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[bookmark: _Toc58151286]Abstract
The author of this report is required to investigate the chemistry behind a simple explosive device such as a military hand grenade. In this report, the author starts by looking at energetic materials used for specific functions. Later in the report, the author details how we can use the Oxygen Balance followed by the Kistiakowsky-Wilson Rules to determine the combustion products of an energetic compound. To end this report, the author uses the oxygen balance, the Explosive Power and Explosive Power Index to justify the ignition train sequence.


1. [bookmark: _Toc58151287]Introduction
1.1. [bookmark: _Toc58151288]Description of the Problem
The author has been tasked with explaining the explosive train of a simple explosive device. The simple device that has been selected for this report is a military hand grenade. Military hand grenades have a very simple functionality and can be tailored to a required purpose such as High Explosive Anti-Personnel, Smoke or even Flash and Noise for stun grenades [1]. This report will focus primarily on the High Explosive Anti-Personnel Grenade.
1.2. [bookmark: _Toc58151289]Background
All explosive devices have an initiation sequence called an explosive train [2]. An explosive train is an arrangement of explosive compounds that give an initial force and then amplify this effect until it reaches and initiates the main charge [2]. In a military hand grenade, the fuze contains this explosive train. This explosive train consists of a percussion cap, which feeds into a delay pellet, which feeds into a detonator [1]. The point of having a delay pellet in the fuze is so that you have a time delay between initiation and the main effect [3]. The first pyrotechnic delay composition to be used was black powder in the form of safety fuze [3]. The problem with black powder is it is considered a gassy delay composition [3] because it produces a thick white smoke upon burning which consists of between 40% [4] and 50% [3] gaseous products which can be seen from the following equation [5]:
		4KNO3(s) + 7C(s) + S(s)  3CO2(g) + 3CO(g) + 2N2(g) + K2CO3(s) + K2S(s)
Gassy delay compositions either require space for the gas to expand into though or a way of expelling it from the case [6] which is not possible in a hand grenade. For this very problem, gasless delay compositions were developed [2]. A common, and likely delay composition used for hand grenades is Amorphous Boron and Bismuth Oxide as it burns between 0.68 – 0.24 s/cm depending on the percentage of Boron in the mixture [7]. If a typical hand grenade has a delay of between 4 and 7 seconds [1], then the length of delay pellet required, assuming 8% Boron [7] and a 4 second delay, is roughly 6cm.
This delay composition will lead directly into a primary explosive, which will burn to detonation and initiate the high explosive filling [2]. This primary explosive could be a compound such as Lead Azide [8]. The primary explosive composition needs to be sufficiently sensitive to flash for a hand grenade because the composition that is going to initiate it will be the very hot burning of the delay composition. Lead Azide is used in a variety of detonating methods due to wide range of stimuli that will initiate it [8]. However, it still has very good thermal stability making it favourable [8]. This Primary explosive composition should then provide a large enough shock to initiate the main High explosive filling. The main high explosive filling is generally RDX/TNT split 60/40 or a PBX [1]. These high explosive compositions detonate via a shockwave travelling through the compound at very high velocities rapidly evolving lots of hot gas [2]. In an anti-personnel hand grenade, this is desirable to allow the case to fragment.
2. [bookmark: _Toc58151290]Method
2.1. [bookmark: _Toc58151291]What will be done in this report
In this report, the author will calculate the oxygen balance for the relevant explosive compounds allowing them to predict the products of detonation and allowing the heat of reaction to be calculated. For all pyrotechnic compositions, the exothermicity will be calculated and so will the explosive power and power index for all explosive compositions. 
2.2. [bookmark: _Toc58151292]Mathematical Equations
2.2.1. [bookmark: _Toc58151293]Oxygen Balance
Equation for Oxygen Balance (OB or Ω) [9]:

Mr = Molecular mass of the molecule
d = Number of Oxygen atoms in the molecule
a = Number of Carbon atoms in the molecule
b = Number of Hydrogen atoms in the molecule
2.2.2. [bookmark: _Toc58151294]Heat of Reaction (ΔH)
Equation for Heat of Reaction [8]:

ΔH0f (products) = Heat of formation of all products
ΔH0f (reactants) = Heat of formation of all reactants
2.2.3. [bookmark: _Toc58151295]Heat of Explosion (Q)
This equation for the heat of detonation is shown below [2]:

Q = Heat of Explosion
ΔHd = Enthalpy of detonation (or reaction)
M = Molar Mass
2.2.4. [bookmark: _Toc58151296]Exothermicity
The amount of energy liberated from 1kg of the mixture [10].

Mr(mix) = Molecular mass of all components in the stochiometric mix
ΔH = Reaction enthalpy for the pyrotechnic mix
2.2.5. [bookmark: _Toc58151297]Explosive Power and Power Index
Explosive Power [2]:

Q = Heat of Explosion
V = Volume of Gaseous Products
Explosive Power Index [2]:

The Explosive power index is a way of comparing the overall power of an explosive system to a known standard (Picric Acid)
2.3. [bookmark: _Toc58151298]Kistiakowsky-Wilson Rules
2.3.1. [bookmark: _Toc58151299]Kistiakowsky-Wilson Rules
The un-modified rules can only be used when the explosive molecule is moderately oxygen deficient, so has an Oxygen Balance of -40% or above [2].
	Rule no.
	Rule Conditions

	1
	All C atoms are converted to CO

	2
	Remaining O oxidises H to H2O

	3
	Any remaining O oxidises CO to CO2

	4
	All N is converted to N2


Table 1 - Kistiakowsky-Wilson Rules [2]
2.3.2. [bookmark: _Toc58151300]Modified Kistiakowsky-Wilson Rules
The Modified Kistiakowsy-Wilson Rules are applied to explosive molecules that are severely oxygen deficient such as TNT that has an oxygen Balance of -74% [2].
	Rule no.
	Rule Conditions

	1
	All H oxidised to H2O

	2
	Remaining O oxidises C to CO

	3
	Remaining O oxidises CO to CO2

	4
	All N converted to N2


Table 2 - Modified Kistiakowsky-Wilson Rules [2]
3. [bookmark: _Toc58151301]Results
3.1. [bookmark: _Toc58151302]Calculate Oxygen Balance (Ω)
3.1.1. [bookmark: _Toc58151303]High Explosive
RDX (C3H6N6O6):
Mr = 222.1 gmol-1 [8]
Ω = (1600/222.1) x (6-(2x3)-(6/2))
Ω = -21.61%
Combustion reaction will use the Kistiakowsky-Wilson Rules
TNT (C7H5N3O6):
Mr = 227.1 gmol-1 [8]
Ω = (1600/227.1) x (6-(2x7)-(5/2))
Ω = -73.98%
Combustion will use the modified Kistiakowsky-Wilson Rules
3.2. [bookmark: _Toc58151304]Chemical Reaction Equations
3.2.1. [bookmark: _Toc58151305]Primary Explosive
Lead Azide combusts very rapidly by a two-stage reaction [2]. These reaction steps are shown below with reaction enthalpies:

Step 1:
		0.5PbN6  0.5Pb2+ + N3-  0.5Pb + N2 + N
The single Nitrogen atom then goes on to react further with another N3- Complex in the stage below [2].
		0.5PbN6 + N  0.5Pb2+ + N3- + N  0.5Pb + 2N2
3.2.2. [bookmark: _Toc58151306]Pyrotechnic Delay
Boron/Bismuth Oxide
		2B(s) + Bi2O3(s)  B2O3(s) + 2Bi(s) [7]
3.2.3. [bookmark: _Toc58151307]High Explosive (Using Kistiakowsky-Wilson Rules)
RDX:
		C3H6N6O6(s)  3CO(g) + 3H2O(g) + 3N2(g)
TNT:
		C7H5N3O6(s)  2.5H2O(g) + 3.5CO(g) + 1.5N2(g) + 3.5C(s)
3.3. [bookmark: _Toc58151308]Calculate Heat of Reaction (ΔH)
See Appendix A for all literary values appertaining to Standard Heats of Formations and their sources.
3.3.1. [bookmark: _Toc58151309]Primary Explosive
This is a two-stage reaction. The first part of the reaction is endothermic taking in 213 kJ of energy and the second part is exothermic giving out 657 kJ of energy [2].
This makes ΔH = 213 – 657
ΔH = -444 kJmol-1
Q = 
Q = -1524.7
3.3.2. [bookmark: _Toc58151310]Pyrotechnic Delay
ΔHr = ΔHf(B2O3) – ΔHf(Bi2O3)
ΔHr = -1272.5 – (-573.9)
ΔHr = -698.6 kJmol-1
3.3.3. [bookmark: _Toc58151311]High Explosive
This can also be known as the enthalpy of detonation which will be used to calculate the heat of explosion and later be used to calculate explosive power and explosive power index [2].
RDX:
ΔHr = (3xΔHf(CO) + 3xΔHf(H2O)) – ΔHf(C3H6N6O6)
ΔHr = ((3x-110.5)+(3x-241.8))-(62)
ΔHr = -1118.9 kJmol-1
Q = 
Q = -5040.1 kJkg-1
TNT:
ΔHr = (3.5xΔHf(CO) + 2.5xΔHf(H2O)) – ΔHf(C7H5N3O6)
ΔHr = ((3.5x-110.5)+(2.5x-241.8))-(-26)
ΔHr = -965.25 kJmol-1
Q =
Q = -4252.20 kJkg-1
3.4. [bookmark: _Toc58151312]Calculate Exothermicity
3.4.1. [bookmark: _Toc58151313]Pyrotechnic Delay
The energy release per kg of the mixture
Mr (B) = 10.8 gmol-1
Mr (Bi2O3) = 466 gmol-1
1000/(466 + (2x10.8)) = 2.05
Exothermicity = -698.6 x 2.05
Exothermicity = -1432.7 kJkg-1
3.5. [bookmark: _Toc58151314]Calculate Explosive Power
3.5.1. [bookmark: _Toc58151315]Primary Explosive
3 moles of gas evolved from 1 mole of Lead Azide
Volume of gas at standard temperature and pressure = 22.4dm3
Volume of gas evolved = 3 x 22.4
V = 67.2 dm3
V(gaseous) per gram of Lead Azide = 67.2/291.2
V(gaseous) = 0.231 dm3g-1
Explosive Power = 1524.7 x 0.231
Explosive Power = 350.7
3.5.2. [bookmark: _Toc58151316]High Explosive
RDX
9 moles of gas evolved from 1 mole of RDX
Volume of gas evolved = 9 x 22.4
V = 201.6 dm3
Volume of gaseous products upon detonation per gram of RDX = 201.6/222
V(gaseous) = 0.908 dm3g-1
Explosive Power = 5040.1 x 0.908
Explosive Power = 4576.4
TNT
7.5 moles of gas evolved from 1 mole of TNT
Volume of gas evolved = 7.5 x 22.4
V = 168 dm3
V(gaseous) per gram of TNT = 168/227
V(gaseous) = 0.740 dm3g-1
Explosive Power = 3147.0
3.6. [bookmark: _Toc58151317]Calculate Explosive Power Index
See Appendix B for the literary values for Picric Acid. The explosive Index values quoted in refence [2] all vary slightly from the values calculated in this report. This is down to different values for Picric Acid and down to different values used to calculate the enthalpy of detonation and, therefore, the heat of explosion.
3.6.1. [bookmark: _Toc58151318]Primary Explosive
Explosive Index = 
Explosive Index = 9.97%
3.6.2. [bookmark: _Toc58151319]High Explosive
RDX
Explosive Index = 
Explosive Index = 130.13%
TNT
Explosive Index = 
Explosive Index = 89.48%
4. [bookmark: _Toc58151320]Discussion
4.1. [bookmark: _Toc58151321]Manufacture
4.1.1. [bookmark: _Toc58151322]Primary Explosive
Lead Azide is an ionic compound consisting of Pb2+ ions and N3- ions.
The manufacture of Lead Azide is a heavily controlled process due to the sensitivity of the product. Lead Azide is produced by reacting Sodium Azide with Lead Nitrate [11]. Sodium Azide is first prepared by reacting Sodium Amide with Nitrous Oxide [11]. During the process of producing Lead Azide, the formation of large crystals must be avoided [11]. This is because the act of the crystals breaking would provide enough energy to cause the explosive to detonate [11]. This solution will also contain dextrin [2]. The equation for the synthesis of Lead Azide is shown below:
			2Na(N3)2(aq) + Pb(NO3)2(aq)  Pb(N3)2(s) + 2Na(NO3)2 (aq) [2]
To stop the formation of large crystals, the solution must be continually stirred whilst it is left to dry at room temperature.
4.1.2. [bookmark: _Toc58151323]Pyrotechnic Delay
The pyrotechnic delay consists of Boron atoms and the covalent molecule Bismuth Oxide. Bismuth oxide has one Bismuth atom with two oxygen atoms double bonded to it. It is critical that the density of the delay pellet is uniform so that the burning time remains constant. If the pellet has a dense spot, the pellet will burn faster at that point. Therefore, it is critical that the delay pellet is pressed all at once, not in increments.
4.1.3. [bookmark: _Toc58151324]High Explosive
RDX is manufactured by the nitration of Hexamine [6]. This process converts the hexamine to its dinitrate and then reacts it with ammonium nitrate, nitric acid and acetic anhydride [6]. The RDX is then reclaimed by evaporating the ‘liquor’ and washing with water [6]. For RDX/TNT in 60/40, the crystals of explosive must be small to ensure that intimate contact is achieved. This could be done by quickly drying the solution or by continually stirring the solution as it cools.
TNT is manufactured by nitrating toluene using Nitric Acid, Sulfuric Acid and water [6]. When toluene is in the nitrators, it is key to stir the mixtures because, if it is not done, the reaction is unlikely to be complete meaning you will get a very low percentage yield of the product [6]. There will also be side reactions creating impurities in the mixture. These are usually removed by reaction with sodium sulphite and then washing with water [6].
When RDX and TNT are combined with wax, in the ratio 60/40, the resulting explosive mixture can be melt-cast. RDX is too sensitive so TNT is used as a desensitiser [6]. However, it is key to ensure the curing time is short to prevent large crystals forming in the casting. 
5. [bookmark: _Toc58151325]Conclusion
5.1. [bookmark: _Toc58151326]Justification of the initiation sequence
The Explosive Power Index is a clear indication of the relative power developed by the detonation of the explosives. Lead Azide, being a primary explosive, releases its energy very quickly [2]. However, you can see that it has a very poor explosive power compared to the main secondary charge filling. Therefore, it is adequate for initiation, but it would be very inefficient to use it as a main charge filling. Also, because of its sensitivity, it wouldn’t be possible to use it as the main charge. Lead Azide also produces a very low volume of gas compared to RDX and TNT so wouldn’t be adequate for a fragmenting hand grenade.
5.2. [bookmark: _Toc58151327]Any Properties that might affect the output
Lead Azide
Lead Azide, like any Azide, will be affected by any moisture that gets to the composition. When this happens, Hydrazine will evolve. This can then react with the case material and can in some cases form more sensitive compositions. For example, if it encounters copper, it can form copper azide which is too sensitive to manufacture and handle. If copper azide forms, there is a very high chance of an inadvertent and undesirable reaction.
Boron/Bismuth Oxide
Pyrotechnic compositions tend to be very hygroscopic. This means that if water gets to the composition, it will be absorbed into the composition. This will make the delay last longer which will put the user in more danger. In the worst case, it might mean that the delay composition doesn’t light in the first place.


[bookmark: _Toc58151328]Annex A
	Compound
	ΔHf (kJmol-1)

	Bismuth Oxide (Bi2O3)
	-573.9 [12]

	Boron Oxide (B2O3)
	-1272.5 [12]

	RDX (C3H6N6O6)
	+62 [2]

	TNT (C7H5N3O6)
	-26 [2]

	Water (H2O)
	-241.8 [12]

	Carbon Monoxide (CO)
	-110.5 [12]





[bookmark: _Toc58151329]Annex B
Heat of explosion for Picric Acid: 4396 kJ kg-1 [11]
Volume of detonation gasses for picric acid: 800 dm3kg-1 [11]
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