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[bookmark: _Toc202348115]Introduction

This report sets out the desktop assessment of an energetic composition presented to the Author as part of the Principles of Ordnance, Munitions and Explosives Module of the Higher National Curriculum course. This assessment compromises of the study of the Oxygen Balance of the individual materials and the estimated properties of the composition using known mathematical and chemistry techniques.

[bookmark: _Toc202348116]Theory and Background Information

The learner has been presented with the following energetic formulation, comprising of RDX and TNT with a weight percent distribution of 60/40. The individual physical characteristics of each material is given below in Table 1.

	Explosive
	TNT
	RDX

	Density
	1.654 g.cm-3
	1.793 g.cm-3

	VoD
	6850 m.s-1
	8440 m.s-1

	Detonation Pressure
	19 GPa
	31.9 GPa

	Critical Diameter (unconfined)
	2 mm
	1.5 mm

	Oxygen Balance
	-73.96
	-21.61

	Empirical Formula
	C7H5N5O6
	C3H6N6O6

	Enthalpy of Formation
	-62.07 kJ.mol-1
	+70.29 kJ.mol-1


[bookmark: _Ref201144061][bookmark: _Toc202348133]Table 1 - Physical Characteristics of Formulation Materials.

[bookmark: _Toc202348117]Determination of Oxygen Balance.

With the physical characteristics of each component of the formulation taken from Table 1, it is now possible to determine the oxygen balance of the mixture. Oxygen balance, which is the comparison between the amount of oxygen molecules present in the material and that of the required oxygen to fully oxidate the fuel molecules (typically Carbon and Hydrogen) present to form carbon dioxide and water [1].
Determination of oxygen balance is given by the following equation;

[bookmark: _Ref201153023]Equation 1 - Determination of Oxygen Balance.


Where:
	Ω – Oxygen balance
	MW – Molecular weight of compound
	CaHbNcOd – The number of respective Carbon, Hydrogen, Nitrogen and Oxygen molecules present.
As can be seen in Annex 1, the oxygen balance for RDX and TNT have been confirmed to the values given in Table 1. Further to this, the oxygen balance for the formulation can now be completed. 
For binary compositions, the calculated oxygen balance value of Ω, is proportional to the quantity of each component and their individual values of Ω [2], and can be shown as

[bookmark: _Ref201153039][bookmark: _Ref201152954]Equation 2 - Oxygen Balance for Binary Compositions.
Where:
	Ω – Oxygen balance of binary composition
	Ω1 – Oxygen balance of 1st component
	f1 – Weight percent of 1st component
	Ω2 – Oxygen balance of 2nd component.
By taking the known values of Table 1 and substituting into Equation 2 the oxygen balance for 60% RDX / 40% TNT is therefore;

Equation 3 - Determination of oxygen balance for 60% RDX / 40% TNT.

[bookmark: _Toc202348118]Approximate Velocity of Detonation

Velocity of detonation can be determined by Equation 4. To be able to determine this value for the composition, the gaseous products of detonation will first need to be determined. 


[bookmark: _Ref202343725]Equation 4 - Velocity of Detonation
Where: 
		D = Velocity of Detonation 
		n = moles per gram of gaseous products
		Td = Temperature of Detonation 
		∆ = Charge density 
The molar quantity of gaseous products for RDX and TNT are covered in more detail in Section 1.5. In summary the amount of gas produced during detonation can be summarised as 

[bookmark: _Ref202345030][bookmark: _Toc202348130]Figure 1 - Gaseous products of detonation
Combining Equation 4 & Figure 1, and by using assumptions of ambient temperature (in Kelvin) and a charge density of 1g.cm3 provides an approximate velocity of density of the composition: 

With the composition comprising a 60/40 split, this value is in good correlation with the values in Table 1 as one would expect the velocity of detonation to lie in between the independent values of each component. 

[bookmark: _Toc202348119]Brisance, and its Effects.

Brisance is the term used in the explosives and quarrying industries to quantify the level of shattering or blast effect an energetic material gives to its surroundings. It is primarily governed by the level of pressure generated by the detonative wave through a target material and the level of brisance required will naturally vary by application. For instance, in hardened defensive structures or hard rock, a higher brisance is desirable and conversely, a lower brisance is desired for displacing softer materials or for propulsion applications. Brisance can be ranked, comparatively, the Sand Crush Test [3} provides a method to compare the brisance effects against that of TNT. Of the three energetic materials in the scope of this report, (TNT, RDX & 60/40 RDX/TNT), RDX on its own will provide the highest level of brisance given its higher velocity of detonation and pressure generated on detonation. 
[bookmark: _Ref202344264][bookmark: _Toc202348120]Detonation Products of 60/40 RDX/TNT (w/w)

With the knowledge of empirical formulae known for both RDX and TNT it is therefore possible to calculate the atomic composition and is presented in Section 4.2 Atomic Composition of Energetic Mixture. This can be summarised as C2.04H2.50N2.15O2.68 for a 100g mixture.
The expected decomposition products can be determined via the Kistiakowsky-Wilson(K-W) Rules. However, as the mixture has an oxygen balance < 40% the modified K-W rules need to be applied. The rules can be seen below with expected products.;
	Rules
	Conditions
	Products

	1
	Hydrogen atoms are converted to water.
	2.5H → 1.25H2O 

	2
	Any oxygen remaining then to carbon converted to carbon monoxide
	1.43O → 1.43CO

	3
	Any oxygen remaining then carbon monoxide is oxidised to carbon dioxide
	No remaining oxygen

	4
	All nitrogen converted to nitrogen gas
	2.15N → 1.075N2


[bookmark: _Toc202348134]Table 2 - Modified KW Rules for RDX/TNT


With the expected detonation products of 100g of RDX/TNT seen above, it can be compared to the equivalent mass of TNT alone. Similarly to the mixture, the oxygen balance of TNT is < 40%, and the modified K-W rules are used again.
	Rules
	Conditions
	Products

	1
	Hydrogen atoms are converted to water
	5H → 2.5H2O

	2
	Any oxygen remaining then to carbon converted to carbon monoxide
	3.5O → 3.5CO

	3
	Any oxygen remaining then carbon monoxide is oxidised to carbon dioxide
	No remaining oxygen

	4
	All nitrogen converted to nitrogen gas
	3N → 1.5N2


[bookmark: _Toc202348135]Table 3 - Modified K-W rules for TNT
Combining the presented information from Tables 1 – 3, specifically, the oxygen balance, velocity of detonation and products of decomposition show that the mixture to be a better munition than that of TNT alone. The oxygen balance is closer to zero than just the TNT and therefore indicates that less solid matter is produced and therefore better energy efficiency in terms of volumes of gaseous products.


[bookmark: _Toc202348121]Explosive Train Functionality
[bookmark: _Toc202348122]Effective design of a detonative train to function successfully.

A common analogy for the initiation of a detonative train is that of starting a fire. It is not possible to simply light the piece of firewood directly, as there is insufficient energy transferred to allow for its combustion. In order to allow for this combustion to occur it must first be divided down into sequential steps where the earlier items in the train are easier to ignite and allow for greater energy transfer to the next stage. The combustion train analogy is typically along the lines of paper, which has a high surface area to allow for rapid combustion. This combustion then ignites kindling, which is difficult to ignite on its own, with the additional heat energy transferred from the kindling the main pieces of firewood can be ignited and allowed to burn. This same principal is required in an energetic material train, where high sensitivity, low energy materials are initiated to lower sensitivity, higher energy materials; a depiction is shown in Figure 2.
[image: ]

[bookmark: _Ref201914398][bookmark: _Toc202348131]Figure 2 - Schematic of Explosive Train (Not to Scale)
All explosive trains require a sufficient input of stimulus to initiate with many types being available. This stimulus can be in many forms, for example of a percussion cap, electrical energy, friction, stab, heat generation or flash. Figure 2 depicts an electrically initiated detonator which contains a bridgewire and fusehead. When activated, the electrical current provides an igniferous element which has enough thermal energy to ignite the primary charge composition, this in turn provides energy to initiate the secondary base charge. Provided there is sufficient diameter and run up, the main fill of 60/40 RDX/TNT will function.
In order to function this explosive train effectively, the detonator will require a composition of primary high explosive (HE) material. Primary HE’s are very sensitive to stimuli and are characterised by have a Figure of Sensitiveness (FofI) of <50.They also typically have low density. An example of a primary explosive sufficiently sensitive to the igniferous fusehead is Lead Azide. A composition of lead azide is thermally sensitive which undergoes deflagration to detonation (DDT) upon ignition. Provided the minimum dimensional, confinement and gain length parameters in Table 4 have been satisfied then the detonative shockwave will persist to the less sensitive PETN pellet. 



	
	Lead Azide
	PETN

	Density
	4.71 g.cm3
	1.56g.cm3

	Gain Length
	1 – 2mm
	150mm

	Critical Diameter
	< 1 mm
	1 – 1.5mm


[bookmark: _Ref201918541][bookmark: _Toc202348136]Table 4 - Explosive Properties of Proposed Detonator
PETN requires a longer run up than lead azide to achieve the transition from deflagration to detonation. Subsequently this shockwave is sufficient to initiate the main charge of the composition described in Table 1.

[bookmark: _Toc202348123]Using the composition for an effective maritime mine.

The composition in Table 1 is a powerful explosive used in various munitions. It generates high peak pressures with a pseudo-exponential decay as the pressure recedes back to ambient pressures. There are periods of undulation around zero pressure as residual energy is dissipated into the atmosphere. Whilst this is sufficient in air, it does not have the same duration in water due to difference in density of the two mediums. [image: ]

[bookmark: _Ref201922878][bookmark: _Ref201922793][bookmark: _Toc202348132]Figure 3 - Differences in peak pressures and impulse duration
To make this composition effective for underwater applications the composition would need to be amended to account for this change. Historically, aluminium has been added to similar compositions. By amending the composition in this way, peak overpressures are reduced, however the impulse duration and number of undulations on return to ambient are extended, a not to scale representation of this effect is shown in Figure 3. 
The book, “The Secret History of RDX” [4} gives an example of this composition being used in practice during the second world war. The composition known as Torpex is a RDX/TNT/aluminium melt cast mixture (41:41:18 + 1% wax) used in torpedoes and underwater mines. This has a velocity of detonation of 7600m.s-1 and a density of 1.81 g.cm3.
Aluminium is added primarily for its ability to increase blast effects in both atmospheric and underwater applications due to the high enthalpy of formation of aluminium oxide (-1590kJ.mol). It has been used historically primarily in compositions with low oxygen balance to extend the duration of high pressures.
Typical particle sizes are less than 100µm like those found in igniter or propellant compositions. It is also worth considering the safety of such compositions as the addition of aluminium has shown these to be more sensitive to thermal and shock, and especially electrostatic discharge (ESD) insults when compared to the same composition not containing the aluminium additive [5]. 

[bookmark: _Toc202348124]Conclusions

This desktop exercise has been a useful tool for the Author to relate mathematical and chemistry techniques and apply them to a real-world scenario that would be expected in everyday industry. It is hoped that these skills will be utilised again in the future. 
This exercise has also been invaluable at providing an insight into how predecessors in the industry experimented with different compositions of nominally similar materials to improve the versatility of an explosive composition, but also to improve velocities of destination and peak overpressures. It is also important to be mindful on the impact on safety of such compositions as any addition to a mixture can alter the handling precautions and sensitiveness in ways that may not be readily apparent. 
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[bookmark: _Toc202348126]Worked determination of oxygen balance for formulation composition.

Using Equation 1 the oxygen balance has been determined for both RDX and TNT to validate values provided in Table 1, and in turn determine the oxygen balance of a 60/40 composition. 

Equation 5 - Determination of Oxygen Balance.
	RDX
	TNT

	

	


	-21.61% (2dp)
	-73.96% (2dp)


[bookmark: _Toc202348137]Table 5 - Oxygen Balance of Binary Components
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[bookmark: _Ref172095878][bookmark: _Toc202348127]Atomic Composition of Energetic Mixture.

	Energetic Mixture
	Empirical Formula
	Proportion by Mass (g)
	Molecular Weight (g)
	Molar proportion of 100g mixture
	Mol of atoms in 100g Energetic Mixture

	
	
	
	
	
	Carbon
	Hydrogen
	Nitrogen
	Oxygen

	RDX
	C3H6N6O6
	60
	222.117
	
	0.810
	1.62
	1.62
	1.62

	TNT
	C7H5N5O6
	40
	227.133
	
	1.232
	0.088
	0.528
	1.056

	Total
	2.042
	2.500
	2.148
	2.676


[bookmark: _Ref201839306][bookmark: _Toc202348138]Table 6 - Atomic Composition of 60/40 RDX/TNT
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