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This report contains the oxygen balance of individual explosive materials and the velocity of detonation, the brisance of explosive materials, an explosive train the successfully detonate the munition and the improvement of performance to operate as a grounded sea mine. The different sections will be explained and calculated to show an understanding of the knowledge needed for all parts of the Ordnance, Munitions and Explosives module.
[bookmark: _Toc202965719]Oxygen balance and velocity of detonation
This section of the report will show the workings out of the oxygen balance and the velocity of detonation from the RDX 60% and TNT 40% mixture. It is important to understand what oxygen balance and velocity of detonation is.
Oxygen balance is an expression that is used to indicate the degree to which an explosive can be oxidized. If an explosive molecule contains just enough oxygen to convert its entire carbon to carbon dioxide, all its hydrogen to water, and all its metal-to-metal oxide with no excess, the molecule is said to have a zero-oxygen balance. The molecule is said to have a positive oxygen balance if it contains more oxygen than is needed, and a negative oxygen balance if it contains less oxygen than is needed. [1]
The velocity of detonation (VOD) is the speed at which a shock wave propagates through an explosive material during detonation. It's a critical property of explosives, indicating how quickly the explosive reaction proceeds and affecting the power and effectiveness of the explosion. VOD is typically measured in meters per second (m/s). [2]
	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: _Toc202965705]Table 1 - RDX and TNT table
Table 1 shows the table that was given to the learner of the information of TNT and RDX to determine the allow for the calculation of the oxygen balance and velocity of detonation for the whole mixture. The learner needs to calculate these two parts for a mixture that contains 60% RDX and 40% TNT.


[bookmark: _Toc202965720]Oxygen balance:
Oxygen balance of mixture = (%TNT x oxygen balance TNT) + (%RDX x oxygen balance RDX)
Oxygen balance TNT = -73.96
%TNT = 40%
Oxygen balance RDX = -21.61
%RDX = 60%
(0.4 x -73.96) + (0.6 x -21.61) = -42.55%
The oxygen balance of the whole mixture = -42.55%
[bookmark: _Toc202965721]Velocity of detonation:
Density of mixture = 1/ ((%TNT / Density TNT) + (%RDX / Density RDX))
%TNT = 40%
Density TNT = 1.654 g cm-3
%RDX = 60%
Density RDX = 1.793 g cm-3 
1/ ((0.4 / 1.654) + (0.6 / 1.793)) = 1.735 g cm-3
Velocity of detonation RDX in mix = VoD RDX x (density of mixture / density RDX)
8440 x (1.735/1.793) = 8166.98 ms-1
Velocity of detonation TNT in mix = VoD TNT x (density of mixture / density TNT)
6850 x (1.735/1.654) = 7185.46 ms-1
Velocity of detonation mixture = (%TNT x VoD TNT in mix) + (%RDX x VoD RDX in mix)
(0.4 x 7185.46) + (0.6 x 8166.98) = 7774.37 ms-1
The velocity of detonation of the whole mixture = 7774.37 ms-1


[bookmark: _Toc202965722]Definition of Brisance and its effects
[bookmark: _Toc202965723]Brisance definition
Brisance shows the ability of an explosive to demolish a solid object which is in direct contact of the vicinity of the detonation wave impact. Brisance shows the speed which the explosive reaches its peak pressure. It is important in the practical world because it determines the effectiveness of an explosive in military applications such as fragmenting bombs, bomb casings grenades and mines. [3] In effect the brisance is used with high explosives and the detonation pressure that occurs when the detonation process occurs, as this is where fragments from casings and structures from bombs and other munitions. The brisance of a high explosive material is primarily determined by the explosive’s detonation pressure. Explosives with higher detonation velocities tend to have a higher brisance value because of the shock wave they produce is extremely powerful and energetic. [4] There are two tests that can be done to determine the brisance in comparison to TNT, which is considered a standard reference, the sand crush test and Trauzl lead block test. [4]
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[bookmark: _Toc202965712]Figure 1 - Brisance compared to detonation pressure graph [5]
[bookmark: _Toc202965724]RDX, TNT and 60% RDX and 40% TNT mixture
Using the information gathered and table 1 a comparison of the brisance of TNT, RDX and 60% RDX and 40% TNT can be calculated to determine the mixture with the highest brisance. RDX on its own has a velocity of detonation of 8440 ms-1 and a detonation pressure of 31.9 GPa. TNT on its own has a velocity of detonation of 6850 ms-1 and a detonation pressure of 19 GPa. From these 2 explosive materials it can be determined that RDX has the greater brisance as the velocity and pressure has a greater value. Using this information the 60/40 mixture of TNT and RDX will have a lower brisance than RDX but a higher brisance of TNT.
[bookmark: _Toc202965725]Products of detonation of 60% RDX and 40% TNT
To work out the products of detonation a set of rules are used, these are called the Kistiakowsky Wilson rules. The Kistiakowsky Wilson rules are a set of rules that were developed during World War 2 by Kistiakowsky and Wilson to clarify the problem of decomposition products, this rule should only be used for moderately oxygen deficient explosives with an oxygen balance greater than -40%. [6]
[image: ]
[bookmark: _Toc202965706]Table 2 - The Kistiakowsky Wilson rules [6]
For explosive mixtures that have a lower oxygen balance then the modified Kistiakowsky Wilson rules are applied
	Rule No
	Conditions

	1
	All hydrogen atoms in the molecule are oxidized to water

	2
	If any oxygen atoms remain, they are used to convert carbon to carbon monoxide.

	3
	If any oxygen atoms remain, they are used by oxidizing their stoichiometric amount of carbon monoxide to CO2.

	4
	Any leftover oxygen atoms form oxygen gas (O2 ).

	5
	Nitrogen atoms produce nitrogen gas (N2 ).

	6
	Any remaining carbons form solid carbon (C).


[bookmark: _Toc202965707]Table 3 - The modified Kistiakowsky Wilson rules [7]
Using the information attained in section 5.1 the learner calculated the oxygen balance of the 60% RDX and 40% TNT to be -42.55% which indicates that the modified Kistiakowsky Wilson rules need to be used to determine the products of detonation.
RDX has a chemical formula of C3H6N6O6
TNT has a chemical formula of C7H5N3O6 
RDX molar mass = 222.1 g/mol
TNT molar mass = 227.1 g/mol
To work out moles for the mixture it was determined the mixture weighed 100g
Weight / molar mass = mol
60g RDX: 60/222.1 = 0.27 mol
40g TNT: 40/227.1 = 0.176 mol
	Element
	C
	H
	N
	O

	RDX
	0.27 x 3 = 0.81
	0.27 x 6 = 1.62
	0.27 x 6 = 1.62
	0.27 x 6 = 1.62

	TNT
	0.176 x 7 = 1.232
	0.176 x 5 = 0.88
	0.176 x 3 = 0.528
	0.176 x 6 = 1.056

	Total (2dp)
	2.04 mol
	2.5 mol
	2.15 mol
	2.68 mol



Therefore, the chemical formula of 60% RDX and 40% TNT = C2.04H2.5N2.15O2.68
Following the modified Kistiakowsky Wilson rules the decomposition products from the 60% RDX and 40% TNT are:
1. Hydrogen atoms oxidise to become 1.25 mol water (H2O)
2. Remaining oxygen react with carbon to become 1.43 mol carbon monoxide (CO)
3. There is no remaining oxygen mol (O)
4. There is no remaining oxygen mol (O)
5. Nitrogen atoms become 1.075 mol nitrogen gas (N2)
6. The remaining carbon atoms become 0.61 mol solid carbon (C)
The decomposition products can now be compared against that of TNT, the chemical formula is C7H5N3O6. This will also use the modified Kistiakowsky Wilson rules as the oxygen balance of TNT is -73.96%. The decomposition products of TNT are:
1. Hydrogen atoms oxidise to become 2.5 mol water (H2O)
2. Remaining oxygen react with carbon to become 3.5 mol carbon monoxide (CO)
3. There is no remaining oxygen mol (O)
4. There is no remaining oxygen mol (O)
5. Nitrogen atoms become 1.5 mol nitrogen gas (N2)
6. The remaining carbon atoms become 3.5 mol solid carbon (C)
In comparison the 60% RDX 40% TNT mix is a more efficient explosive material than that of the TNT alone. This can be seen by the oxygen balance, detonation pressure and the decomposition products. For the oxygen balance the TNT is -73.96% compared to the mix which is -42.55% indicating there is fewer remaining products. This can be seen above as the TNT had 3.5 mol of solid carbon remaining compared to the 0.61 mol from the mixture. Using this information, it shows that the mixture will be a better munition and will be more efficient when detonated. This improves the explosive performance.
[bookmark: _Toc202965726]Explosive train design
An explosive train is a sequence of events that culminates in the detonation of explosives. [8] In any explosive train there are primary and secondary explosives. The first part is a small quantity of a highly sensitive explosive (primary explosive) this will be a detonator, the second part is a larger quantity of a less sensitive but more powerful explosive which is the booster, and the last part is the least sensitive main charge which will be bulk of the explosive charge. [9]
[image: ]
[bookmark: _Toc202965713]Figure 2 - Explosive train diagram [10]
To detonate the 60% RDX and 40% mixture a explosive train of a detonator and booster will be needed as the main charge of RDX and TNT being relatively insensitive. The following sections will investigate the different sections of the explosive train to determine the best design of the explosive train.
[bookmark: _Toc202965727]Detonators
There are three types of detonators non-electrical, electrical and electronic. A non-electrical detonator needs components like detonating cords, shock tube systems or a safety fuse to detonate. The electrical detonators use electrical current to detonate, this is from the lead wires or connectors which ignite an electrical match where the pyrotechnic delay ignites and initiates the base charge in the detonator. The last detonator is the electronic detonator this uses electronic components to transmit a firing signal.[11]
Two of the main components in detonators are lead azide and lead styphnate.[10] These two components are used in detonators as they have a high sensitivity to shock, heat or friction which allows for easy detonation and can set off the more powerful secondary explosives. However, in some detonator’s small quantities of secondary explosive like HMX or PETN can be used to allow for the detonation to occur.
Teledyne Reynolds are a company that manufacture exploding bridge wire (EBW) detonators, a couple examples that could be used in the explosive train are RP-83, RP-2 or RP-80.
[bookmark: _Toc202965728]Booster
An explosive booster is a component that is sensitive that acts as a bridge between the detonator and the low sensitive main charge. Its role in the explosive train is to deliver the sufficient energy to detonate the charge via the explosive shockwave. A couple examples of boosters that may use are RDX, PETN, plastic explosives (PE4 and PE8), C4 or SEMTEX. [12]
[bookmark: _Toc202965729]Explosive train for 60/40 RDX/TNT mixture
To detonate the mixture, it was established that a detonator and booster would be needed. The detonator chosen is the RP-83 EDW detonator which indicates that the initiation system used will be electrical to allow for the shock to detonation. For the booster PE8 will be used. 
[image: ]
[bookmark: _Toc202965714]Figure 3 - RP-83 explosive train [13]
Figure 3 shows the breakdown of a RP-83 detonator and the different components that allow for the successful detonation.
	RP-83 Firing Parameters

	Threshold Burst Current:
	180 amps

	Threshold Voltage:
	Approx. 500 volts

	Threshold Voltage Std. Deviation:
	75 volts maximum

	Function Time:
	5.38 µsec. typical

	Function Time Simultaneity
Standard Deviation:
	0.125 µsec Max.


[bookmark: _Toc202965708]Table 4 - RP-83 firing parameters [13]
	
	PETN
	HMX

	Density 
	1.77 g/cm3
	1.91 g/cm3

	Gain length
	150 mm
	6 mm

	Critical diameter
	0.9 mm to 1.5 mm
	2 to 10 mm


[bookmark: _Toc202965709]Table 5 - Explosive properties of a RP-83 detonator
Table 5 shows the explosive properties of a RP-83 detonator that is needed to obtain a successful detonation.
PE8 is an RDX based plastic explosive with plasticisers and binders to allow it to malleable into any shape needed. The chemical build-up of PE8 is 86.5% RDX, 12.5% plasticiser and binder and 1% DMNB taggant.[14]
	
	PE8 (RDX)

	Density 
	1.57 g/cm3

	Gain length
	Undefined

	Critical diameter
	3.81 mm to 5.08 mm


[bookmark: _Toc202965710]Table 6 - Explosive properties of PE8
Table 6 shows the explosive properties of PE8 which is mainly RDX. As PE8 is a relatively new explosive the values for these are not published yet and the use of PE4 was used to gather some of this information. The two plastic explosives are similar as they are both made up of RDX and a plasticisers and binders. 
The explosive train that will be used to detonate the RDX TNT mix is an electrical circuit with a RP-83 detonator pushed into PE8 which will be attached to the main charge of RDX/TNT mix. This explosive train will be effective as the learner has completed trials that use these explosive components before.
[bookmark: _Toc202965730]Improvement of explosive to operate as grounded sea mine
The performance of explosives changes when underwater and there are different factors that need to think about. When explosives are detonated underwater there is more than one shock wave, the detonation wave, the water boundary layer produces a shock wave and finally the effect of the gas bubble expansion. This occurs because of the pressure effect that the water has. There are three main energy contents that explosive mixtures provide when detonated underwater, these are shock wave energy, bubble energy and heat energy loss due to the water compression.[15]
The 60% RDX and 40% TNT mixture underwater can be seen as being less sensitive when being underwater compared to being above the water in air. [16] To combat this and make the explosive better at operating as a sea mine an additive is needed to complete this. One way that this can be done is by adding aluminium to the mixture. The aluminium effects the secondary reaction phase, after detonation, it absorbs the detonation heat and reacts with it to create a quicker and effective detonation due to the aluminium’s endothermic properties. [17]
The addition of aluminium to RDX and TNT mixtures has been done before with the Torpex. 
	Explosive
	Formulation
	Density g cm-3
	Velocity of detonation ms-1

	Torpex 1
	RDX/TNT/Al
45/37/18
	1.78
	7440

	Torpex 2
	RDX/TNT/Al
42/40/18
	1.85
	7360

	Torpex 2B
	RDX/TNT/Al
42/40/18
+5.5% Desensitizer
	1.77
	–

	Torpex 5
	RDX/TNT/Al
30/50/20
+2% C black
	1.78
	6990


[bookmark: _Toc202965711]Table 7 - Different ratios of Torpex and their properties [18]
Table 7 shows four types of Torpex and the different ratios of RDX, TNT and Aluminium. It also indicates the change in velocity of detonation with the different ratios, this is important to determine the performance of the explosive. 
This shows that by adding the aluminium to the mixture the explosive will be able to function as an effective grounded sea mine. 

[bookmark: _Toc196825063][bookmark: _Toc202965731]Conclusion
In conclusion this report contained the calculations of the oxygen balance and velocity of detonation of a mixture of two explosives, an explanation of brisance and the products of detonation of the mixture, an explanation of an explosive train that would function effectively for the mixture and how the mixture can be improved if used in a sea mine. This report taught the learner about how different aspects are important when using explosives in the industries needs. 
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1 Carbon atoms are converted to carbon monoxide
2 If any oxygen remains then hydrogen is then oxidized to water
3 If any oxygen still remains then carbon monoxide s oxidized to carbon dioxide

4 Allthe nitrogen is converted to nitrogen gas, N,
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The Explosive Train
2.8008TER

1. WmAToR

TR e (Sameik s ey





image4.png
RP-83 Explosive Train

1. Plastic molded head
2.Brass sleeve

3. Bridgewire (Gold)

4.Initiating explosive: 8 mg PETN

5. Middle Charge: 123 mg HMX with binder

6. Qutput explosive: 908 mg HNIX with binder
7. Aluminum cup 0.007" thick




