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1. Introduction

   An explosion can ultimately be defined as the rapid release of energy; this report will focus on a chemical explosion and the role that critical diameter and density play by creating an example explosive train using a primary and a secondary explosive. To be able to create reliable detonations we must understand this process and the above factors.
  The critical diameter of an explosive is when the diameter of a cylindrical pellet of the explosive is to low and it will no longer detonate as the detonation wave from loses stability due to surface effects [1]. The critical density is the theoretical minimum density of an explosive where it can detonate with it being unable to detonate below this.  
  The explosives that will be used in this report are Mercury Fulminate and Picric Acid (2,4,6 trinitrophenol). These were two previously commonly used explosives among militaries but fell out of use as new explosives with more desirable characteristics became available. This report will provide an overview of their service and characteristics before explaining the model explosive train and how the critical diameter and density can affect it. This will then be summarised in a diagram of the process. 

2. 
2.1. Mercury Fulminate 
   

  Mercury Fulminate is the first ever substance used as a primary explosive first discovered by alchemists in the 17th century however, it would take until the turn of the 18th century for it to be rediscovered and properly investigated by Edward Howard who published his results with the Royal Society [2]. Scottish clergyman Alexander Forsyth patented its use as a percussion initiator in 1807 showing its early use as an initiator in explosive ordnance. Throughout the second half of the 19th century the use of Mercury Fulminate as a primary explosive became ubiquitous [2]. For example, by World War I it was used by all major powers as the primary explosive in battleship shells [3] and reached a peak production output of 357 tons in 1917 within the German Empire alone [2]. It would remain in common use in the west until the end of World War but, would be displaced by newer primary explosives principally Lead Azide [2].  

     Mercury Fulminate (HgC2N2O2) is most commonly found in the form of a powder being either, Grey, White or Brown in colour, these colours are dependent on the purity of the Mercury Fulminate. Brown is the purest, then white with grey being generally undesirable (it gains its colour from having unreacted Mercury contained within it) [2]. It will decompose from interaction with a number of chemical agents as well as being photosensitive, impact and friction sensitive, impact sensitivity can be reduced by storing it in water and thus this is a common method [2]. 
  
  For a primary explosive Mercury Fulminate has a relatively high critical diameter with it being circa 5mm for an unconfined explosion [4]. This can be reduced drastically be confinement or heating with crystals of 0.046mm diameter experiencing detonation at 170◦C [5]. This concurs with other literature [2] [1] that states that Mercury Fulminate undergoes a deflagration to detonation transition but is still readily detonated. Upon detonation Mercury Fulminate undergoes the following transition [2]:
Hg(CNO)2 → Hg + 2CO + N2 
  Mercury Fulminate is easy to dead press (this effect starts to occur at densities greater than 3.6 g cm-3), this results in it losing its explosive properties thus it must be comparatively lightly packed with a density of 3.2 g cm-3 giving the best initiating capability [6].
[bookmark: _Toc217047690]Table 1: Properties of Mercury Fulminate [6]
	Aspect
	Grey/White/Brown Crystals

	Formula
	C2N2O2Hg

	Molar Mass
	284.624 g mol-1

	ρ, Density
	4.467 g cm-3

	Heat of Formation
	-267.99 kJ mol-1

	Heat of Explosion
	-1117 kJ mol-1

	Oxygen Balance
	-16.86%

	Friction
	7 J (BAM)

	Impact 
	1 J (BAM)



2.2. Picric Acid

Picric Acid (2,4,6 Trinitrophenol, C6H3N3O7) was first reported as a substance by the chemist Glauber in 1742 [7] however, it would take continued work before it would be adopted as explosive with the UK adopting it as Lyddite in 1888 [1]. This provided a large increase in explosive power over black powder which was still the most common filling in shells to that point. The Royal Navy in particular were very taken with the damage a Picric Acid bursting charge could potentially do in naval warfare and as such it was the main filler used in British Battleship shells at the Battle of Jutland [3]. It was there that some of the disadvantages of it became apparent with British shells suffering from both a high dud rate and premature detonation. Picric acid when in contact with most common metals, such as those used in the Royal Navy shells at the time, forms highly sensitive salts that could lead to a premature detonation of the shell prior to its complete penetration of the armoured belt [1]. It is also not unreasonable to conclude that this may have aided in the magazine detonations that occurred among some of the British Battlecruisers (although inadequate ammunition handling procedures that saw flash doors being left open to aid in rate of fire are commonly attested to as the primary cause). It was for this reason that the US Navy used TNT in its shells instead of Picric Acid [3]. Picric Acid continued to be used in the ‘Green Boy’ shells that were developed post Jutland but under a different formulation (Shellite) that reduced the amount used and added moderating agents to reduce sensitivity. Shellite would continue to be used by the Royal Navy long after Picric Acid had stopped being used in Army munitions and would eventually be phased out following World War 2.
  Picric Acid was cast pourable which aided greatly in its ability to be used as a shell filling. However, it required a comparatively high melting point (121.8-122.4◦C) which is close to its Flash Point (133.9◦C). Combined with its high toxicity as well as being a strong acid this made it hazardous for workers and encouraged the movement away from it as an explosive post-World War 1 especially with the simplification of manufacture for TNT [8].  

[bookmark: _Toc217047691]Table 2:Properties of Picric Acid [6] 
	Aspect
	Yellow Crystals

	Formula
	C6H3N3O7

	Molar Mass
	229.106 g mol-1

	ρ, Density
	1.767 g cm-3

	Critical Density
	0.9 g cm-3 [9]

	Critical Diameter
	5.2mm [9]

	Heat of Formation
	-249 kJ mol-1

	Heat of Explosion
	-1040.6 kJ mol-1

	Oxygen Balance
	-45.39%

	Friction
	>355 J (BAM)

	Impact 
	7 J (BAM)




3.  Effect of Density and Diameter on a Detonation

  A chemical explosion is when a chemical reaction occurs over an exceedingly short period of time producing a large amount of heat and gas. In order for this process to be a detonation the decomposition of the material must be caused by a shockwave travelling at the speed of sound in the material. This shockwave can be caused by burning to detonation or by an initial shock [1].
  Initiation by shock is most commonly used in the detonation of secondary explosives which by their nature require a larger stimulus than primary explosives. Therefore, the detonation of a primary explosive will create a shockwave that will create the impetus required to detonate a secondary explosive. When an explosive burns to detonation, it is as a result of a build up of gasses and heat from confinement that accelerate the burning until the speed of burning reaches the speed of sound within the material causing a detonation [7]. This is one of the ways Mercury Fulminate can detonate however, it experiences this transition extremely rapidly allowing it to be useful as a primary explosive [2]. 
[image: ]  The Diameter of the explosive can affect the velocity of the detonation one of the key parameters determine the performance of an explosive. The shape of the shockwave is that of a convex curve when viewed in 2d when travelling through a cylindrical pellet. The edges of the shockwave are travelling at a lower velocity because of the surface effects that they experience. Therefore, if the diameter of the cylinder is too small these surface effects prevent the propagation of the shockwave at the speed of sound in the material thus preventing a detonation [7]. This is the critical diameter. Therefore, when constructing an explosive train, we must have our explosives above the critical diameter. 
[bookmark: _Toc217047675][bookmark: _Toc217047736]Figure 1:Propagation of a Detonation wave highlighting the convex front [1]
 This is similar for density. For homogenous explosives the velocity of detonation will increase as the density of the material increases as it is easier for the shockwave to propagate [7]. Thus, if the density of the material is to low a detonation cannot occur. This is the critical density.




4. Explosive Train

[image: ]  An explosive train describes how the components of an explosive device are arranged such that an initial insult will be able to be transmitted to the main charge causing a detonation from an intended insult. It is standard for them to contain a primary explosive that will be set off producing a shockwave that will detonate the main charge containing a secondary explosive by shock [1]. The explosive train that will used here is based on that which could be found in a British Naval shell at the start of the First World War. An example can be seen below.

[bookmark: _Toc217047676][bookmark: _Toc217047737]Figure 2: British and German 12" HE Shells [3]
  Mercury Fulminate will be used as the primary explosive used to detonate the Picric acid which will act as the main charge. As this will be a shell fired at a high velocity, we can assume that there will be a large impact force upon impact with the target. This impact will cause insult to the Mercury Fulminate causing a detonation, the result of which will set off the Picric Acid creating the desired effect.
  When constructed this however, we must be mindful that the densities and the diameters of the explosives used allow for a successful detonation and that the effect of confinement will have on these values. By confining the explosives within a metal shell casing these will be lower allowing for an easier detonation. 
  The density of the explosives shall be:
Mercury Fulminate- 3.3g cm-3
Picric Acid – 1.6g cm-3
  This is above the critical density for Picric acid and a common density for it when used in explosive devices that will thus allow detonation. For Mercury Fulminate 3.3 g cm-3 provides a high velocity of detonation without it being at a density where it would be dead pressed. While during the course of studying the literature the author was unable to find an exact value for the critical density of Mercury Fulminate, they did find result for detonation at densities as low as 1.25 g cm-3 [1]. Thus, this density is safely above that and should provide a reliable detonation and initiation of the Picric Acid. 
  For the critical diameter the Picric Acid will safely be in excess of its critical diameter as it will be large cast block poured into the shell with a diameter in the hundreds of millimetres well in excess of its unconfined critical diameter of 5mm. The Mercury Fulminate also has an unconfined critical diameter of 5mm. Knowing that confining it within a detonator will reduce that keeping it at that 5mm will provide a reliable margin of error to allow for reliable detonation of the Mercury Fulminate upon impact with the target.
  The confinement of the train within a metal shell casing makes it easier for the explosive train to operate as it will aid in the propagation of the shockwave with the device.

[image: ]
[bookmark: _Toc217047738]Figure 3: Diagram of the Explosive Train
Using data from literature the velocity of detonation for this device will be 7900 ms-1 [1]. This is higher than the just enough velocity of detonation of 5,450 ms-1 that would be obtained when using the critical density of picric acid. This value was calculated using the equation:


Where Vρx is the velocity of detonation for a given density and ρx is the density of the explosive [1].
Mercury Fulminate and Picric Acid form a viable explosive device that provides satisfactory performance. This is to be expected as they were common explosives in the past but are now both environmentally hazardous and too sensitive for modern safety margins. Examining what we have moved on from in the past and the process we did will help us as we look to move to a new generation of explosives in the future.
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