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[bookmark: _Toc120279200]Introduction

When performing explosive experiments, a standard by-product of the explosion is fragments. The fragment that is produced could cause damage to equipment that is being used for recording or to the firing chamber or, even worse, cause severe injury to an operative. It is, therefore, imperative to use protection and mitigation to protect from these fragments causing damage. AWE developed a fragment attach test to simulate the damage caused by the fragments to understand the behaviours better and protect from these fragments.

The previous frag attack trials that AWE conducted involved firing different sizes and shaped projectiles into witness plates. The witness plates were made of ductile material, which was either made from steel or aluminium. The fragments were fired at various velocities by changing the amount of propellant. The indent in the witness plate, caused by the fragment, was then measured to determine how much mitigation was required for the full-scale trial. The data that was collected from the results were also fed into computer simulations. However, since the frag attach trial was last fired, the propellant that was used to fill the cartridges that fired the fragment is no longer manufactured. The frag attack trials could no longer commence without a suitable propellant replacement. It is, therefore, essential to find a suitable replacement propellant for the frag attack trails to continue in the future. 

For the frag attack trial to continue, several propellants were down-selected to find a suitable replacement propellant to be tested. This report shall discuss the selected propellants for replacing the old, the proposed test method and the results from the testing. 

[bookmark: _Toc120279201]Research

[bookmark: _Toc120279202]Propellants

Propellants are a type of explosives that burn rather than detonate, which means they change from a solid to a gas at a relatively slow rate compared to explosives. Propellants contain the oxygen that is needed for the combustion to continue. Explosives detonate at supersonic speed, whereas propellant deflagrates at a subsonic speed. They produce a large volume of hot gas that, when a confined chamber such as a bullet casing, generates a high pressure that propels a projectile forward. To stop the propellant from detonating inside the gun, it is fabricated in granular form, which gives it a more consistent burn rate. There are three types of solid gun propellant used in the military single-base and double-base.

Propellants produce large amounts of gas, which is used to propel projectiles at high speed in a very short amount of time. Therefore, the projectile's velocity is determined by the quantity and rate at which the gas is produced. This can be worked out first by finding out the propellants (Q) value, which is also known as the Heat of Deflagration. 


[1]

By working out the Q value of the propellant using the heat of deflagration equation, it is possible to work out the muzzle velocity of the projectile using the equation below.


[1]

The equation above works out the muzzle velocity of the projectile (v) (ms-1) by using the mass of propellant (m), the amount of energy released from the combustion of the propellant (Q)( Jg-1) and the efficiency of the gun (η) over the mass of the projectile (M). 

Calculate the force that has been subjected on the projectile; it relies on the temperature and amount of the gases that are produced during the combustion stage, which the following equation can be used for. [1]


[1]


Where; 
	F = The force exerted on the projectile (Jg-1)
	n = The number of moles of combustion gas per gram of propellant (mol g-1)
	T0 = Flame Temperautre of the propellant (K)
	R = Gas Constant (8.314 JK-1 mol-1)
	M = Mean molar mass of combustion gas (g mol-1)

The F value can be used when comparing other propellants and determined by burning propellants in a Closed Vessel test. 

[bookmark: _Toc120279203]Grain

One of the main contributing factors that affect the rate at which the propellant burns within the cartridge is the type and size of the propellant grain. Solid propellant can be manufactured in different shapes and sizes, either in stick or granular (also known as grains) form. This is due to the fact that ‘The burning takes place by parallel layers, i.e., the rate of burning down the normal to the surface of each piece of propellant is the same, at any instant, at all points of the surface’ [2].  This refers to the fact that the propellant grain's burning surface recedes in a direction normal to the burning surface at every point; this is known as Piobert's law. [2]

[image: surface regression figure]
[bookmark: _Toc120279230]Figure 1: Burning Surface Regression [3]

Depending on how the propellant's grain geometry and shape are manufactured, the surface area of the grain will increase or decrease, thus affecting the burn rate. For example, when a spherical grain shape burns, the surface area of the sphere will decrease; this is known as a regressive burn. However, a multi-tube grain shape is a progressive burn, as the surface area will increase as it burns. [4]
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[bookmark: _Toc120279231]Figure 2: Grain Geometry and Burn Times [5]
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[bookmark: _Toc120279232]Figure 3: Propellant Burn Type [6]

[bookmark: _Toc120279204]Single-Base Propellants

Apart from the shape and size of the propellant grain, what the propellant is made from can considerably impact the propellant's burn rate and the projectile's velocity. There are several types of propellant compositions that are used for different applications; however, this report will focus on the two gun propellants, single and double-base propellants.

Single-base propellants are used in various types of guns, such as pistols and artillery ammunition. Single-base propellants get their name as they mainly consist of Nitrocellulose that can be 90% or more and Diphenylamine as a stabiliser. 

[bookmark: _Toc120279205] Double-Base Propellants

Double-base propellants is made by mixing Nitrocellulose and Nitroglycerine. By adding the two components together, it increases the amount of nitrogen and other gas released when it begins to burn and decompose within the gun chamber. Therefore, as a result of the increase in gases being emitted, there is also an increase in pressure over a shorter time. Double-base propellants are often used in higher calibre weapons or mortars, as they have a higher energy content (Q Value) than single-base propellants. Single-base propellants will have a Q value of between 3100 and 3700 Jg-1, whereas double-base have a Q value of around 4500 Jg-1. [1] [7]

[bookmark: _Toc120279206]NRN 41

[bookmark: _Hlk120225030][bookmark: _Hlk120228657]The propellant that was previously used in the Fragment Simulating Projectile experiment was a propellant called NRN 41. NRN 41 was the past manufactured by Muiden Chemie in the Netherlands; however, stop production of the powder back in 2005. As written in the Service Textbook of explosives, NRN 41 was a single base propellant that was used in 7.62 ammunition. [8]

Before the NRN 41 propellant was allowed onto site at AWE, the propellant was sent to BAE system for an Explosive hazard Data Sheet. In the datasheet, they disclose that it is a single-base propellant that contains the following. 

	Ingredients
	Proportion

	Diphenylamine
	0.8 – 1.2%

	Potassium Sulphate
	0.5 – 1.0%

	Graphite
	0.5% nominal

	Methyl Centralite
	2.25% nominal

	Nitrocellulose
	Up to 100%


[bookmark: _Toc120279248]Table 1: NRN 41 Ingredients [9]

As a single base propellant, the main ingredient is Nitrocellulose; however, without knowing the exact amount used to make NRN 41, it is difficult to calculate the Q factor or the Heat of Deflagration. NRN 41 also contain the stabiliser Diphenylamine and Centralite, which gives the NRN 41 propellant a 10-year life shelf  [9] [10]. Without Diphenylamine and Centralite as stabilisers, the nitrate esters will begin to break down and an autocatalytic decomposition of the material. This will eventually result in sensitisation of the NRN 41 and possibly a runaway reaction that could result in a detonation of material. Therefore the remaining stock at AWE of the NRN 41 propellant had to be disposed of due to it reaching its shelf life of 10 years. A new replacement propellant is required in order for the trials to continue. 

During the last trial that NRN 41 was used on, the velocities that were achieved were recorded from each of the charge masses that were used. 






	Propellant mass (g)
	Velocity (m/s)

	10
	1320

	10
	1260

	10
	1300

	12
	1450

	12
	1660

	13
	1550

	13
	1520

	14
	1490

	16
	1740


[bookmark: _Toc120279249]Table 2: NRN 41 Velocities [11]

The new propellant needs to achieve the same velocities as the NRN41. The NRN 41 propellant had a range of 1260 m/s to 1740 m/s. 


[bookmark: _Toc120279233]Figure 4: NRN 41 Velocity

[bookmark: _Toc120279207]New Propellants

Before deciding on a propellant, there were several requirements that the new propellant had to fulfil in order to be considered for testing. The requirement for the new propellant includes the.

· The new propellant had to perform the same as the NRN 41 by making the fragment travelled at a velocity of 1700m/s
· The propellant had to have a shelf life of 10 years
· The propellant had to be commercially available
· The propellant can fit into a 50-cal bullet

[bookmark: _Hlk119058868]Several propellant types were considered as a replacement for the old NRN 41 propellant. However, after having several email discussions with HPS TR Ltd, Gloucester, who are rifle and gun specialists, it was recommended that an excellent alternative to the NRN41 was a variety of different propellant types from a manufacturer called Vihtavuori. Vihtavuori is a well-established manufacturer in Finland that has been making propellants for over 100 years and currently makes a variety of propellants for a wide range of gun calibres. In the email exchange with HPS, they recommended several of Vihtavuori’s propellants, which were N140, N165, N310 and N330.

[bookmark: _Toc120279208]N140

[bookmark: _Hlk120229718]Vihtavuori N140 is a single base propellant and was initially developed for the Finnish Army for their 7.62 cartridges; however, the propellant can be used in various calibre ammunition, such as .223 and .308, making it a very versatile propellant. Vihtavuori manufactures the N140 propellant grain size to ‘1,0 mm length and 0,9 mm diameter’ in a tubular shape and has been coated in graphite, allowing it to burn at a medium speed. [12]

[bookmark: _Toc120279209]N165

The N165 is another single base propellant and a slow-burning powder due to the surface coating Vihtavuori put on. The N140 is manufactured to a slightly larger size grain than the N140 at 1,3 mm in length x 1,0 mm in diameter. Like the N140, the N165 is a universal propellant and can be used in a variety of different gun calibres ‘ranging from 6,5×55 SE all the way to .416 Rigby’. [13]

[bookmark: _Toc120279210]N310

The N310 powder is a ‘fastest burning handgun powder’ used in ‘calibers from .32 S&W Long Wadcutter up to .45 ACP’ and is suited for shorter-length barrels such as handguns and shotguns. Like the N140 and N165 propellant, the N310 is a ‘single-base, tubular powder type with grain dimensions of 0,7 mm length and 0,6 mm diameter.’ [14]. Unfortunately, the N310 propellant wasn’t available for testing at the time of the trial.

[bookmark: _Toc120279211]N330

The final propellant that was recommended as a replacement was the N330 powder. The N330 propellant is commonly used in a wide range of handguns and is more specifically manufactured for ‘9 mm Luger but also suitable for .38 Special, .40 S&W, .44 S&W Special and .45 Colt’ [15]. The N330 is another signal base propellant that burns at a medium rate. The tubular grain is produced to the size of 1mm x 0.8mm. 

Using the data and figures provided by the Vihtavuori reloading data sheet, it can be seen that the N165 has the lowest Energy Content and burn rate compared to the other three propellants, where N330 has the highest.

	Powder
	Burning Rate (N110 = 100)*[footnoteRef:1] [1:  *Values of Relative Burn Rate Numbers for Vihtavuori Powders have been calculated from the laboratory test results determined with a so-called manometric bomb (a hermetically sealed chamber), which allows experimental determination of burning characteristics (ie. vivacity) of powders. Here N110 is given the index number 100. The higher the number, the quicker burning powder. [16]] 

	Length (mm)
	Diameter (mm)
	Bulk density (g/l)
	Moisture Content (%)
	Energy Content (J/g)

	N140
	54
	1,0
	0,9
	910
	1,1
	3700

	N165
	43    
	1,3
	1,0
	920
	1,1
	3500

	N310
	310 
	0,7
	0,6
	560
	1,2
	4100

	N330
	198  
	1,0
	0,8
	620
	1,1
	4100


[bookmark: _Toc120279250]Table 3: Vihtavouri Propellant Comparison [16]

[bookmark: _Toc120279212]Internal Ballistics

To better understand how the propellant works within the gun chamber and cartridge, it is essential to understand the internal ballistics of the gun. The internal ballistics of a gun takes into consideration the factors such as bullet shape, sectional density, barrel length and rifling. All these parameters, and more, can affect the distance of the projectile and the gun's accuracy but must be considered when looking at a projectile's velocity when it leaves the barrel. 

Internal ballistics from the start of the propellant igniting to the projectile leaves the barrel of the weapon. This can be divided into three periods, Lock time, Ignition time and Barrel time. Lock time is the time between the sear and the ignition of the percussion cap. A shorter time interval of Lock Time is more suited for rapid-fire or automatic guns. For this study, however, this report has only concentrated on the final two, as the trial used an electronic firing system and only fired one round at a time. Ignition time is the time when the primer is struck to the projectile, beginning to accelerate. During this time, the propellant deflagrates, releasing gases in the cartridge, which in turn produces enough pressure to begin accelerating the projectile. The final stage is the Barrel time, which is the time it takes for the projectile to travel down the barrel and exit. 

[bookmark: _Toc120279213]Previous trail

AWE previously used the NRN 41 propellant in the Fragment Simulating Projectile (FSP) experiments. The FSP test was used to study the effects of simulated case fragment projectiles being launched into well-characterised ductile materials that were used to protect the chamber and the diagnostic equipment being used. 

In the past FSP experiment, fragments were launched using a 0.5’’ Browning gun assembly that was either fitted with a standard rifled barrel or a smooth bore barrel, with the aid of various sabot designs. The gun was set up in a Firing Chamber that was aimed at a plate made of a ductile material with a sabot stripping system in between. The barrel and the sabot stripper were aligned using a laser. The rifled barrel and the smooth bore barrel would fire different projectiles. The rifled barrel was used to launch projectiles was the aspect ratios of L/D = 0.25 and L/D = 1, while the smooth bore was only used to fire the L/D = 5 projectiles. [11] [17] [18]
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[bookmark: _Toc120279234]Figure 5: Fragment Design [18]

As stated earlier, the propellant that was used to launch the fragment was NRN 41 propellant, which used a 0.50’’ calibre cartridge. The cartridge was filled with various quantities of charge mass ranging from 10g to 16g, which increased in increments of 1g. As mentioned earlier, the velocities that were able to achieve were between 1260m/s to 1740m/s. [11] [17]
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[bookmark: _Toc120279235]Figure 6: FSP Experiment Setup [11]

To measure the velocity of the fragment, two aluminium switch foils were placed in the projectile's flight path, and the distance between the two foils was measured. Each of the switch foils was made of two sheets of 0.001mm thick Aluminium foil that is separated by a thin layer of waxed tissue paper. The foil is switched by the projectile passing through the foil, which produces a voltage signal. A Falcon data acquisition recorded the time difference between the foil probes, enabling the projectile velocity to be calculated [17]. The trial also used two types of cameras to photograph the projectile's flight. The photographs that were taken were used to assess the yaw angle of the fragment. They also confirmed the velocity measurements obtained from the foil switches.

Before the projectile was inserted into the barre, the fragment was inserted into nylon or polypropylene sabots of various designs, as shown in figure 6. Sabots A and B are manufactured from nylon and are used to launch L/D = 0.25 and L/D = 1 projectiles. The sabot is designed with two slits along the sabots axis, which help improve the sabot to split and discard from the projectile before being stopped by a conical stripper. Sabot C was a new design that was developed for launching the L/D = 5 projectiles. When firing these fragments, it was found that the nylon wasn’t strong enough, and the sabot would out-accelerate the fragment. The sabot was therefore redesigned, and it was to be made from polypropylene. [11]
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[bookmark: _Toc120279236]Figure 7: Sabots Designs [17]

The fragment was fired at a variety of different materials to test how well they would do as mitigation in the chamber. In the previous trial, Q1N steel was chosen as the target plate as well as Aluminium 2024. To decide which material best met the criteria, the depth of penetration caused by the fragment was measured, along with the hole diameter. [11] [17] [18]

[bookmark: _Toc120279214]Method of Testing

As stated earlier, AWE used the NRN41 propellant for the frag attack trials. The AWE test fired fragments at a target plate with velocities of 1200 m/s to 1800 m/s. This was to simulate fragments that were produced in an explosive trial hitting the chamber walls. The amount of propellant used in the cartridges was increased to achieve the projectile reaching the higher velocities. To find a suitable replacement and thoroughly test the new propellants, the experiment will replicate the fragment attack trial in which the propellant was previously used. The trial lasted for two days and was conducted off-site at the COTEC ranges. 

[bookmark: _Toc120279215]Fragment

In the original trial at AWE, several designs were used to replicate the type of fragment that could be produced in an explosive trial. These fragment designs were made of a tungsten alloy and included designs such as flat disks, right cylinders, long rods and ball bearings.

The fragment chosen for the trial was a disk shape that weighed 2.75g each. The disk was made of 316 stainless steel, which has a high resistance to corrosion and good heat resistance [19]. The fragment design was chosen due to the availability at the time. The disk fragment was used as it was off the shelf and had was left over from previous trials. Other fragment designs had to be manufactured and delivered. Suppliers were contacted to find out if new fragments could be manufactured; however, due to the time it would take to manufacture and deliver the new fragments, they would not be able to arrive in time for the trial.

The fragment was glued into the end of the sabot using Loctite to ensure the fragment didn't fall out while loading into the barrel. With the fragment and sabot travelling glued together, this would result in a larger indent in the target plate. 

[bookmark: _Toc120279216]Propellant

The three propellants that were tested as a possible replacement were Vihtavuori N140, N165 and N330. Before each propellant was fired, the maximum amount of propellant that was could fit into a cartridge was found. Upon doing this, it was found that the cartridge could only accommodate a total of 16g of the N140 and N165, whereas the N330 could take a total of 10g. For each quantity of propellant fill, the shot was repeated three times to acquire an average velocity of the fragment. The charge mass of each propellant would start at its lowest quantity. In this case, the N140 and N165 started at 12g, and the N330 started at 5g. The charge mass was then increased by 1g increments after three shots. 

[bookmark: _Toc120279217]Gun setup

There were two choices of barrels that could have been used to fire the fragments, a rifled or smooth bore barrel. Rifling is used on many gun barrels to help improve the accuracy of the bullet, and as well as it helps it travels a further distance. The rifled barrel would allow the fragments and sabots to spin whilst travelling through the air, reducing the changes of the fragments yawing and tumbling and not hitting the target plate square on. In the end, fragments were fired from a 0.5" Browning gun assembly using the smooth bore barrel (0.515"), as the smooth bore barrel was used in the previous tests, and the results would be more accessible to compare. The barrel was screwed into the gun assembly and aimed towards the steel target plate. From the end of the gun to the target, the plate was a distance of 2.7m. 
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[bookmark: _Toc120279237]Figure 8: Gun Setup

[bookmark: _Toc120279218]Diagnostics

Several pieces of diagnostic equipment could be used for the trial to track the fragment and its velocity. One diagnostic equipment considered for the trial was the use of Doppler Radar. The way in which the Doppler Radar works is using the Doppler Effect. The radar sends an electromagnetic radiation beam at a precise frequency at the moving fragment. The change in the reflected frequency wave from the moving fragment can be used to calculate the velocity of the fragment. [20]

As stated, aluminium switch foils were previously on the FSP experiment to record the velocity. However, this was no longer a viable option due to the slight change in the setup and the fact COTEC did not have the appropriate equipment to record in this manner. 

In the end, a high-speed camera was used to record and capture the velocity of the fragment as it travelled through the air. The camera that was used was a Phantom TMX 6410 high-speed camera. A white screen for the background was put in place behind the projectile's flight path to get a clearer image of the camera. The camera was able to record 65000fps, but on the day of the firing, it was set up to record at 6500fps. The resolution was set to 1280 x 800 with an exposure time of 2 seconds in full colour. The camera was set to trigger by a microphone picking up the sound of the gun firing. Underneath the projectile's flight path, a wooden board with two screws was placed in the camera's field of view and was used as a fiducial. The distance between the two screws was known and was loaded onto the computer software when measuring the velocities. The camera will also help to determine the angle and yaw of the projectile as it hits the witness plate. The camera will also show if the fragment breaks apart from the sabot.

[bookmark: _Toc120279219]Safety

To avoid any injuries and health and safety risks that may occur throughout the trial, a safe system of work (SSoW) was written up to include step-by-step instructions on assembling the trial and a risk assessment. Along with this, the risk assessment that COTEC has provided was followed. The most significant risk involved in the trial that was mentioned in COTEC’s risk assessment is the possibility of a misfire of the gun. In the event of a misfire, the risk assessment states that the gun could not be approached, and there will be a 30-minute cool-down period before approaching the gun or the target. It was also required that all personnel remain undercover during firing until the all clear was given by the appointed firing officer.


[bookmark: _Toc120279220]Results

After 26 shots and testing three propellants, the velocities were measured using the Phantom Camera Control program. By placing a fiducial marker in the camera's field of view, the set distance between the two markers was inputted into the program, and the velocity was calculated. Three measurements were taken of the fragment, and the average was calculated.

[bookmark: _Toc120279221]N140

The first propellant that was tested was the N140. The first shot began with a charge weight of 12g and was increased in 1g increments up to 16g. This was the maximum amount of propellant that could fit into the cartridge. 

	Propellant Type
	Firing Number
	Muzzle Velocity (m/s)
	Remarks

	
	
	1
	2
	3
	Average
	

	N140 @ 12g
	1
	1239.25
	1240.03
	1237.55
	1238.94
	No Separation

	N140 @ 12g
	2
	1234.93
	1233.13
	1234.04
	1234.03
	No Separation

	N140 @ 12g
	3
	1314.75
	1311.47
	1313.91
	1313.38
	No Separation

	N140 @ 13g
	4
	1381.64
	1377.64
	1375.11
	1378.13
	No Separation

	N140 @ 13g
	5
	1372.30
	1371.06
	1373.44
	1372.27
	No Separation

	N140 @ 13g
	6
	1219.01
	1219.25
	1219.00
	1219.09
	No Separation

	N140 @ 14g
	7
	1457.29
	1460.73
	1456.32
	1458.11
	No Separation

	N140 @ 14g
	8
	1466.89
	1465.58
	1466.87
	1466.45
	No Separation

	N140 @ 14g
	9
	1532.33
	1529.84
	1534.99
	1532.39
	No Separation

	N140 @ 15g
	10
	1520.55
	1520.27
	1523.72
	1521.51
	No Separation

	N140 @ 15g
	11
	1465.63
	1461.69
	1464.40
	1463.91
	No Separation

	N140 @ 15g
	12
	1569.66
	1566.98
	1561.13
	1565.92
	No Separation

	N140 @ 16g
	13
	1559.82
	1563.71
	1557.38
	1560.30
	No Separation


[bookmark: _Toc120279251]Table 4: N140 Velocities

Three shots were fired at each weight to get an average velocity and measured three times. The lowest velocity that was achieved during testing was 1234.03m/s using only 12g. The highest velocity that was reached was 1560.30m/s using 16g of propellant. As the amount of propellant in the cartridge increased, so did the velocity; however, as the quantity of propellant reached 15g, the recorded velocity became more varied.

[bookmark: _Toc120279238]Figure 9: Velocity of N140

[bookmark: _Toc120279222]N165

After testing the N165 propellant, it was found to provide slower velocities than N140 and was the slowest propellant tested. Testing began at the same quantities of propellant as the N140. However, it was found that the velocities being recorded were much lower than expected. The decision was made to fire the maximum quantity that could fit inside the cartridge in order to record the highest possible velocity and to determine if it would reach the minimum velocity that is required for the test. After testing 16g of the N165, it was found that the velocity of the fragment was still below the required velocity for the test, and no further firing was performed. 

	Propellant Type
	Firing Number
	Muzzle Velocity (m/s)
	Remarks

	
	
	1
	2
	3
	Average
	

	N165 @ 12g
	1
	618.20
	619.20
	619.53
	618.98
	No Separation

	N165 @ 12g
	2
	661.18
	661.32
	661.32
	661.27
	No Separation

	N165 @ 12g
	3
	676.82
	677.38
	676.54
	676.91
	No Separation

	N165 @ 16g
	4
	913.36
	912.99
	913.39
	913.25
	No Separation


[bookmark: _Toc120279252]Table 5: N165 Velocities

[bookmark: _Toc120279239]Figure 10: Velocity of N165

[bookmark: _Toc120279223]N330

N330 was the final propellant to be tested. The first shot was conducted at the total amount (10g) that could fit inside the cartridge, and this achieved the highest velocity tested and proved that N330 is the more powerful propellant out of the three. However, only one shot was carried out of the 10g because the cartridge became jammed in the barrel. As a result of the cartridge jamming the barrel, the decision was made to half the amount of propellant down to 5g and to increase from there. 

	Propellant Type
	Firing Number
	Muzzle Velocity (m/s)
	Remarks

	
	
	1
	2
	3
	Average
	

	N330 @ 10g
	1
	2015.15
	2013.55
	2013.95
	2014.22
	No Separation

	N330 @ 5g
	2
	1604.80
	1606.17
	1606.17
	1605.71
	No Separation

	N330 @ 5g
	3
	1419.66
	1414.84
	1414.65
	1416.38
	Fragment separated following behind sabot

	N330 @ 5g
	4
	1638.75
	1637.55
	1637.37
	1637.89
	Fragment

	N330 @ 6g
	5
	1234.12
	1233.12
	1237.01
	1234.75
	Fragment

	N330 @ 6g
	5
	1634.80
	1650.78
	1650.52
	1645.37
	Sabot

	N330 @ 7g
	6
	954.83
	954.51
	953.33
	954.22
	Fragment

	N330 @ 7g
	6
	1782.61
	1781.11
	1779.03
	1780.92
	Sabot


[bookmark: _Toc120279253]Table 6: N330 Velocities
 

[bookmark: _Toc120279240]Figure 11: VELOCITY OF N330

When testing the N330 propellant, the fragment and the sabot became separated once it left the barrel. The result of this meant that getting an accurate reading of the velocity became difficult and resulted in a slower velocity. Separation of the fragment and sabot occurred at 6g and 7g. 
 

[bookmark: _Toc120279224]Discussion

After carefully analysing the trial results, it is clear that the N140 and the N330 were the closest performing propellants to the original NRN 41, whilst the N165 was significantly slower. 


[bookmark: _Toc120279241]Figure 12: Graph of all Propellant Muzzle Velocities

[bookmark: _Toc120279225]N140

The first propellant that was tested was the N140. A total of 13 shots were conducted with this propellant. When testing the N140, it was found to be a reliable and predictable propellant to use, as all of the fragments came out with the sabot still intact, with very little pitching and yawing. Upon reviewing the high-speed videos that was captured, there is minimal to none unburnt propellant that was being expelled from the end of the barrel. Therefore, this meant that all the propellant was being burnt and consumed in the camber. As a result of all the propellant being burnt, the velocities of the fragment begin to level out when the charge mass is 14g. The velocity only increases by 100m/s when compared to the charge mass of 16g. When comparing the velocity to the NRN 41, using the same charge mass, the velocity from the N140 is slower. 
[image: ]
[bookmark: _Toc120279242]Figure 13: 16g Of N140
[bookmark: _Toc120279226]N165

The next propellant to be tested was the N165. Few shots were taken using this propellant as it was quickly found that the recorded velocity was significantly lower than what was required. Only four firings were conducted of the N165 propellant, starting at 12g again. At 12g, the velocities of the projectile were half of what was seen when firing with the N140. It was then decided to increase the charge mass to the maximum amount that would be able to fit in the cartridge. This was the same as the N140 at a charge mass of 16g, which resulted in 916m/s. After this shot, it was decided that no more shots of this propellant would be conducted as this would be around the maximum velocity this propellant would be able to reach. However, when reviewing the high-speed video, it was found that a lot of the propellant would be unburnt and was ejected from the barrel. This showed that from the initial ignition of the propellant, the shock wave that was created was enough pressure to propel the fragment and discharge the remaining propellant before it had a chance to combust. The video also shows the sabot has turned black from being burnt by the high temperature in the chamber. From this, it was concluded that the N165 was unsuitable for this calibre gun that was being used for this trial, and it would be more suited for something smaller. 
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[bookmark: _Toc120279243]Figure 14: 12g of N165
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[bookmark: _Toc120279244]Figure 15: Unburnt Propellant of N165 at 16g

[bookmark: _Toc120279227]N330

The final propellant that was tested was the N330. The N330 was the only propellant that was able to reach the same velocities that were achieved by the NRN41. As well as this, it required a smaller charge mass to attain the necessary velocities. The testing began at the maximum charge mass of 10g, resulting in the fastest recorded velocity during the trial of over 2000m/s. However, this resulted in the cartridge becoming jammed in the barrel. 

[image: ]
[bookmark: _Toc120279245]Figure 16: Jammed Cartridge

Once the jammed cartridge had been retrieved from the gun, it was found that the pressure build-up caused it to deform and expand within the chamber. The result of this was to dramatically reduce the charge mass being used, in fear of damaging or breaking the gun. When reviewing the video of the fragment, it showed that the sabot had also caught on fire and was tumbling through the air.
[image: ]
[bookmark: _Toc120279246]Figure 17: 10g of N330

It was decided to restart the firings at a charge mass of 5g. At 5g, the fragment's velocity ranged from 1400 m/s to 1600 m/s, which was still within the required range of the NRN 41. However, one of the shots showed the fragment breaking away from the sabot before it left the barrel, which resulted in a lower velocity. The same thing occurred when the propellant was increased to 6g and 7g. Each time the video showed the fragment was travelling through the air without the sabot. When measuring the velocity of the fragments at charge masses of 6g and 7g, the velocities were significantly lower due to the separation. It is believed that the initial pressure wave that was created broke the seal created by the glue. 

[image: ]
[bookmark: _Toc120279247]Figure 18: Fragment following the sabot at 6g of N330

Due to the limited testing that was done on the N330, the results weren’t substantial enough to form a trending curve on a graph. Therefore, it is recommended that more shots be conducted using this propellant, with repeated shots when the fragment and sabot break apart, as the N330 was the closes propellant to reach the same velocities as the NRN41. 

[bookmark: _Toc120279228]Conclusion

The aim of this trial was to find a replacement propellant for the FSP experiments so that the experiment can continue. The previous propellant that was used in the FSP experiment was called NRN 41, which Muiden Chemie in the Netherlands manufactured. However, Muiden Chemie stopped producing NRN 41 in 2005, and the last batch AWE had was disposed of due to it reaching its shelf life of 10 years. 

The new replacement propellant had to perform the same as the old NRN 41 propellant. The new propellant was required to propel a projectile at 1700m/s and fit in a 50 cal bullet. It also had to be commercially available to make it easier to purchase and have the same ten-year shelf life. After researching new propellants and asking for advice from the HPS TR Ltd, a shortlist of potential replacement propellants was composed. The list included four propellants from the Finish manufacturer Vihtavuori, N140, N165, N310 and N330. However, the N310 was not available on the day of testing. 

The three recommended propellants were tested in a series of firings completed at COTEC. It was decided that to test the propellants, the propellant would be tested in the same conditions as the original FSP experiments. The FSP experiment involved firing fragments and projectiles at ductile plates to test mitigation for other experiments and trials. Different quantities of propellant were poured into the .50 cal bullet to adjust the velocity of the fragment and fired from a smooth bore .50 calibre browning. As stated earlier, the highest velocity that was achieved using the old NRN 41 propellant was 1700m/s. 

The three new propellants were tested by replicating the FSP experiment using the same setup and the same smoothbore .50 calibre browning. The Vihtavuori propellant was weight out into different quantities and was increased in 1g increments that fired the same type of fragment into a steel plate. The velocities of the fragments were then recorded using a high speed camera. 

After analysing the results from the shots, the N165 propellant resulted in the slowest velocities, and the quickest velocities that were recorded from the N165 was 913.36 m/s. Only a few shots of the N165 were fired due to the slow velocities. On the high-speed footage, it was found that the propellant was unburnt and being expelled from the barrel. It was decided that no further work should be continued with this propellant. 

Vihtavuori N140 was the preformed second best propellant that was tested. After testing the propellant, the velocities that were recorded were between an average of 1262 m/s – 15617 m/s. However, to reach the fastest velocity, it required filling the cartridge with the maximum quantity of propellant of 16g. Even with the cartridge full of propellant, the target velocity of 1700m/s could not be reached.

The last of the propellant that was tested was the Vihtavuori N330. The N330 reached the fastest velocity of 2014.22 m/s, which was achieved using the charge mass of 10g. However, some of the velocities were not captured accurately because the projectile broke apart when it left the barrel. 

After completing the series of firing, there are recommendations to continue for future work. In order to get a larger scale and more reliable set of results, more testing is required for the N330 propellant. Retesting will have to occur on the mass charges where the fragments have broken apart from the sabot. Additionally, further testing can be carried out on other designs of fragments, as the velocity will can due to the weight of the projectile. Also, other propellants from different manufacturers should be considered to widen the search. Finally, closed vessel testing should be considered for further comparison of the selected propellant.
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Annex A – Full Results

	Propellant Type
	Firing Number
	Muzzle Velocity (m/s)
	Remarks

	
	
	1
	2
	3
	Average
	

	N140 @ 12g
	1
	1239.25
	1240.03
	1237.55
	1238.94
	No Separation

	N140 @ 12g
	2
	1234.93
	1233.13
	1234.04
	1234.03
	No Separation

	N140 @ 12g
	3
	1314.75
	1311.47
	1313.91
	1313.38
	No Separation

	N140 @ 13g
	4
	1381.64
	1377.64
	1375.11
	1378.13
	No Separation

	N140 @ 13g
	5
	1372.30
	1371.06
	1373.44
	1372.27
	No Separation

	N140 @ 13g
	6
	1219.01
	1219.25
	1219.00
	1219.09
	No Separation

	N140 @ 14g
	7
	1457.29
	1460.73
	1456.32
	1458.11
	No Separation

	N140 @ 14g
	8
	1466.89
	1465.58
	1466.87
	1466.45
	No Separation

	N140 @ 14g
	9
	1532.33
	1529.84
	1534.99
	1532.39
	No Separation

	N140 @ 15g
	10
	1520.55
	1520.27
	1523.72
	1521.51
	No Separation

	N140 @ 15g
	11
	1465.63
	1461.69
	1464.40
	1463.91
	No Separation

	N140 @ 15g
	12
	1569.66
	1566.98
	1561.13
	1565.92
	No Separation

	N140 @ 16g
	13
	1559.82
	1563.71
	1557.38
	1560.30
	No Separation

	N165 @ 12g
	14
	618.20
	619.20
	619.53
	618.98
	No Separation

	N165 @ 12g
	15
	661.18
	661.32
	661.32
	661.27
	No Separation

	N165 @ 12g
	16
	676.82
	677.38
	676.54
	676.91
	No Separation

	N165 @ 16g
	17
	913.36
	912.99
	913.39
	913.25
	No Separation

	N330 @ 10g
	18
	2015.15
	2013.55
	2013.95
	2014.22
	No Separation

	N330 @ 5g
	19
	1604.80
	1606.17
	1606.17
	1605.71
	No Separation

	N330 @ 5g
	20
	1419.66
	1414.84
	1414.65
	1416.38
	Fragment separated following behind sabot

	N330 @ 5g
	21
	1638.75
	1637.55
	1637.37
	1637.89
	Fragment

	N330 @ 6g
	22
	1234.12
	1233.12
	1237.01
	1234.75
	Fragment

	N330 @ 6g
	22
	1634.80
	1650.78
	1650.52
	1645.37
	Sabot

	N330 @ 7g
	23
	954.83
	954.51
	953.33
	954.22
	Fragment

	N330 @ 7g
	23
	1782.61
	1781.11
	1779.03
	1780.92
	Sabot



N140 Muzzel Velocity

Average Velocity	
12	13	14	15	16	1262.45	1323.1633333333332	1485.6499999999999	1517.1133333333335	1560.3	Propellant Quanitiy (g)


Velocity (m/s)




N165 Muzzle Velocity

Average Velocity	
12	16	652.38777777777784	913.24666666666656	Propellant Quanitiy (g)


Velocity (m/s)
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Figure 2 - Typical Gun Set-up.
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Figure 3 — Projectile velocity for varying masses of propellant
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