
	85.5
	101
	0.72
	3
	328.5

	19
	21.5
	69.5
	0.18
	3
	421.6

	20
	86.5
	72.5
	0.26
	4
	466.8

	21
	55.5
	82.5
	0.46
	4
	415.4

	22
	9.5
	74
	0.28
	4
	459.6

	23
	31
	181
	0.27
	4
	463.1

	24
	4.5
	104
	0.36
	4
	436.3

	25
	76.5
	96
	0.37
	4
	433.9

	26
	56.5
	125.5
	0.07
	5
	744.6

	27
	25
	80.5
	0.44
	6
	543.6

	28
	42
	87
	0.42
	7
	612.7

	29
	53
	150.5
	0.31
	7
	659.8

	30
	8.5
	105.5
	0.07
	7
	974.4

	31
	58
	163
	0.05
	8
	1198.4

	32
	15
	135
	0.15
	9
	972.2

	33
	24
	140
	0.3
	11
	948.2

	34
	49.5
	80
	0.25
	13
	1147.3

	
	
	
	
	Average =
	581.0676471



	SHOT 12 - Thick Steel

	Frag Number
	x (cm)
	y (cm)
	Mass (g)
	Final Sheet No
	Formulae Results m/s-1

	1
	39
	40
	0.001
	1
	643.6

	2
	46.5
	53.5
	0.05
	1
	298.6

	3
	29.5
	113.5
	0.07
	1
	284.9

	4
	72
	128.5
	0.001
	1
	643.6

	5
	90
	127.5
	0.001
	1
	643.6

	6
	46
	156.5
	0.001
	2
	643.6

	7
	79
	134.5
	0.16
	2
	344.5

	8
	46
	175.5
	0.1
	2
	374.1

	9
	27
	70.5
	0.01
	3
	829.5

	10
	72
	116
	0.16
	4
	519

	11
	46
	102
	0.9
	4
	366.2

	12
	60.5
	81.5
	0.23
	5
	556.5

	13
	21
	97
	3.43
	5
	327

	14
	41
	144
	0.92
	6
	462.2

	15
	21
	177
	0.29
	5
	527.8

	16
	44
	187
	0.4
	5
	491.4

	17
	74.5
	88
	0.46
	6
	538.1

	18
	26.5
	96.5
	0.55
	7
	574.6

	19
	63.5
	96.5
	0.26
	7
	689.4

	20
	60
	79
	0.2
	9
	898.9

	21
	65
	81.5
	0.25
	9
	846.6

	22
	30
	101.5
	0.59
	9
	678.2

	23
	65
	81.5
	0.95
	10
	651.8

	24
	54
	91.5
	0.5
	12
	886

	25
	56.5
	93
	0.31
	13
	1079.7

	26
	25.5
	97.5
	0.11
	14
	1553.8

	27
	75.5
	88.5
	0.22
	14
	1268.3

	28
	37.5
	74
	0.63
	14
	943.4

	29
	26
	97.5
	0.43
	16
	1173.9

	30
	56
	92
	0.65
	17
	1099.4



[bookmark: _Toc131008998]Annex B – Fragment Distribution on Strawboard













































































































































































Frag Distribution - Shot 1: Thin Copper

sheet 1	49.5	25	69.5	87.5	35	13.5	21	53.5	61.5	45.5	3.5	5	39	49	66	48	58.5	64.5	96	174.5	124	124	127	131	138.5	140	150.5	142.5	160.5	195.5	sheet 2	1.5	28	68.5	84	86	96.5	65	20	44.5	64.5	85.5	65	98	92.5	85.5	85.5	81.5	105	112.5	110	146.5	172.5	160	sheet 3	53.5	54	92	94.5	96	3	53.5	10	47	89	97	87.5	92.5	95	114.5	135.5	185.5	142.5	sheet 4	43.5	14	77	48.5	77.5	103	103.5	152	sheet 5	38.5	60	51.5	63	3.5	63.5	69.5	78.5	88.5	124.5	sheet 6	73	53.5	45	15	67	37.5	80	88	90.5	92.5	99	115	sheet 7	54	88	sheet 9	22	46	64	90	89.5	87.5	sheet 9	19	15	59	14	51	62.5	92	89.5	103	79.5	sheet 10	51	60	4	80	89	98.5	sheet 11	14.5	3	17	91	98	129	sheet 12	14	15	91.5	130	sheet 13	15	92	sheet 14	97	92.5	3	114	110.5	97.5	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 2: Thick Copper

sheet 1	29	17.5	36	8.5	47	71	65	17	86	93	100	103	106	119	143.5	157.5	165	189	sheet 2	8	6.5	64.5	31.5	52.5	90	30	92.5	96.5	102.5	122	125	114	123	sheet 3	30	22	60	58	36	43	81	50	81	93	98	102	112.5	122	104	135	sheet 4	41	19	42	27	49	85	86	97	124.5	81	sheet 5	70	151.5	sheet 6	46.5	99	17	63	75	86.5	sheet 7	65	98	sheet 8	64.5	40	20	98.5	96	104	sheet 9	26	19	29.5	88	101.5	120	sheet 10	18.5	20	29.5	85	101.5	105.5	120	107	sheet 11	86.5	82.5	83.5	104.5	sheet 12	86.5	79	83.5	123.5	sheet 13	82.5	84.5	105	106.5	sheet 14	11.5	84	75	4	116.5	105.5	134.5	173.5	sheet 15	75	134	sheet 16	20.5	105.5	sheet 17	64.5	99.5	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 3: Thin Steel

sheet 1	29	117	sheet 2	64	69.5	23	54	70.5	85	93	106	sheet 3	37	2.5	71.5	46.5	155.5	112	sheet 4	38.5	76	86	87	34	28	22	85.5	100.5	100	91.5	93.5	99	112	sheet 5	6.5	87.5	93	96.5	100.5	138.5	sheet 6	87.5	49.5	97	18	75	106.5	95.5	115.5	73.5	135	sheet 8	87	88	99	106	sheet 9	27.5	49	46.5	87	83	95.5	113	98.5	sheet 10	13	87	88	98	sheet 11	13	43	88.5	124	sheet 12	80.5	42.5	93.5	124.5	sheet 13	13	44.5	89	93	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 4: Thick Steel

sheet 1	75	20.5	48.5	79	107.5	120	182.5	178	sheet 2	68	32	4.5	91.5	64.5	13	5	78	41	53	43	155	48.5	65.5	81	135.5	sheet 3	11	45.5	56.5	85.5	sheet 4	19	59	67	99.5	9	19.5	13.5	30.5	42	77.5	86.5	85.5	82.5	84	93.5	102.5	sheet 5	10	56.5	78.5	104.5	89.5	82.5	sheet 6	69.5	49	7	89	162	77	sheet 7	63	7.5	62	37.5	71.5	86	79.5	117.5	136	134.5	sheet 11	50.5	107	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 5: Thin Copper

sheet 1	82	38	85.5	62.5	49.5	96.5	128.5	183	197	195	56.5	101	sheet 2	36	37.5	86	84	85	73.5	65.5	45.5	35.5	7	55	44.5	37	13	18	25.5	57.5	62.5	82	83.5	82.5	83	83	70.5	91	97.5	104	107	119	sheet 3	30	16.5	15	16	56.5	40.5	92	64	80	84.5	87.5	90.5	117	168.5	82	138	sheet 4	13.5	5.5	106.5	118	sheet 5	55	56.5	89	198	sheet 6	56	10	77.5	87.5	sheet 7	60	10.5	20.5	77.5	87	100.5	sheet 8 	55	97.5	sheet 9	11	16.5	54.5	87	36	87	89	97.5	129.5	117	sheet 10	20	14.5	11.5	92.5	64.5	86	sheet 11	55.5	97.5	sheet 12	14	66	sheet 13	56	16.5	77.5	88	sheet 14	55.5	33	77.5	91.5	sheet 16	33	91	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 6: Thick Copper

sheet 1	79	9.5	22	65.5	91	80	29	88	83.5	93	156.5	3.5	92.5	130	sheet 2	33	71	88	91.5	23.5	3	26.5	76.5	76	80	92	88	108.5	115	114.5	140	92.5	96.5	sheet 3	46.5	7.5	4	28	69.5	87	79	83	87	107	91	99	sheet 4	3.5	10	23	94	86	84.5	99.5	133	sheet 5	57.5	36.5	89.5	84.5	sheet 6	20	27.5	91.5	140.5	sheet 8 	7.5	123.5	sheet 10	18	140	sheet 11	46	74	22	87	92	185	sheet 16	49	46.5	139	86	sheet 17	91.5	46	75	86	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 7: Thin Steel

sheet 1	27	30	98.5	63.5	11	22.5	52.5	60.5	4	8.5	84	95	116.5	159.5	54	173	sheet 2	63	98	88.5	65	53.5	28.5	96.5	78	9	79.5	70	98.5	51	69	75.5	77	89	90.5	sheet 3	48	5	5.5	9	8	54.5	75	55	93.5	73.5	79.5	70.5	79.5	91	83	86	112	114	sheet 4	68	55.5	95	78.5	85	115	sheet 5	96.5	5.5	82	58	5.5	13.5	12	24	58	66.5	107	122.5	66.5	164.5	178	178	sheet 6	35	87.5	87.5	92.5	sheet 7	57.5	85	sheet 9	51	94.5	sheet 10	87	83	sheet 12	50.5	96.5	94.5	141.5	sheet 13	68.5	77.5	sheet 14	68	77.5	sheet 16	86.5	78	sheet 17	72	83	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 8: Thick Steel

sheet 1	98	98	39	35	4.5	45.5	131.5	143	167	189.5	sheet 2	48.5	95	45.5	97.5	sheet 4	1.5	93.5	19	63	85	85.5	85	161	sheet 5	83	25	18	34.5	39.5	87	83	96	153	150	sheet 6	80	84.5	sheet 7	86	62	19	87.5	84.5	98	sheet 8	16	2	62	73.5	103	85	sheet 9	16.5	87	72.5	163.5	sheet 10	21	97	sheet 11	17.5	149	sheet 13	33	85.5	sheet 14	87.5	88.5	sheet 20	31	81	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 9: Thin Copper

sheet 1	52	39.5	50	79.5	40.5	44.5	12	50.5	61.5	14	99	60	51	68.5	81	98.5	106	114.5	120.5	150.5	160.5	169	176	100	sheet 2	59	55.5	99	95.5	36	2.5	10	13	58	78	79.5	82.5	93.5	85.5	86	90	83	82	sheet 3	60	96.5	sheet 4	81.5	75	56	38	14.5	72.5	78.5	80	70.5	85.5	sheet 5	81.5	6	95.5	72.5	101.5	128	sheet 6	38	71	73.5	121.5	sheet 7	59.5	92	71.5	99	sheet 8	6	37	58	75	125	158	sheet 9	77	195	sheet 12	60	71	sheet 13	65	13.5	85	85	sheet 14	61	85.5	sheet 15	13	85.5	sheet 16	57.5	76	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 10: Thick Copper

sheet 1	66	81.5	72.5	22	16	94.5	139.5	191	190	198.5	sheet 2	75.5	52.5	46	27.5	18	39	21	19.5	70	94.5	83.5	80	80	88.5	97.5	84.5	95	102	sheet 3	94	70	72.5	42.5	22	22	77.5	79	75	95	77	99.5	106	187.5	sheet 4	2.5	144.5	sheet 5	29	93	sheet 6	35.5	24.5	94.5	96.5	sheet 7	24.5	96	96.5	76	sheet 9	31.5	87.5	sheet 10	64	86.5	sheet 11	64	48	87	138	sheet 12	23	93.5	sheet 15	18.5	132	sheet 17	35.5	99	94.5	138.5	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 11: Thin Steel

sheet 1	40.5	25.5	64.5	26	98	7	21	55.5	87.5	101.5	135.5	182.5	sheet 2	7	61	58.5	154.5	168.5	78	sheet 3	27.5	27.5	67.5	90	65	78.5	51	63	85.5	21.5	81	89	85	84	91.5	99.5	110	91	101	69.5	sheet 4	86.5	55.5	9.5	31	4.5	76.5	72.5	82.5	74	181	104	96	sheet 5	56.5	125.5	sheet 6	25	80.5	sheet 7	42	53	8.5	87	150.5	105.5	sheet 8	58	163	sheet 9	15	135	sheet 11	24	140	sheet 13	49.5	80	Strawboard Length (cm)


Strawboard Height (cm)




Frag Distribution - Shot 12: Thick Steel

sheet 1	39	46.5	29.5	72	90	40	53.5	113.5	128.5	127.5	sheet 2	46	79	46	156.5	134.5	175.5	sheet 3	27	70.5	sheet 4	72	46	116	102	sheet 5	60.5	21	21	44	81.5	97	177	187	sheet 6	41	74.5	144	88	sheet 7	26.5	63.5	96.5	96.5	sheet 9	60	65	30	79	81.5	101.5	sheet 10	65	81.5	sheet 12	54	91.5	sheet 13	56.5	93	sheet 14	25.5	75.5	37.5	97.5	88.5	74	sheet 16	26	97.5	sheet 17	56	92	Strawboard Length (cm)


Strawboard Height (cm)
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