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Abstract

The following report first explains what the definition of explosives and explosive trains before discussing the considerations required when using TNT in an artillery round. Issues such as exudation, brisance and propellants relationship to barrel life are discussed amongst others. Alternatives to TNT are mentioned alongside potential additives/mixtures.     
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Introduction

Explosive trains are made up of different components and come in various shapes and sizes, these are all dependent on the user requirements. The following assignment will discuss these in detail using trinitrotoluene (TNT) as its primary fill. Included in this report are the considerations needed during the service life of an explosive train, these consist of transport, storage as well safety features required during intended use. The assignment introduces the concepts of artillery shell propellants and its relationship to barrel life, Artillery shell casing safety and its effects on brisance, during life testing is also touched upon with methods such as rapid crush and velocity of detonation tests explained.

2. What is an explosive?

To understand an explosive train, you must first understand what an explosive is. An explosive is a chemical substance that has the potential to cause an explosion, an explosion is the sudden decomposition of a chemical resulting in heat and gas. Jonas A. Zukas and W P Walters state a detonation as “a rapid chemical reaction, initiated by the heat accompanying a shock compression, which liberates sufficient energy, before any expansion occurs, to sustain the shock wave. A shock wave propagates into the unreacted material at supersonic speed, between 1500 m/s and 9000 m/s.” [1]  Explosives can take the form of nitro compounds, nitrate esters, nitramines and azides amongst others. Explosives are also categorised into low (deflagration) and high (detonating) explosives. High explosives are sorted into primary, secondary and tertiary depending on sensitivity, Examples of these are shown in the diagram below:

[image: Classification of explosives.]   
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2.1 Trinitrotoluene 2,4,6 (TNT) 

[image: Heat of explosion versus oxygen balance of common explosives][image: Chemical structure of 2,4,6 trinitrotoluene (TNT ...]TNT is a secondary explosive and is used as a main fill in the report’s artillery explosive train, it was first discovered by German chemist Joseph Wilbrand in 1863. TNT is an ideal explosive for casing as it has a melting point of around 82°C but will only explode at temperature of around 240°C. it is used in a vast amount of military and industrial applications. It’s compound (shown left) has insufficient oxygen for complete oxidation (C7 H5 N3 O6) and a negative oxygen balance is the result, a TNT explosive has a typical black smoke characteristic due to its carbon atoms. The graph below shows the oxygen balance of TNT compared to other secondary explosives including RDX, HMX and PETN. “The combination of high chemical stability, moderate insensitivity to impact and friction and a low melting point (80.8 °C) to permit melt casting of charges make TNT suitable for use in munitions” [3]
               
3. Explosive Trains

Merriam-webster defines an explosive train as “a series of explosive elements of a land mine, bomb, or projectile that serve to set off the detonating charge” [4] Generally a primary explosive is used create a shock wave of sufficient magnitude which will detonate or deflagrate a secondary main fill explosive which is less sensitive. Adiabatic heating and inter-crystalline are the cause of ignition in most primary explosives, the activation energy is overcome by the generation of hot spots. If the activation energy is not exceeded then a reaction is unable to be produced. TNT will form long crystals when cooled, when cast the crystals will start to grow at the coolest edge and then grow inwards, this can cause TNT to be brittle and easy to break.

3.1 Types of Explosive Train

Explosive trains can be divided into two different groups, high explosive trains and low explosive trains. This is dependent on the explosive used within the main charge. Below is an example of a basic explosive train:
[image: Explosive Trains]
[image: New Page 1] [5]
 
Explosive trains can consist of a variety of different components these can have an impact of things like performance and safety. The U.S Army explain “Various elements make up an explosive train, these elements include primers, detonators, relays, delays, leads, boosters and main bursting charges.” [6] The diagram below is a snapshot of a generic artillery round, looking at this you can start to understand the explosive train inside.
[image: ]

The base of the round also called the cap can have an electrical, percussion or ignitor output, a percussion cap can consist of either Lead Oxide, calcium silicide, barium Nitrate to name a few. Positioned just in front of the cap is the first fire layer/layers, these are usually made up of gunpowder. The primer travels through the vents shown and lights the propellent, the propellent can be made up of different additive to improve safety and durability. The tip of the shell houses a detonator (Primary Explosive) with a booster pellet (Secondary High Explosive), this will be triggered when impacted and as a result our main fill of TNT will detonate.








3.2 Explosive trains in artillery shells

Explosive trains are used in the military for a wide range of purposes, three of the main uses are anti-personnel, anti-structure and anti-armour. These all use different effects such as kinetic energy, blast energy and shape charges to achieve their desired outcomes. Below are a few considerations:



[image: How do bullets work? - Explain that Stuff]Kinetic energy – Bullet [7]

A firing pin hits the primer and creates a spark igniting the gunpowder, gas created rapidly expands and forces the bullet down the gun barrel and towards its target.





HESH (High Explosive Squash Head) round 
[image: Tiger II vs 165 mm HESH Rounds - Tank Historia]
When a HESH round impacts a target its front thin metal shell containing a plastic explosive breaks and squashes, this continues until the fuse also impacts the armour and detonates its high explosive. This forms a “scab” to be projected out of the opposite side of the target/armour  

[image: ]


Shape charge – HEAT (High Explosive Anti-Tank) round

A HEAT round uses an explosive train to trigger a shape charge, “Shaped charges are used to pierce hard targets in all three versions of warfare land, air and naval. High explosives compositions fillings produce a thin high velocity metal jet which is used for target damage.” [8]


3.3 Explosive train safety features

A key safety feature in every explosive artillery train is the fuze, an artillery round is basically useless without one. Each fuze has specific prerequisites that need to be met before it is able to function, these can include:

Time Fuzes – This will function after a set amount of time from being fired.
Proximity – Will function when it detects a target near by
Graze – Will function when the round stops suddenly forcing the detonator to be impacted

Artillery rounds are transported separately from there fuses, the fuzes are assembled shortly before they are required. Features required for a well designed fuze are its ability to stay safe under required conditions, more than 1 lock for safety and it is simple and easy to check for defects before use.

Another safety feature is the plastic liner placed around the shells main charge “Clearly the plastic liner is intended to overcome issues associated with thermal expansion of the explosive billet. Presumably this would be tearing or cracking of the explosive caused by thermal cycling and adherence to the projectile case” 

4. Storage and transport of large caliber TNT artillery

Considerations when storing and transporting TNT artillery need to be understood. A high caliber military artillery round can be deployed to be used in a variety of extreme conditions, if not maintained, stored and transported correctly then they can be prone to adverse effects. Correct temperature control is a vital part of maintaining the stability of TNT, according to Jacqueline Akhavan “One of the major disadvantages of TNT is the exudation (leaching out) of the isomers dinitrotoluenes and trinitrotoluenes” [9] this happens generally happens in storage of TNT in high temperatures. Jacqueline Akhavan also states, “The main disadvantage caused by exudation is the formation of cracks and cavities.” [10]  The cracks and cavities formed result in a reduction in the explosive density and a potential premature detonation. Due to exudation the possibility of coming into contact of cast TNT is heightened, Trinitrotoluene is a toxic material and according to the U.S. Department of health and human services “These effects included disorders of the blood, such as anemia, and abnormal liver function.” [11] As a result of TNT contamination with water, sub surface and surface water may be seen as having a pink colour, this I known as pink or red water. After extensive artillery testing many ranges have become contaminated with pink/red water, resolving this issue can be timely and expensive.

[image: ]Other considerations during storage and transport include compatibility groups, “Compatibility groups are used to specify the controls for the transportation, and storage related thereto, of explosives and to prevent an increase in hazard that might result if certain types of explosives were stored or transported together” [12] Trinitrotoluene is classed into group A as a primary explosive, the table to the left [13] shows what other explosives and explosive articles it can be stored with, the regulations that control the storage and handling of explosive are located in JSP 482 chapter 13. The movement of dangerous goods regulations via road in the UK are governed by “The European Agreement concerning the International Carriage of Dangerous Goods by Road, more commonly referred to as the ADR.” [14] ADR covers things such as packaging, load securing, classification and labelling. Key safety features to consider when storing and transporting artillery are to ship shell and fuses, detonators and other explosive articles separately (as previously discussed). Correct labelling can also help contribute to the shell being used for its intended use and cover any shelf-life issues that may occur.


5. Safety during intended use

Safety during use is paramount as the results could be potentially catastrophic, the following explains just some of the considerations that need to be taken when handling and firing a TNT artillery shell.

Another side effect of exudation (previously discussed) is the chance of the fluid gaining access to the fuze, “Migration of the isomers to the screw thread of the fuse will form “fire channels”. These fire channels can lead to accidental ignition of the charge” [15] other components in the chain could also malfunction. Calcium Silicate can be added to try and mitigate any exudation. 

Adiabatic compression of air cavities can happen within the shell, S. D. Nicholas reports that “previous work has shown that the sensitivity of liquid explosives to impact is greatly increased by the presence of minute gas bubbles. The initiation is of a thermal nature and is due to the adiabatic compression and heating of the trapped bubbles”. [16] Air cavities can be formed in a poorly filled, low density shell, as a result the risk of the shell detonating before leaving its barrel is greatly increased.

Another potential safety consideration is the phenomenon “cook-off”. There is a chance that if a shell is kept inside a hot breach too long, the explosive may start to decompose, becoming more sensitive and detonate. Gunther Cohn explains “When a gun propellant or combustible cartridge case is brought in contact with a hot surface, its temperature increases and there is a corresponding increase in chemical reaction rate (decomposition) leading to self-heating. If the surface temperature is sufficiently high, then the heating due to increased reaction rate exceeds that of the heat lost to the surface and the material ignites or 'CooksOff”.” [17] Sufficient cooling of the barrel would help mitigate against this.

“Brisance refers to that quality or property of a high explosive evidenced by its capacity upon detonation, to shatter any medium confining it.” [18] Brisance is directly related to the pressure of the detonation in the shockwave front. After the shockwave has moved away from the explosive composition the gaseous products begin to expand and act upon the surrounding medium. [19] The phenomenon of brisance means that case size should depend on the explosive used in the main fill of the artillery round.

Propellants are required to burn in the absence of oxygen to produce gases ay a high temperature, they also need to be safe for handling and storage. Propellants mainly come in four different “bases”:

· Single base – When NC (Nitro Cellulose) is the only explosive used, low energy (F= 900 - 1000Jg-1), Used in various types of weapon systems from handguns to artillery rounds.

· Double base – When NC is mixed with another liquid energetic plasticizer (usually NG), moderate energy (F= 1100 - 1200Jg-1), Used in short barreled weapons such as submachine guns. 

· Triple base – A mixture of NC, NG and Nigu (Nitroguanidine), moderate energy (F = approx. 1050Jg-1), mainly used in tank and naval guns.

· Multi base – A mixture of NC, NG and RDX (or an RDX Nigu mix), high energy (F up to 1250Jg-1), only used for KE tank rounds.

Considerations are required for barrel life when using high F propellants “In large caliber gun system, the high speed, high temperature and high pressure gas produced by propellant combustion will cause serious erosion damage to the inner wall of barrel, which will lead to continuous decline of gun performance and termination of the maximum life of barrel.” [20]




6. TNT additives and alternatives

P.E.T.N (Pentaerythritol tetranitrate) – “PETN is a stable, powerful explosive with high brisance that is used throughout the U.S. military stockpile, commonly in devices such as EBW (exploding bridge wire) and EFI (exploding foil initiator) detonators” [21]

Comp B – (Composition B) is a an explosive consisting of approximately 60% castable RDX and 40% castable TNT, it has been used as the main filling in many western munitions since its development in the early 1950s. It has a detonation velocity of 6,900 m/s, but has been replaced by other more insensitive explosives.

RDX – (cyclotrimethylenetrinitramine) “is second in strength to nitroglycerin among common explosives substances. When compressed to a density of 1.70, it has a confined detonation velocity of 27,000 fps. RDX is a primary ingredient in composition B. Plasticity and high detonation velocity make it ideal in shaped charges” [22]

Pentolite – is a military explosive that consists of PETN and TNT it has a detonation velocity of around 7400m/s when mixed at a ratio of 50:50, this Pentolite mixture also has a density of 1.65 g/cm3.

7. Conclusion


Considerations that need to be made to safe artillery use and storage are varied and vast, this is due to the extreme nature of the materials being used and the hostile environments they are being used in. Temperature is a leading cause of problems with potential cracks and voids being created when TNT is subjected to poor storage conditions and diurnal cycling. Other potential research would be to look when artillery rounds react to being fired when voids and cracks have already formed.
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