Oxygen Balance – Level 4 Explainer
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[bookmark: _Toc191573099]Introduction

The performance of an ideal explosive (i.e. a homogeneous explosive where oxygen is bonded at the molecular level) can often be determined from its oxygen balance. It is a complex subject, but simple determination of explosive power or TNT equivalence can be calculated from knowing oxygen balance (), heat of explosion (Q) and the volume of gaseous products of detonation produced (V). The simple equation for an ideal explosive decomposition (depending on oxygen balance) is shown in Equation 1:



[bookmark: _Ref191545228][bookmark: _Toc191573115]Equation 1: Typical formula for an explosive
In the above equation the CHNO denote carbon, hydrogen, nitrogen and oxygen atoms, and a, b, c, and d denote the number of those atoms in the explosive molecule. For example, TNT (C7H5N3O6) has 7 carbon atoms, 5 hydrogen atoms, 3 nitrogen atoms and 6 oxygen atoms in one molecule.

Oxygen balance (OB, OB%, or Ω) is an expression that is used to indicate the degree to which an explosive can be oxidized, to determine if an explosive molecule contains enough oxygen to fully oxidize the other atoms in the explosive. For example, fully oxidized carbon forms carbon dioxide, hydrogen forms water, sulphur forms sulphur dioxide, and metals form metal oxides. A 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.

An explosive with a negative oxygen balance will lead to incomplete combustion, which commonly produces carbon monoxide, which is a toxic gas. Explosives with negative or positive oxygen balance are commonly mixed with other energetic materials that are either oxygen positive or negative, respectively, to increase the explosive's power. For example, TNT is an oxygen negative explosive and is commonly mixed with oxygen positive energetic materials or fuels to increase its power. To determine the oxygen balance of an explosive in the form , the following formula is used based on Equation 1 (see Equation 2). 



[bookmark: _Ref191545282][bookmark: _Toc191573116]Equation 2: Oxygen Balance Equation (CHNO Explosive)
Notes: 

Equation 2 does not apply to heterogeneous explosives (containing additives such as Al, B, Mg, Zn etc) where the fuel and oxidiser a mixed separately.

a, b, c and d are the number of atoms of carbon, hydrogen, nitrogen and oxygen in the molecule. 

MW is the molecular weight of the explosive (i.e. TNT molecular weight is 227g).

[bookmark: _Toc191573100]Calculating Oxygen Balance for Mixtures

Calculating oxygen balance for mixtures of ideal explosives such as RDX and TNT is no black art. You simply calculate the oxygen balance for each explosive and then multiply the values by the percentage composition. For example, Figure 1 shows the typical oxygen balance curve for some secondary explosives and their values. The representation has been described in lectures, with primary explosives following no fixed pattern.
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[bookmark: _Ref191570859][bookmark: _Toc191573123]Figure 1: Oxygen Balance Curve for Primary and Secondary Explosives

Therefore, if we were to calculate the oxygen balance for RDX/TNT 50/50, then we would follow Equation 3. 



[bookmark: _Ref191571980][bookmark: _Toc191573117]Equation 3: Oxygen Balance for Mixtures of Ideal Explosive

%

Explainer: As we improve the oxygen balance (i.e. move towards zero), we are moving away from creating C(s) (enthalpy of formation value 0 kJ mol-1), CO(g) (enthalpy value -110), and H2O(g) (enthalpy of formation -241.8) towards CO2(g) (enthalpy -393.5). As such, more and more energy is being produced as we tend towards zero oxygen balance (EGDN being the utopia). Once we have a surplus of oxygen (such as NG), energy values start to drop again as O2(g), like N2(g), has an enthalpy of formation value of 0.
[bookmark: _Toc191573101]The Kistiakowsky-Wilson Rules

Once we know the oxygen balance of an explosive (it will be positive, zero, or negative), we can then begin to consider what the products of detonation may be (working towards the explainer in the paragraph above). These are determined by the Kistiakowsky-Wilson (see Table 1) and modified Kistiakowsky-Wilson rules (see Table 2). Dependent upon the oxygen balance value, you MUST use the appropriate table. For oxygen balance values less negative than -40 (i.e. -30 etc), us the Kistiakowsky-Wilson rules. For oxygen balance values more negative than -40 (i.e. -45 etc), use the modified rules.


[bookmark: _Ref191545309][bookmark: _Toc191573109]Table 1: The Kistiakowsky-Wilson Rules
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Examples of products of detonation can be seen in Table 3 (overleaf) using these rules:


[bookmark: _Ref191548001][bookmark: _Toc191573111]Table 3: Examples of Products of Detonation
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When we use these tables, the products of detonation can be determined, which allows us to calculate heat of explosion (Q, in kJ mol-1 or kJ kg-1) and volume of gases produced (V in dm3 mol-1 or dm3 g-1). 

[bookmark: _Toc191573102]Calculating the Volume of Gaseous Products Produced (V)

V is simple to determine from the equation below (see Equation 3) and values for some explosives are shown in Table 4:

 (for dm3 mol-1)

[bookmark: _Ref191550918][bookmark: _Toc191573118]Equation 4: Calculating Volume of Detonation Gases (dm3mol-1)

[bookmark: _Ref191551296][bookmark: _Toc191573112]Table 4: Examples of Volume of Gases from Detonation
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[bookmark: _Toc191573103]Calculating the Heat of Explosion (Q)

Hess’ Law is then used to calculate the heat of explosion (Q) (see Equation 4)
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[bookmark: _Ref191551029][bookmark: _Toc191573119]Equation 5: Determining the heat of explosion using Hess' Law
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Examples of heat of explosion using Hess’ Law can be seen in Table 5:


[bookmark: _Ref191551114][bookmark: _Toc191573113]Table 5: Examples of Heat of Explosion
[image: A table of chemical formulas

AI-generated content may be incorrect.]

[bookmark: _Toc191573104]Calculating the Power Index and TNT Equivalence of an Explosive based on Q and V

Power Index (PI) of an explosive calculated using Equation 5.  


Power Index = 

[bookmark: _Ref191551500][bookmark: _Toc191573120]Equation 6: Power Index
Where Qe and Ve are the values calculated for the explosion under consideration.

The TNT equivalence (TNTe) of an explosive (based on the values of Q and V) can be determined using Equation 6

TNT Equivalence = 

[bookmark: _Ref191569872][bookmark: _Toc191573121]Equation 7:Equation for TNTe (based on Q and V)

Table 6 shows the values of PI and TNTe for certain primary and secondary explosives.


[bookmark: _Ref191551545][bookmark: _Toc191573114]Table 6: The Power Index of Certain Explosives (gauged against Picric Acid as Standard)
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As this is a lot of theory, let’s just get on and do it!

[bookmark: _Toc191573105]Example Questions

What is the oxygen balance, likely products of detonation, heat of explosion, volume of gases and power index for:

a. TNT – C7H5N3O6
b. RDX – C3H6N6O6

Things we need to know up front: 

1. Use K-W rules when the oxygen balance is more positive than -40 (i.e. tending towards 0). 
2. Use the modified rules when the oxygen balance is more negative than -40 (tending towards -100 for example).
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	Compound
	△Hf (kJ/mol)

	TNT (s)
	-26.10

	RDX (s)
	+62.00

	C (s)
	00.00

	CO2 (g)
	-393.50

	CO (g)
	-110.50

	H2O (g)
	-241.80

	N2 (g)
	00.00

	O2 (g)
	00.00
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Therefore, this is more negative than -40 so we use the modified K-W rules:












 [literature value = -4091]






Therefore, Power Index = 

TNT Equivalence 
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Therefore, this is less negative than -40 so we use the K-W rules:












 [literature value = -5036]



Therefore, Power Index = 

TNT Equivalence 


[bookmark: _Toc191573108]Adding Aluminium

When we add aluminium to an ideal explosive, the composition becomes heterogeneous. As explained in the class, Al particles can be too large to react in the reaction zone and have an endothermic response – they absorb heat to get up to their ignition temperature. As such, they do not generate heat until the detonation products have formed. Depending upon the amount of aluminium added, energy is released upon reaction with the detonation products (anaerobic combustion) and then subsequently if excess aluminium reacts with atmospheric oxygen (aerobic combustion). When aluminium reacts with the oxygen provided by the detonation products (or atmospheric oxygen), Al2O3(s) is formed. This has an enthalpy of formation of -1669 kJ mol-1, thereby significantly increasing the heat of explosion. For aerobic combustion, Al will only react for so long as the heat generated by the explosion can raise its temperature above its ignition temperature.

The effect of metal additives such as Al, Zn, Mg and Ti is to reduce peak overpressure, reduce gas volume, and extend reaction zone thereby increasing heat of explosion and impulse duration, which makes their application in enhanced blast munitions invaluable.


5

image3.png
Order Condition Reaction

1 Oxygen atoms oxidize ‘H’ atoms to H,O molecules 2H + O — H,0 (gas)

2 Remaining ‘O’ atoms oxidize all ‘C’ atoms to CO C+0 - CO (gas)
molecules.

3 Remaining ‘O’ atoms oxidize all ‘CO’ molecules to CO, CO + 0 — CO, (gas)
molecules
Excess of O, H and N at fedto Oy, Hyand 21 112 (829)

4 xcess of O, H and N atoms are converted to Oy, Hyand | N (gas)

N,. Any excess C stays as Cqjig.

20 — O;(gas)





image4.png
Explosive
substance

Reaction for decomposition products

Nitroglycerine

C3HsN3Og(l) - 3CO2(g) + 2¥2H20(g) + 120(g) + 1V2N2(g)

EGDN C2HaN206(s) — 2C02(g) +2H20(g) + N2(g)
PETN CsHsN2O12(s) - 2CO(g) + 3C02(g) + 4H20(g) + 2Nz(g)
CL-20 CeHeN12012(s) - 3CO(g) + 3C02(g) + 3H20(g) + 6N2(g)
TNAZ C3HaN4Os(s) - 2CO(g) + CO2(g) + 2H20(g) + 2N2(g)

FOX-12 C2H7N70s(s) - 2C0(g) + 3H20(g) + ¥iH2(g) + 3V4Na2(g)
FOX-7 C2HaN4O4(s) - 2CO(g) + 2H20(g) + 2N2(g)

RDX C3HsN6Os(s) — 3CO(g) + 3Hz0(g) + 3N2(g)
HMX

CsHsNsOs(s) — 4CO(g) + 4H20(g) + 4N2(g)

Nitrocellulose
(14.14 % N)

CeH7011N3(s) —
4%,C0(g) + 1%2C02(g) + 3%4H20(g) + 12N2(g)

Nitroguanidine

CHaN4O2(s) — CO(g) + H20(g) + Hz(g) + 2N2(g)
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Explosive

Decomposition products

Vidm? kg™

substance
Niroglycerine | 3CO2(g) + 2/4Hz0(g) + %:0(g) + 1%4Nz(@) 739.80
Nzg’:ﬁ‘:";:;ﬁe 414CO(g) + 1%C0x(g) + 3%H:0(g) + 1%Nx(g) | 821.79
EGDN 2C0z(g) +2H:0(g) + Na(g) 736.53
PETN 2C0(g) + 3C0z(g) + 4Hz0(g) + 2Nz(g) 779.41
RDX 3CO(g) + 3H20(g) + 3Nz(g) 907.63
HMX 4CO(g) + 4H:0(g) + 4Nz(g) 908.12
Nitroguanidine CO(g) + HzO(g) + Ha(g) + 2Nz(g) 1076.22
Picric acid 5%CO(g) + %4C(s) + 1%H:0(g) + 1%Ng) | 83106
Tetryl 54CO(g) + 1%C(s) + 2%H0(g) + 2%Nalg) | 819.90
TATB 3C0(g) + 3C(s) + 3Hz0(g) + 3N(g) 780.94
NTO 2C0(g) + H20(g) + 2Nz(g) 86113
TNAZ 2C0(g) + COx(g) + 2Hz0(g) + 2Na(g) 816.29
cL20 3CO(g) + 3COz(g) + 3Hz0(g) + 6N:(g) 766.80
FOX-12 2C0(g) + 3H:0(g) + YaHz(g) + 3%N2(g) 964.04
FOX-7 2C0(g) + 2H:0(g) + 2Nz(g) 907.63
HNS 9CO(g) + 5C(s) + 3Hz0(g) + 3N(g) 746.28
T 3%CO(g) + 3%C(s) + 2%H0(g) + 1%Nlg) | 739.65
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AH’;=% AH’(detonation products) - AH’;(explosive)
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where AH;, is heat of detonation, AH’/is standard heat of formation.




image8.png
Explosive substance | Empirical formula | AHa/kJ mol-! Qv/kJ kg
Primary explosives
Mercury fulminate HgC2N202 -500.00 1756.70
Lead styphnate PbCsH3N309 -868.00 1853.49
Lead azide PbNe -469.00 1610.36
Tetrazene C2HsN100O -310.04 1647.79
Secondary explosives
Nitroglycerine C3HsN3O9 -1414.40 6228.46
Nitrocellulose (14.14%N) CsH7011N3 -1281.37 4312.84
EGDN C2H4N20s -1021.31 6716.30
PETN CsHsN4O12 -1838.37 5815.08
RDX C3HeNsOs -1127.36 5075.50
HMX C4HsNsOs -1484.44 5012.30
Nitroguanidine CH4N4O2 -260.31 2501.36
Picric acid CsHsN3O7 -756.28 3301.02
Tetryl C7HsNs0s -1246.35 4340.50
TATB CesHeNsOs -902.89 3497.52
NTO C2H2N403 -362.08 2783.90
TNAZ C3HaN4Os -1131.86 5891.01
CL-20 CesHeN12012 -2609.59 5955.43
FOX-12 C2H7N7Os -591.54 2828.70
FOX-7 C2HaN4O4 -574.71 3881.13
HNS C14HsNsO12 -1798.46 3994.48
TNT C7HsN3Os -929.34 4091.63
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Explosive Qv/ dm? ka- Explosive | Power TNT
substance kJ kg™ m 1 kg Power* | index/% Equiv.
Primary explosives
Mercury fulminate | 1756.70 215 37.77 13.77 0.12
Lead styphnate 1853.49 | 301 55.79 20.34 0.19
Lead azide 1610.36 | 218 35.11 12.80 0.16
Secondary explosives
Nitroglycerine 6228.46 | 739.80 | 460.78 167.97 1.52
N(iﬁrgie‘l'j‘/o'ﬁie 4312.84 | 82179 | 35442 | 129.19 147
EGDN 6716.30 | 736.53 | 494.68 180.32 1.63
PETN 5815.08 | 779.41 453.23 165.21 1.50
RDX 5075.50 | 907.63 | 460.67 167.92 1.52
HMX 5012.30 | 907.63 | 454.99 165.85 1.50
Nitroguanidine 2501.36 | 1076.22 | 269.20 98.13 0.89
Picric acid 3301.02 | 831.06 274.33 100.00 0.91
Tetryl 4340.50 | 819.90 355.88 129.73 1.18
TATB 3497.52 | 780.94 273.13 99.56 0.90
NTO 2783.90 | 861.13 239.73 87.39 0.79
TNAZ 5891.01 | 816.29 | 480.88 175.29 1.59
CL-20 5955.43 | 766.80 | 456.66 166.46 1.51
FOX-12 2828.70 | 964.04 272.70 99.41 0.90
FOX-7 3881.13 | 907.63 352.26 128.41 1.16
HNS 3994.48 | 746.28 298.10 108.66 0.98
TNT 4091.63 | 739.65 302.64 110.32 1.00
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Table 5.3 Kistiakowsky—Wilson rules

Rule no. Conditions

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 is oxidized
to carbon dioxide

4 All the nitrogen is converted to nitrogen gas, N,

Table 5.4 Decomposition products of HM X using the Kistiakowsky—Wilson

rules

Rule no. Conditions Products

1 Carbon atoms are converted to carbon 4C-4CO
monoxide

2 If any oxygen remains then hydrogen is 40-4H,0
then oxidized to water

3 If any oxygen still remains then carbon No more oxygen
monoxide is oxidized to carbon dioxide

4 All the nitrogen is converted to nitrogen 8N —> 4N,

gas, N,
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Explosive Oxygen Balance (%) Heat of Explosion (KJ/Kg)
TNT -73.9 3646
Tetryl -47.4 4166
Nitromethane -39.3 4299
NC -28.7 3991
RDX -21.6 5297
HMX -21.6 5249
Lead Styphnate -18.8 1453
Mercury Fulminate -11.2 1735
PETN -10.1 5850
Urea Nitrate -6.5 2455
Lead Azide -5.5 1638
EGDN 0 6743
NG 3.5 6214
Ammonium Nitrate 19.9 1441
Ammonium Perchlorate 34.4 1972
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Table 5.3 Kistiakowsky—Wilson rules

Rule no. Conditions
1 Carbon atoms are converted to carbon monoxide
If any oxygen remains then hydrogen is then oxidized to water
3 If any oxygen still remains then carbon monoxide is oxidized
to carbon dioxide
4 All the nitrogen is converted to nitrogen gas, N,

Table 5.4 Decomposition products of HM X using the Kistiakowsky—Wilson

rules

Rule no. Conditions Products

1 Carbon atoms are converted to carbon 4C-4CO
monoxide

2 If any oxygen remains then hydrogen is 40-4H,0
then oxidized to water

3 If any oxygen still remains then carbon No more oxygen
monoxide is oxidized to carbon dioxide

4 All the nitrogen is converted to nitrogen 8N — 4N,

gas, N,





