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[bookmark: _Toc203406911]Assignment brief
The aim of this assignment is for the leaner to Calculating the oxygen balance and performance of a mixed explosive from defined parameters, demonstrating knowledge and capability in the following areas taught during the Principles of OME module:
· Ability to determine oxygen balance.
· Ability to determine velocity of detonation.
· Demonstrate an understanding of the term “Brisance”.
· Determine products of detonation.
· Compare explosive compositions.
· Ability to design an explosive train and explain each part.
· Demonstrate an understanding to the effects of additives in explosives.
[bookmark: _Toc203406912]Mixed explosive composition details
The leaner was provided details for a mixed explosive composition of 60% RDX and 40% TNT as seen in table 1. This was the baseline information the leaner would require carrying out the requirements of this assignment.
[bookmark: _Toc203406941]Table 1 TNT and RDX information
	Explosive
	TNT
	RDX

	Density
	1.654 g cm-3
	1.793 g cm-3

	VoD
	6850 ms-1
	8440 ms-1

	Detonation Pressure
	19 GPa
	31.9 GPa

	Critical Diameter (unconfined)
	2 mm
	1.5 mm

	Oxygen Balance
	-73.96
	-21.61

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




[bookmark: _Toc203406913]Determination of Oxygen Balance and VoD
[bookmark: _Toc203406914]Oxygen balance theory
Oxygen balance in explosives is defined as “The amount of oxygen expressed in weight percent liberated as a result of complete conversion of the explosive material to CO2, H2O, SO2, Al2O3 etc.” [1].
In an ideal explosive the oxygen balance would be zero as there is sufficient oxygen in the molecular composition to result in complete combustion. Having an oxygen balance as close to zero reduces the chance of toxic detonation products being formed like Carbon monoxide (CO) and Nitrous gases (Nox) In turn if an explosive has a positive oxygen balance there is to much oxygen present in the explosive for complete combustion and visa-versa for a negative oxygen balance there is to little oxygen present in the explosive for complete combustion. Examples explosives with positive and negative oxygen balances can be seen below:
· RDX (C3H6N6O6): -21.61%
· Ammonium nitrate (NH4NO3): +20%



Oxygen balance of an explosive can be determined using equation 1 below [2]:
	[bookmark: _Toc203406939]Equation 1 Oxygen Balance equation


	Ω = Oxygen %
a = Number of carbons
b = Number of Hydrogens
d = Number of Oxygens
M = Mass of explosive
15999 = Molecular mass of Oxygen multiplied by 100.



[bookmark: _Toc203406915]Determination of Oxygen balance for 60/40 Mix
To determine the oxygen balance for the 60% RDX and 40% TNT composition, the molar ratio must be determined to use equation 1. Below shows the molar radios for 10g of the RDX/TNT composition:
C0.2042 H0.2500 N0.2148 O0.2676
Now the learner has the correct number of moles of each atom in 10 grams of the composition then we can apply equation 1 to determine the oxygen balance which gives the oxygen balance of -42.53%
All calculations for molar ratios and oxygen balance can be found in appendix 1
[bookmark: _Toc203406916]Velocity of Detonation theory
Velocity of detonation is defined as “the rate of propagation of a detonation in an explosive: if the density of the explosive is at its maximum value, wider than critical diameter, the detonation velocity is a characteristic of each individual explosive and is not influenced by external factors” [1]
The equation used to determine the detonation of velocity can be seen in equation 2:
	
[bookmark: _Toc203406940]Equation 2 Velocity of Detonation equation


	VD = Velocity of Detonation
 = number of moles per gram of gaseous product
 = approximate temperature in kelvin
 = Given density of compaction



[bookmark: _Toc203406917]Determination of Velocity of Detonation
To determine the velocity of detonation (VoD) for the 60% RDX and 40% TNT mix using equation 2 the learner had to first determine the decomposition products using the modified Kistiakowsky-Wilson rules [2] (due to having an oxygen balance lower than -40%) which can be seen in table 2:
[bookmark: _Toc203406942]Table 2 Modified Kistiakowsky-Wilson rules
	Rule number
	Conditions

	1
	Hydrogen atoms are converted to water.

	2
	If any oxygen remains, then carbon is converted to carbon monoxide.

	3
	If any oxygen still remains, then carbon monoxide is oxidized to carbon dioxide.

	4
	All the nitrogen is converted to nitrogen gas N2.



The decomposition products for 10g of 60% RDX and 40% TNT mixture can be seen below:
C0.2042 H0.2500 N0.2148 O0.2676 → 0.1423CO + 0.0616C + 0.125 H2O + 0.1074N2
Secondly the learner had to determine the number of moles per gram of gaseous product produced during the reaction, which can be seen below.
The explosive composition will produce 0.840 dm3 g-1 of gaseous products.
Now the learner had all the required information to determine the Velocity of Detonation, equation 2 was used which provided a figure of 6748 ms-1 for a composition of a presumed density of 1 g/cm3 and ambient temperature in Kelvin. (21°C/ 298.15K)
All calculations for decomposition products, volume of gas produced per mole and Velocity of detonation can be found in appendix 1.
[bookmark: _Toc203406918]Brisance
[bookmark: _Toc203406919]Brisance defined
The Brisance of an explosive is defined as “the destructive fragmentation effect of a charge on its immediate vicinity” [1]. The parameters that define the level of brisance effect are that of the velocity of detonation, the packing density of the charge, the amount of gas produced as detonation products and the heat of explosion.
[bookmark: _Toc203406920]Products of detonation comparison
Table 3 below shows a comparison in decomposition products for RDX, TNT and a 60% RDX/ 40% TNT composition. It is worth noting that RDX only has gaseous decomposition products whereas TNT and the 60%/40% composition both produce solid carbon with TNT providing it in a greater quantity.
[bookmark: _Toc203406943]Table 3 Decomposition products comparison
	 Explosive/ 10g molar radios
	Decomposition products from 10g of explosive

	RDX
C0.1351 H0.2701 N0.2701 O0.2701
	0.1351H2O + 0.1351CO +0.1351N2

	TNT
C0.3082 H0.2200 N0.1320 O0.2640
	0.110H2O + 0.1540CO + 0.154C +0.066N2

	60% RDX and 40% TNT composition
C0.2042 H0.2500 N0.2148 O0.2676
	0.125H2O + 0.1430CO + 0.061C +0.1074N2



[bookmark: _Toc203406921]Brisance comparison
Of the three explosive compositions (RDX, TNT and 60%/40% mix), the learner determined that the highest brisance would be from the RDX. This was determined by comparison of the velocity of detonation (VoD) for each explosive, with RDX having the highest of 8440 ms-1, TNT having the second highest of 6850 ms-1 and the 60%/40% mixture having the lowest calculated at 6748 ms-1. 
[bookmark: _Toc203406922]Which is more efficient
From the given and calculated figures of VoD and decomposition products, the learner was able to determine which explosive is the most efficient of the TNT alone and the 60%/40% composition, which was the 60%/40% composition. The learner determined this as although the VoD for both explosives are very similar, the carbon produced from the TNT alone was much higher than the 60%/40% composition (over doubled for 10g of explosive). This indicated that due to having a lower carbon decomposition product, the combustion during the reaction was much more efficient producing a high percentage of gaseous products.
[bookmark: _Toc203406923]Explosive train
[bookmark: _Toc203406924]Explosive train basic concepts
The basic concept of an explosive train is to start with a very sensitive material and reduce the sensitivity as you progress along the train. This design works by a small amount of sensitive explosive material is initiated by an initiator/ detonator/ fuze to initiate a small amount of less sensitive explosive material to initiate the larger main charge and provide the desired effect. A visual example of an explosive train can be seen below in figure 1.

	[image: ]
	1- Initiator (fuze or detonator)- either mechanical, electrical impulse etc
2- Initiator explosive – normally a primary explosive
3- Booster – optional
4- Base/main charge – normally a secondary explosive


[bookmark: _Toc203406937]Figure 1 Explosive train example
 “The explosive train accomplishes the controlled augmentation of a small impulse into one of suitable energy to actuate the main charge” [1] 
[bookmark: _Toc203406925]Design concepts
To learner decided to design an artillery munition with an initiation train comprised of an impact fuze (1) containing lead Azide as the primary explosive (2) and a PETN booster (3) that used the 60% RDX and 40% TNT composition as a main charge fill (4) with the basic design diagram above in figure 1
An impact fuze was chosen by the learner as this simple but effective design can be utilized on an artillery munition. The basic design of the impact fuze is that a striker within the nose of the fuse is pushed back into the primary explosive material upon impact with a hard surface initiating the primary explosive. As the learner had chosen a boosted fuze, the initiation of the primary explosive would cause shock initiation of the booster explosive in the fuze.
Figure 2 demonstrates a basic visualisation of how a impact fuze works
	1- Impact surface
2- Fuze striker
3- Primary explosive
4- Booster explosive
	[image: ]


[bookmark: _Toc203406938]Figure 2 Impact fuze design
 As stated in section 4.1 this shock initiation of the booster explosive in the fuze would lead to shock initiation of the main charge secondary explosive.
Due to the basic configuration of the impact fuze, safety and accidental initiation of the fuze are always a factor. The learner determined that to ensure safety of the fuze and munition that a minimum arming distance would be applied as part of the fuze design to ensure a minimum distance is met before arming, thus increasing the safety, handling and use of the munition.
Lead azide was chosen as the primary explosive for the detonator as it’s a primary explosive which is very sensitive to impact with a low figure of insensitiveness (FoI) and has a low critical diameter.
PETN (pentaerythritol tetranitrate) was chosen as the booster material as it’s a secondary explosive which is still very sensitive to impact/shock (for a secondary explosive) and has a low critical diameter 
Properties relating to Lead Azide and PETN can be found in table 4 below [2][3].
[bookmark: _Toc203406944]Table 4 Lead Azide and PETN properties
	Explosive
	Density (g/cm3)
	Critical diameter (mm)
	FoI

	Lead Azide
	3.8
	0.4-0.6
	20

	PETN
	1.6
	0.9-1.5
	51



[bookmark: _Toc203406926]Improvement for grounded sea mine
[bookmark: _Toc203406927]Additives
Additives can be added to explosive compositions to improve the performance and desired effect of the said explosive. In the case of the 60% RDX and 40% TNT explosive composition, aluminium powder can be added to improve the performance but with the requirement to change the ratios of RDX and TNT to account for the addition of Aluminium. An example of using aluminium as an additive was with the explosive composition Torpex.
[bookmark: _Toc203406928]Torpex [4]
Torpex (or Torpedo Explosive) is a castable secondary high explosive composition comprised of RDX (Research Division Explosive or Hexogen), TNT (Trinitrotoluene) and Aluminium powder normally in the ratios of 41: 41: 18. The composition also included wax as a phlegmatizing agent to desensitise it and improve handlining properties. [1]. Torpex was developed by the allies during World War 2 as an alternative explosive to TNT as it was 50% more powerful by mass compared to TNT alone [5] and 20% more powerful by mass competed to Composition B (59.5% RDX and 39.4% TNT) [5] .Torpex was used as an underwater explosive (used in torpedoes, naval mines and depth charges) due to the addition of the aluminium powder in the composition. The addition of the aluminium improved the performance of the explosive by an increase of in the heat of explosion and thus providing an increased temperature. This increase in the heat of explosion was due to alumina (aluminium oxide/ Al2O3) having a high heat of formation at 1658 kJ/mole. The addition of aluminium also included a secondary improvement in the form of the possibility of “post-heating” thus increasing the air blast of the Torpex or even the ability for a delayed secondary explosion to occur. This “post-heating” occurred if any aluminium had not reacted in the initial detonation and would oxidise in atmospheric oxygen and produce alumina (aluminium oxide) which has the higher heat of formation [6].
[bookmark: _Toc203406929]Conclusion
From this assignment the learner felt that they had demonstrated the knowledge and understanding as per the areas stated in the introduction section.
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[bookmark: _Toc203406932]Molar ratios calculations
The table below shows the calculations for the molar ratios of 10 grams of 60% RDX and 40% TNT mix composition [2]:
	Explosive 
	Empirical formula
	Proportion by mass (g)
	Molecular weight (g)
	Molar proportions in 10g
	Mol of atoms in 10g of explosives

	
	
	
	
	
	C
	H
	N
	O

	RDX
	C3H6N6O6
	6
	222.117
	
	0.0810
	0.1620
	0.1620
	0.1620

	TNT
	C7H5N3O6
	4
	227.133
	
	0.1232
	0.0880
	0.0528
	0.1056

	
	
	
	
	Total:
	0.2042
	0.2500
	0.2148
	0.2676



10g of 60% RDX and 40% TNT = C0.2042 H0.2500 N0.2148 O0.2676

[bookmark: _Toc203406933]Oxygen balance calculations
 The calculation below shows the determination of oxygen balance for 10 grams of 60% RDX and 40% TNT mix composition:
	

	Ω = Oxygen %
a = Number of carbons
b = Number of Hydrogens
d = Number of Oxygens
M = Mass of explosive
15999 = Molecular mass of Oxygen multiplied by 100.






[bookmark: _Toc203406934]Decomposition product calculations
The calculations below use the modified Kistiakowsky-Wilson rules to determine the moles of decomposition products [2]
Rule number 1 -Hydrogen atoms are converted to water:
 	leaving 0.1426 Oxygen remaining 0.2676 -0.1250)
Rule Number 2 - If any oxygen remains, then carbon is converted to carbon monoxide.
0.1426O → 0.1426CO	leaving 0.0616 Carbon remaining (0.2042 – 0.1426)
Rule number 3 - If any oxygen remains then carbon monoxide is oxidized to carbon dioxide:
No oxygen remaining from reaction.
Rule Number 4 - All the nitrogen is converted to nitrogen gas N2:

[bookmark: _Toc203406935]Gaseous product calculations
The calculations below determine the number of moles per gram of gaseous products produced during the reaction of 10g of 60% RDX and 40% TNT mix composition.
This was determined by addition of the total number of moles of gaseous products for 10 g of the mixture, highlighted in the reaction below. 
C0.2042 H0.2500 N0.2148 O0.2676 → 0.1426CO + 0.0616C + 0.125 H2O + 0.1074N2
This gave a total of 0.3750 mol of gaseous products.
Next the total number of moles of gaseous products for 10g is divided by 10 and is multiplied by the standard volume of an ideal gas at Standard Temperature of pressure (STP) which is 22.4 dm3, to determine the 
(0.3750/ 10) x 22.4 = 0.840 dm3 g-1
[bookmark: _Toc203406936]VoD calculations
The calculations below determined the Velocity of Detonation in meters per second using equation 2.
	


	VD = Velocity of Detonation
 = number of moles per gram of gaseous product 0.840
 = approximate temperature in kelvin -293.15
 = Given density of compaction - 1
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