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[bookmark: _Toc139882344]Abstract

This report describes considerations of explosive trains in artillery rounds during the service life and use. This includes the transportation and storage of the explosives. The explosive trains discussed include the low explosives in the propelling charge system as well as the high explosives in the artillery shell. There is a specific focus around melt cast trinitrotoluene (TNT) as the main fill in the artillery shell and what could be used to replace the TNT.
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1. [bookmark: _Toc139882346]Introduction
This report discusses the safety features in explosive trains in a large artillery round, including the propulsion system and in the shell which specifically contains melt-cast TNT as the main charge through service life including storage, transportation, and use. This report also discusses other explosives which could be used in replace of the melt-cast TNT.
2. [bookmark: _Toc139882347]Propelling charge system
To fire the projectile out of a gun, a low explosives propellant train is required which is triggered by a cap. Gas production builds pressure which fires the round out of the gun barrel. In figure [1] below, the propelling charge system can be seen.PRIMER
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Figure [1] - Diagram of Propelling charge system [1]
Each of the parts of the propelling charge system has multiple options for desired uses and to change/ improve the velocity, heat (energy) produced, and accuracy of the artillery round.
2.1. [bookmark: _Toc139882348]Cartridge casing – fixed vs separate loading
There are two main types of cartridge cases, fixed and separately loading. Fixed cases are attached to the artillery round and must be stored and used while attached. They are particularly good at protecting the explosives from environmental damage caused by moisture as well as being able to contain additives which aid wear of the gun barrel leading to an extended barrel life. However, as it is fixed, the overall round is heavier for the operators to remove from the chamber as well as these being hot and causing a potential hazard after being ejected.
Separately loaded cases are stored separately and are therefore easier to handle for the operators and are safer as the explosives can be stored separately. They can also be made fully combustible, so no manual ejection of the cartridge is required or using ‘bags’ to vary the power provided to the shell. The disadvantage of using this type of cartridge is human error, the ‘bags’ can easily be misused in extreme conditions and the modular charge systems can be easily mistaken for each other if the serial numbers were not known to the operator [1].
2.2. [bookmark: _Toc139882349]Primers/ Ignitors
After the cap has been initiated, the primer is ignited to amplify the stimulant and ignite the propellant. There are two types of igniters, base pad, and centre core. Each type ignites a different type of propellent. Base pad igniters seen in figure [2] below, are used to set off stick propellants via base ignition using a large flat surface area. Centre core igniters seen in figure [3] are used to ignite granular propellant by creating a large surface area in the centre core of the granules to create faster burning and pressure build up. In large artillery rounds, it is safer using an igniter because it can be added right before firing so “it is preferred from the safety point of view during storage, transport and testing of bigger missiles” [2].



  Figure [2] – Base pad igniter [1]                                                     Figure [3] – centre core igniter [1]
2.3. [bookmark: _Toc139882350]Propellant fills
There are four types of propellent fills, single based, double based, triple based, and multi/ high energy based. Each one with its own formation, amount of energy production and use.
	
	Single based
	Double based
	Triple based

	Type of Gun
	Small arms – indirect fire (due to low energy (Q) and burning rates)
	Small arms – higher level of accuracy (due to high energy (Q) production and burning rates)
	Large guns – developed as they are less easy to locate due to low flash signatures.

	Made from
	Nitrocellulose (NC) – 14.14% nitrogen in purest form as nitrate esters (three oxygens for every nitrogen).
	Nitrocellulose (NC) and nitro-glycerine (NG) – NG used kept below 20% to prevent flame temperatures getting too high leading to faster gun barrel erosion, reducing barrel life.
	Nitrocellulose (NC), nitro-glycerine (NG) and nitroguanidine (NQ) – a high nitrogen content

	Oxygen balance
	Reduced nitrogen percentage means more negative oxygen balance 
	Nitro-glycerine oxygen balance value of +3.52%, and when mixed with nitrocellulose the value is -24.24%.
	Oxygen balance more negative than double based but more positive than single based.

	Stability
	Reduced nitrogen percentage improves thermal stability – safer to handle and store. When dry, nitrocellulose has a low figure of Insensitiveness so considerations may need to be made.
	The oxygen balance gets less negative and closer to zero meaning there is higher energy (Q) and more heat produced.
	Difficult to ignite due to low energy (Q) values and low temperatures produced – good at maintaining chamber pressure and long barrel life.



2.3.1. [bookmark: _Toc139882351]Multi/ High energy based 
High energy propellants are like triple based and used in large types of guns however single based and double based propellants are mixed with RDX which drastically increases the energy produced and flame temperature leading to severe barrel erosion and a short barrel life.
2.4. [bookmark: _Toc139882352]Additives in propellants 
Additives are incorporated during manufacture process, applied to the grain after grains have been formed or inserted as a separate component in the cartridge to make them safer. These are:
· Stabilisers - remove unwanted nitrogen compounds from the system. If these are not removed, it can lead to premature ignition or reduced storage life of the propellant. For example, Diphenylamine (DPA) is only used with single based propellants or carbamide which can be used in all types of propellant.
· Surface moderants
· Surface lubricants
· Flash inhibitors – reduce flash caused by muzzle glow or secondary flash from gases being burned with oxygen in the air. For example, metallic salts, however the increased amount of water and carbon dioxide does lead to higher flame temperature, more erosion to the gun and reduced barrel life.
· Plasticisers
· De-coppering agents – assist in removing copper left behind in the barrel by the driving band. For example, Tin can be added making a brittle alloy – removed easily with friction from next firing.
· Coolants
· Anti-wear additives - reduce heat transfer to the barrel by up to 40% which reduces the erosion to the barrel to extend barrel life. For example, talc.
3. [bookmark: _Toc139882353]Explosive Train in the Shell
An artillery shell is made using a steel or iron vessel filled with high explosives. Depending on the desired use, it can be detonated on impact or before impact at a predetermined time using a fuze in the nose of the shell. 
3.1. [bookmark: _Toc139882354]Fuzes
Fuzes can be at the front or the back of a large artillery depending on the round being used. For example, a high explosive anti-tank (HEAT) round would have the fuze as the back to provide the right stand-off required for the shaped charge. The artillery shell in Figure [4] has the fuze at the front-end triggered by impact. 
Fuzes have safety features within them which can be induced by external environmental factors such as spin (triggering arming in flight), setback (triggered by springs using G force produced during firing) and impact (triggered when the tip of the artillery hits its target).
The fuze can contain primary explosives which is kept out of line of the booster until affected by the external triggering/arming features. Fuzes can also contain secondary explosives, making it safer because the lower sensitiveness, however more of it would be required making the artillery shell larger and harder to handle.
3.2. [bookmark: _Toc139882355]Detonator, Booster and Main Charge
Once the fuze is triggered it sends out the energy required to detonate the primary explosive in the relatively high sensitiveness detonator. It produces a relatively low amount of energy but enough to trigger the secondary explosive, which is less sensitive but has a higher energy output [3]. If the artillery round being used requires a tertiary explosive, then the secondary explosive would function as a booster to produce the energy required to trigger it. The tertiary explosive is even less sensitive and requires the higher energy from a secondary explosive to trigger it. The explosive train will then be fully detonated. Figure [4] shows what this looks like in a simple artillery round.
[image: gun - ammo - 155mm How HE L15 copy]
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Figure [4] – internal design of a simple artillery round [1]
To prevent the artillery round firing prematurely, the explosive chosen must withstand the shock from the firing process and contain safety features to maintain safety during transportation and storage. 
For this example, If the main charge is a secondary explosive, the whole shell can be smaller, and a booster is not needed. The main charge in figure [4] is melt-cast trinitrotoluene (TNT). To understand the considerations for safe storage, transportation, and use of TNT, it is necessary to understand its properties.

4. [bookmark: _Toc139882356]Physical properties on TNT
TNT or 2,4,6-trinitrotoluene in a chemical compound made from Carbon, Nitrogen, Hydrogen and Oxygen, formed through the nitration of toluene. It is a yellow odourless solid [4, 5] and its structure can be seen below in figure [5]:
[image: Chemical structure of 2,4,6 trinitrotoluene (TNT). ]
Figure [5] – structural formula of 2,4,6-trinitrotoluene, TNT [6]
As seen in figure [5], the compound is not oxygen rich and therefore has a negative oxygen balance value of -74% [7], meaning there is not enough oxygen within the compound itself, so extra oxygen is needed for complete combustion to form CO2 and H2O [8]. This incomplete burning leads to a high quantity of carbon release producing black smoke as well as the toxic gas, carbon monoxide (CO), which should not be released to the environment where possible. In most cases, the explosives get more brittle, strong and sensitive when the oxygen balance values get nearer to zero (causing issues during storage, transportation and use), but the chemical structures and bonds tend to have greater influence on these properties.
TNT is a secondary explosive meaning it is relatively insensitive to shock, heat, and friction in comparison to a primary explosive. When ignited it is more likely to burn through combustion (heating on the surface of the material) which propagates into deflagration (producing a flame front going through the material less than the speed of sound of the material), as not enough energy has been provided to progress to detonation because a secondary requires enough energy provided by a primary to detonate. The charge will also not detonate if below it is critical diameter, the minimum diameter a cylindrical charge can be to develop into a detonation. The computed failure diameter of cast TNT being 2.0-4.0mm [9].
The Figure of Insensitiveness (FofI) for TNT is 150.  That's called 'comparatively insensitive' based on the 'standard' number for RDX of 80 [10]. TNT’s melting point is at relatively low at 80.1°C [4], which can cause issues and is discussed later in this report.
5. [bookmark: _Toc139882357]Design features to achieve safety of large calibre artillery
The following features can be used to achieve safer storage, transportation, and use of large artillery with the assumption that the users receive high quality training, follow the manufactures instructions, the explosives are stored and transported in their appropriate packaging and approved procedures are followed.
· Flexible liner - used between the melt-cast and the casing. This feature allows natural expansion and contraction through diurnal cycles which could cause the main charge to rattle in the casing if it were not there causing uneven spin or damage.

· Storing Upright – When TNT contains impurities such as Dinitro toluene (DNT), it creates a eutectic mixture which exhibits a lower melting point which can be achieved in desert environments. This causes irreversible exudation and growth making it unsafe to use as well as solidifying unevenly if not stored upright which causes uneven spin during firing [11].

· Aiding recrystallisation – during casting or diurnal melting, crystals can form sharp edges which increases the sensitiveness to friction. To help with the recrystallisation, Hexanitrostilbene (HNS) can be added to make it more stable and therefore safer to create melt cast and to store. 

· Removable fuze and Cartridge - This minimises the manual handling weight of the artillery during storage transportation and use. It allows separate storage of components which minimise the effects if detonated before desired time. During use, it prevents arming until it has been screwed in, which also ensures a higher level of safety. 

· Testing - There should be appropriate compatibility tests between the explosives and all the components it touches, such as the casing and with the other explosives. This is to ensure hazardous products are not produced, making the explosives more sensitive and unstable. For example, if using the explosive lead azide with a copper casing which can make copper azide which is an extremely sensitive explosive.

· Shelf-life - Ensures the explosives are working as expected during testing. The shelf life can be extended from using further testing, however not once it has exceeded its chemical life as it will no longer work as required.
6. [bookmark: _Toc139882358]Other types of main filling which could be considered
Other types of explosive filling can be considered to replace TNT including other secondary explosives, however there would be some further considerations needed and some may require changes in design.
Other secondary explosives such RDX/wax or even tertiary explosives such as TATB could be used with a booster and even mixed with secondary explosives which would make it more sensitive [12], this would require more explosives making the shell, and possibly the gun, larger.
Other considerations are dependent on the casing and casting of the material used. As the TNT is melt cast, another material must have the ability to be poured and have a relatively low melting point and the ability to melt or be dissolved, for example, Nitrocellulose is made from wood pulp or cotton can be dissolved into solvent which can add further hazards during manufacture [13]. Also, the ignition temperature would have to be higher than the melting point to create the melt cast without causing pre detonation. 
If a material can neither be poured or has a lower ignition temperature, there may be a need for a two-piece shell to insert the main fill.
7. [bookmark: _Toc139882359]Conclusion
In conclusion, this report discusses all parts of large artillery safety during its use, storage and transportation. Including types of cartridges and the propellant used in the cartridge as well as the high explosives in the artillery round, specifically with the main fill being melt cast TNT. Other options have been discussed as well as the requirements needed for the different explosive types.
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