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[bookmark: _Toc56690983]Introduction 
[bookmark: _Toc56690984]Background
[bookmark: _Toc56690985]Explosive devises are used for a variety of different purposes, throughout the world. They are used to make jobs easier in fields like mining and quarrying, to provide entertainment in films or firework displays and of course, they are used in warfare.
[bookmark: _Toc56690986]Within modern warfare, explosives are used in most munitions’ platforms but very few understand the inner workings of the products.
[bookmark: _Toc56690987]Document Scope

[bookmark: _Toc56690988]The purpose of this document is to express and gain a deeper understanding of munitions users in warfare today. 
[bookmark: _Toc56690989]This report will demonstrate the functional process of a standard military grenade.
[bookmark: _Toc56690990]Methodology 
[bookmark: _Toc56690991]Throughout this document, the author has addressed the different sections of the ignition train. 
[bookmark: _Toc56690992]Each sequence and chosen explosive type have been described separately. Each composition, and the subsequent reactions have been provided. 


[bookmark: _Toc56690993]Thermochemistry of Explosives 
[bookmark: _Toc56690994]Oxygen Balance
[bookmark: _Toc56690995]Calculations will be carried out to determine the thermochemical properties of the compositions. 
[bookmark: _Toc56690996]The oxygen balance can be defined as a weight percentage of oxygen that is required to achieve exhaustive, stoichiometric oxidation of the fuel present in an explosive composition. [1]
[bookmark: _Toc56690997]This can be calculated for an explosive formula CaHbNcOd and molecular weight M using the following formula

[bookmark: _Toc56690998]D = Number of Oxygens
	A= Number of Carbons
	B = Number of Hydrogens
[bookmark: _Toc56690999]Kistiakowsky-Wilson (KW) Rule
[bookmark: _Toc56691000]To enable people to clarify the problem of decomposition products, a set of rules was created by Kistiakowsky and Wilson in World War II.
[bookmark: _Toc56691001]The original KW rule can only be used for explosive compositions with an oxygen balance greater than -40%. The rules are displayed below. 

[bookmark: _Toc56690972]Table 2‑1: KW Rules [2]
	Rule No.
	Conditions

	1
	Convert carbon atoms to carbon monoxide

	2
	Remaining oxygen caused hydrogen to oxidize to water

	3
	Further remaining oxygen oxidized carbon monoxide to dioxide

	4
	Convert all nitrogen to nitrogen gas N2



[bookmark: _Toc56691002]Modified KW Rules
[bookmark: _Toc56691003]If the chosen composition has an oxygen balance less than -40% then the Modified KW rules must be adopted. 
[bookmark: _Toc56690973]Table 2‑2: Modified KW Rules
	Rule No.
	Conditions

	1
	Convert Hydrogen to H20

	2
	Remaining oxygen to convert C to CO

	3
	Further remaining oxygen left converts CO to CO2

	4
	Convert all nitrogen to nitrogen gas N2



[bookmark: _Toc56691004]Heat of Formation (∆H)
[bookmark: _Toc56691005]During a chemical reaction, heat can either be released into, or taken in from the environment.
[bookmark: _Toc56691006]The heat of formation equation will return a figure of energy required to form the reactants from the products. The unit used for this figure is kJ/Mol. 

“A mole is a unit of measurement that is associated with the mass of a chemical substance. The mole is a specific measurement of the number of atoms or molecules in a substance, based on the number of atoms in 12 grams of carbon-12. The mole exists to give scientists an easy way to convert between grams and molecules and back again in chemistry” [3]
[bookmark: _Toc56691007]Hess’s Law will be used to determine the enthalpy of the detonation. 
[bookmark: _Toc56691008][image: ]


[bookmark: _Toc56690965]Figure 2‑1: Hess’ Law

[bookmark: _Toc56691009]The Grenade
[bookmark: _Toc56691010]Product History

[bookmark: _Toc56691011]A grenade is a small explosive device used in short range combat [4]. They vary from High Explosive (HE) fragmenting munitions, to less lethal variants like smoke (SMK) screening, Flash Bang and gas emitting. 
[bookmark: _Toc56691012]The most common type used is the HE grenade, which usually consists of a core of Trinitrotoluene (TNT) or some other form of HE fill, cased inside a steel container. 
[bookmark: _Toc56691013]These grenades consist of a fuze that detonates either on impact, or after a short time delay. This delay is usually long enough for the user to throw the explosive device into an enemy trench. 
[bookmark: _Toc56691014]The Ignition Train
[bookmark: _Toc56351494][bookmark: _Toc56351999][bookmark: _Toc56691015]Figure 3‑1 Shows a sectioned example of a HE grenade.
[bookmark: _Toc56691016][image: ]
[bookmark: _Ref55985547][bookmark: _Ref55985536][bookmark: _Toc56690966]           Figure 3‑1: HE Grenade [5]
[bookmark: _Toc56691017]The ignition train of this grenade would start with pulling the safety ring. This will allow the safety lever to lifted, enabling the spring-loaded striker to rotate over and strike the primer. 

[image: ]
[bookmark: _Toc56690967]Figure 3‑2: Spring-Loaded Striker
[bookmark: _Toc56691018]A few standard industry primers, or primary explosives are Mercury Fulminate, Tetrazene, Lead Styphnate, Lead Azide and Silver Azide. Lead styphnate is a relatively weak primary explosive because of its high metal content (44.5%) and therefore is not used in the filling of detonators . [6] 
[bookmark: _Toc56691019]Once the primer is initiated, it will transfer its energy into a pyrotechnic delay composition. Gasless delays are often used at high altitudes, or in conditions of abnormal atmospheric pressures. Gassy delays are used at low altitudes. 
[bookmark: _Toc56691020]As this is a general-purpose grenade, it could utilize a gassy delay composition like blackpowder, or Tetranitrocarbozole and potassium nitrate.
[bookmark: _Toc56691021]This delay composition provides a steady burn through the powder train before reaching the detonator. This will be fitted with a booster pellet. Typical booster explosives include Pentaerythritol tetranitrate (PETN) and Tetryl.
[bookmark: _Toc56691022]The final stage of the ignition train is the explosive fill which is ignited by the booster. Secondary explosives are a lot harder to set off than primaries but have far more potential energy. One of the most common secondary explosive fills used within UK service is RDX/TNT. Other examples include HMX and nitrocellulose. 

[bookmark: _Toc56691023]The Primary Composition (Tetrazene)
[bookmark: _Toc55909204][bookmark: _Toc56351499][bookmark: _Toc56352004][bookmark: _Toc56691024]Composition Introduction
[bookmark: _Toc56691025]Tetrazene is a very stab sensitive explosive which makes it very suitable to this application. [7]
[image: ]
[bookmark: _Toc56690968]Figure 4‑1: Tetrazene Chemical Structure

[bookmark: _Toc56691026]Production
[bookmark: _Toc56691027]To prepare Tetrazene, sodium nitrite is dissolved in distilled water and warmed to 55°C.  
[bookmark: _Toc56691028]A solution of amino-guanidine sulfate is then added to the mixture and stirred. 
[bookmark: _Toc56691029]Up to 30 minutes after stirring commenced, tetrazene is formed and decanted, water and alcohol washed then dried at 45-50°C.
[bookmark: _Toc56691030]The Tetrazene crystals will be placed – not pressed - into an ignition cap protected by a foil disc. 
[bookmark: _Toc56691031]Material Properties
[bookmark: _Toc56691032]The material properties of SA are displayed below in Table 4‑1 [8].
[bookmark: _Toc56691033][bookmark: _Ref56503513][bookmark: _Toc56690974]Table 4‑1: SA Material Properties

[image: ]
[bookmark: _Toc56691035]Tetrazene’s detonation heavily rely on its density, i.e. compaction. It will detonate when it is not heavily compacted but weakens when compacted and pressed.
[bookmark: _Toc56691036]Calculations
[bookmark: _Toc56691037]The empirical formula for the explosive formula Tetrazene is C2H8N10O [9]

-59.52
[bookmark: _Toc56691038]With the figure being less than -40%, the modified KW rule will apply and return the following equation. 
C2H8N10O = ½ H20 + 2C + 3½H2 + 5N2
[bookmark: _Toc56691039]This returns -120.91 - -189.12kJ/mol-1. [10]
= +68.21

[bookmark: _Toc56691040]Conclusion
This formation heat figure suggests that the reaction will absorb energy from its surrounding in the form of heat, this is called an endothermic reaction. 
[image: Energy Level Diagram of an Endothermic Reaction]
Figure 4‑2: Endothermic Diagram [11]
[bookmark: _Toc56691042]Tetrazene on its own is not likely to be an efficient primary explosive. A more reliable solution could include Tetrazene, but only as an additive to boost sensitization. 
[bookmark: _Toc56691043]Delay Composition (Blackpowder)
[bookmark: _Toc56691044]Composition Introduction
[bookmark: _Toc56691045]Blackpowder – also known as Gun Powder – is the most commonly known explosive composition. Frequency appearing in small arms ammunition and fireworks, blackpowder is a simple mixture of 3 ingredients. 

[bookmark: _Toc56690975]Table 5‑1: Blackpowder
	Ingredient
	Chem Formula
	% by Weight

	Potassium Nitrate
	KN03
	75

	Charcoal
	C
	15

	Sulfur
	S
	10


[bookmark: _Toc56691046]The powdered mixture of Sulfur and Charcoal act as the fuel in the equation whilst the potassium nitrate is the oxidizer. 
[bookmark: _Toc56691047]Production
[bookmark: _Toc56691048]The ingredients used within the blackpowder are vitally important to the performance of your blackpowder. Charcoal manufactured from willow, birch, fir, oak, pine and spruce – when charred properly – are good sources of wood for your charcoal. 
[bookmark: _Toc56691049]Using a mortar and pestle, the individual ingredients are ground into a powder. 
[bookmark: _Toc56691050]Determine the desired mass of explosive and weight out the percentages of that weight- shown in table 5-1.
[bookmark: _Toc56691051]All ingredients are then ground together in the correct proportions, adding small increments of water to create a clay which can then be sieved or cut into the granule sizes required.
[bookmark: _Toc56691052]Material Properties
[bookmark: _Toc56691053]The material properties of Blackpowder is shown below [11].

[bookmark: _Toc56690976]Table 5‑2: Blackpowder Properties
[image: ]
[bookmark: _Toc56691054]Calculations
[bookmark: _Toc56691055]In order to calculate the figures for Blackpowder, a mass of composition is required. For the purpose of this section a mass of 20g will be adopted. 
[bookmark: _Toc56691056]The individual molecular masses of the three ingredients are:	
Potassium Nitrate – 101g
Charcoal – 12g
Sulfur – 32g
[bookmark: _Toc56691057]Using these figures, alongside the figures in table 5-1 it is now possible to calculate the combustion products of Blackpowder.

10 KNO3 + 8C + 3S = 2K2CO3 + 3K2SO4 + 6CO2 + 5N2
10 x (101) + 8 x (12) + 3 x (32)
1010g of Potassium Nitrate 		96g of Charcoal 		96g of Sulfur = 1202 total
10 KNO3 + 8C + 3S = 2K2CO3 + 3K2SO4 + 6CO2 + 5N2
10x (-492.71) + 8x (0) + 3x (0) = 2x (-1150.18) + 3x (-1437.7) + 6x (-393.51) + 5x (0)
(-4927.1) + (0) + (0) = (-2300.36) + (4313.1) + (-2361.06) + (0)
Heat of Formation = Products – Reactants
(-8974.52) - (-4927.1) = -4047.42kJ/Mol
Actual Output based upon 20g Mass 
(-4047.42) x  
[bookmark: _Toc56691059]Conclusion
[bookmark: _Toc56691060]Blackpowder could be a reliable delay composition in its own right providing the physical properties allow for a slow enough burn rate. 
[bookmark: _Toc56691061]Booster Explosive (PETN)
[bookmark: _Toc56691062]Composition Introduction
[bookmark: _Toc56691063]Pentaerythritol Tetranitrate (PETN) is the least reactive of the nitric esters. It forms a very powerful explosive, very commonly used in detonators and booster explosives. 
[bookmark: _Toc56691064]PETN belongs to the same chemical family as Nitroglycerin and is a major ingredient in Semtex [13]. 
[bookmark: _Toc56691065]Production
[bookmark: _Toc56691066]Outside of terrorism, PETN is not often found In its pure form due to its high sensitivity to impact and friction. The composition is usually formulated with binders and plasticizers to desensitize itself. 
[bookmark: _Toc56691067]Typical PETN binders and plasticizers included:
[bookmark: _Toc56690977]Table 6‑1: PETN Binders and Plasticizers

[bookmark: _Toc56691068][image: ]



[bookmark: _Toc56691069]To prepare PETN, pentaerythritol must undergo nitration. 
[image: ]


[bookmark: _Toc56690969]Figure 6‑1: PETN Nitration
[bookmark: _Toc56691070]This can be achieved by added the pentaerythritol to nitric acid at 30°C. the Crude product is then removed through filters, washed, neutralized, and then recrystallized from acetone. [14] 
[bookmark: _Toc56691071]Pentolite – which is a formulation is Wax and PETN - is a very common booster charge and blasting charge.
[bookmark: _Toc56691072]Material Properties
[bookmark: _Toc56691073]The material properties for PETN is shown below: 
[image: ]
[bookmark: _Toc56690978]Table 6‑2: PETN Material Properties [15]
[bookmark: _Toc56691074]PETN will burn in air and it will release carbon dioxide, soot, and water. 
[bookmark: _Toc56691075]Calculations

[bookmark: _Toc56691076]Using the oxygen balance equation, the following calculation was carried out:

 = -10.12
Reaction for Decomposition using Standard KW Rule
C5H8N406 = 2CO + 3CO2 + 4H20 + 2N2
Using Hess’s LawHd

C5H8N406
H1
H2
2CO + 3CO2 + 4H20 + 2N2



5C + 4H2 + 2N2 + 6O2

[bookmark: _Toc56691077]Using the individual heats of formation provided [12] the heat created by the reaction has been calculated below. 
2CO + 3CO2 + 4H20 + 2N2
CO2 = -393.51kJ/mol
CO = -110.54kJ/mol
H2O = -41.82kJ/mol
N2 = 0kJ/mol
C5H8N406 = -538.53kJ/mol = ∆H1
∆H2 = -(3 x 393.51) + -(2 x 110.54) + - (4 x 241.82) + -(2 x 0)
= -2368.89kJ/mol
∆Hd = ∆H2 - ∆H1
∆Hd = -2368.89 - -538.53
= -1830.36 kJ/mol

[bookmark: _Toc56691078]Conclusion

[bookmark: _Toc56691079]Note should be taken of the calculated heat of formation figure. Figures are approximate and will depend on your formation temperature sources. 
[bookmark: _Toc56691080]PETN is a proven booster explosive and would be suited to the desired application providing the composition has sufficient protection against friction and impact. To desensitize the competition, without sacrificing too much performance, a simple binder like wax would be benefit to both production and in-service safety.

[bookmark: _Toc56691081]Main Explosive (COMP B)
[bookmark: _Toc56691082]Composition Introduction
[bookmark: _Toc56691083]The explosive formula RDX is commonly referred to as three different abbreviations. Research Development Explosive, Research Department formula X and also Royal Demolition Explosive. [16]
[image: ]
[bookmark: _Toc56690970]Figure 7‑1: RDX Structure
[bookmark: _Toc56691084]RDX will undergo decomposition when burning and will release nitrogen gas, carbon dioxide, water vapor, soot, and carbon monoxide. When confined, the composition will explode i.e. in a burster cap. 
[bookmark: _Toc56691085]Production
[bookmark: _Toc56691086]RDX is prepared by using cold nitric acid to nitrate hexamine. The method of preparation is called supercritical anti-solvent (SAS) recrystallization. [17]
[bookmark: _Toc56691087]RDX is not commonly used as a sole explosive and despite being more explosive than TNT, they are commonly paired together. They were first referred to as Composition B.



[bookmark: _Toc56691088]Material Properties
[bookmark: _Toc56691089]The chemical properties of RDX/TNT are shown below.

[image: ]
[bookmark: _Toc56690979]Table 7‑1: RDX/TNT Material Properties



[bookmark: _Toc56691090]Composition B has a detonation velocity of 8.050m/s. [18]
[bookmark: _Toc56691091]Calculations
[bookmark: _Toc56691092]For the purpose of these calculations, the standard RDX/TNT proportion or 60/40 will be used. 
[bookmark: _Toc56691093][image: ]To calculate the composition of 60/40 RDX, the proportion of each gram of mixture much be divided by it individual molecular mass. These figures are then multiplied by the number of atoms in each group. [bookmark: _Toc56690980]Table 7‑2: Molecular Proportions of RDX/TNT 60/40

[bookmark: _Toc56691094]Using the numbers in the total column, it is n ow possible to calculate the oxygen balance of RDX/TNT. The M figure will be 1g.

 = -45.28


[bookmark: _Toc56691095]In this instance, the modified KW rule will need to be used to calculate products of this equations. 
C0.0213H0.0250N0.0215O0.0268
[bookmark: _Toc56690981]Table 7‑3: RDX KW Rule
	Rule No.
	Conditions
	Products

	1
	Convert Hydrogen to H20
	0.0250H = 0.0125H2O 

	2
	Remaining oxygen to convert C to CO
	(0.0268-0.0125=0.0143)
0.0143O = 0.0143CO

	3
	Further remaining oxygen left converts CO to CO2
	No Remaining

	4
	Convert all nitrogen to nitrogen gas N2
	0.0215N = 0.01075N2


[bookmark: _Toc56691096]Carbons: 0.0214 – 0.0143 = 0.0071

Therefore RDX/TNT 60/40 = 0.0125H2O + 0.0143CO + 0.0071C + 0.01075N2 
[bookmark: _Toc56691097]To demonstrate how differently the products would be behave on their own, their individual oxygen balance and heat of formations have been calculated – see annex A. 

[bookmark: _Toc56691098]Conclusion

[bookmark: _Toc56691099]RDX is a powerful explosive in its own right but is commonly mixed with TNT to optimize performance. 
[bookmark: _Toc56691100]The addition of additional explosive compositions may not contribute to additional heat generation or oxygen output but potentially adding gaseous products and reducing detonation temperatures.

[bookmark: _Toc56691101]Annex
[bookmark: _Toc56691102]Annex A
[image: ][bookmark: _Toc56690971]Figure 8‑1: Individual Comparisons of RDX and TNT
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CompositionFormula  Proportion by mass Mol. MassProportion per 1g Carbons HydrogensNitrogensOxygens
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0.6 (60%) 222.12 0.002701243 0.0081 0.0162 0.0162 0.0162

TNT C

7

H

5

N

3

O

6

0.4 (40%) 227.13 0.001761106 0.0132 0.0088 0.0053 0.0106

Total  0.0213 0.025 0.0215 0.0268
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RDX = C3HgNO5

=-2161
222117

KW RULE

RDX = C3HgN5O5 = 3C0, + 3H,0 + 3N, — 30

RDX = ~(3x-393.51) + -(3x-241.82) + -(3x0)
RDX (+209) = -1906k}/mol
=-1906 - + 209

=1697kl/mol

TNT = C;HsN;05

Modified Rule

TNT = C;HsN;Og = 7C0, + 2.5H,0 + 15N, — 10.50

TNT = -(7x-393.51) +-(2.5%-241.82) + -(1.5x0) —-(10.5x249.17)

TNT (-63.2) =-3359.12
=-3359.12-63.2

=3422.32k)/mol




