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[bookmark: _Toc122094478]Introduction
This report will cover the phenomena of Fuel-Air Explosions and their effectiveness as a weapon against certain targets, and why the military use them over conventional explosives in specific circumstances.
The aim of this report is to outline how Fuel-Air explosives work, their flaws, benefits, and where and when combatants could successfully use them to defeat targets. It will look at the types of targets that Fuel-Air devices are most effective against and reasons for their use over other explosives.
[bookmark: _Toc122094479]Method
[bookmark: _Toc122094480]What is a Fuel-Air Explosion
JSP333[1] defines a Fuel-Air Explosive as an explosive which does not contain its own Oxygen source (an Oxidiser) and uses the Oxygen in the air to react with the explosive. This means that any FAE devices will only function in the presence of Oxygen, i.e., not under water, or high altitude. 
According to Lester and Timothy [2], FAE devices will use a bursting charge to spread the fuel, which might be liquid, gas, or fine powder, over an area to ensure the explosive mixes with enough oxygen to react called an aerosol. The ratio will depend on the fuel used in the explosive (Table 1). Then a delayed igniter will go off within the fuel cloud igniting it. Due to this being a blast weapon, ideally the case on these would be a thin as possible to prevent it interfering with the initial spread of the fuel [3].
[bookmark: _Toc122094481]Thermobaric Explosive
A type of FAE is a thermobaric explosive which does not use a delayed ignition device, opting instead to use a two-phase initiation. This means that there is no need for a secondary initiator, removing the chance of failure. It starts by detonating an anaerobic charge which spreads the fuel mix to an appropriate radius before the aerosol cloud detonates.
One of the names for a Thermobaric is a Vacuum Bomb as when they detonate, it uses up all of the oxygen in the air creating a low pressure increasing the destruction. As seen in the graph below (Figure 1), the initial peak pressure, or “over pressure” is lower than for the High explosive, however the decay over time of the Thermobaric is slower meaning the impulse is greater. The “negative pressure” (below ambient) for the Thermobaric is also lower and lasts longer than the HE.
[image: Thermobaric Explosive vs High Explosive Pressure/Time graph]
[bookmark: _Ref122047861][bookmark: _Toc122094496][bookmark: _Ref122047857]Figure 1 - Pressure/Time graph comparing Thermobaric and High Explosives [3]
[bookmark: _Toc122094482]Principles behind Fuel-Air Explosions
[bookmark: _Toc122094483]Stoichiometry and Explosive limits
All reactions involving oxygen have what is known as a stoichiometric ratio which is the optimum amount of oxygen to completely react with all the fuel [4]. If there is too much, or too little oxygen, the reaction will not take place. This is why most explosives have their own Oxidisers. All fuels in a FAE have an Upper and Lower concentration limit in air (Table 1) for when they will explode [1], this will determine things such as the delay for the secondary ignition.
	Fuel
	Explosive limits 
(Vol. % in air)

	Ethyne
	2 ‑ 100

	Oxirane
	3 ‑ 80

	Hydrogen
	4 ‑ 76

	Carbon monoxide
	13 ‑ 74

	Diethyl ether
	2 ‑ 48

	Carbon disulphide
	2 ‑ 44

	Ethene
	3 ‑ 34

	Methane
	5 ‑ 14

	Propane
	2 ‑ 10

	Gasoline
	2 ‑ 8


[bookmark: _Ref122039565][bookmark: _Toc122094498]Table 1 - Upper and Lower Explosive limits for different fuels in air [1]
FAE bombs are able to create larger explosions than conventional explosives partially due to the fact that there is no need to carry oxygen, so for two bombs of the similar mass, a FAE bomb will have more fuel and therefore more energy.
The Author of JSP333[1] states that although the initial pressures and velocities of an FAE are lower than conventional explosives such as TNT, the benefit of FAE comes from the air-blast. They go on to say that the decay in the peak overpressure drops slower than conventional explosives while the duration and therefore the impulse is greater. This means that while an FAE is not good for shattering targets, it has high impulse for longer.
[bookmark: _Toc122094484]Dispersion
Using an example from JSP333 [1], it shows the volume (height and diameter) of the aerosol cloud required for a specific volume of the fuel; Methyloxirane. 
	Fuel quantity (litres)
	Cloud diameter (m)
	Cloud height (m)
	Volume (m3)

	10
	10.6
	1.8
	635.3808

	30
	13.9
	2.5
	1517.468

	45
	16
	2.9
	2332.318

	60
	17.6
	2.9
	2822.105

	150
	20
	3.8
	4775.221

	170
	23.5
	3.7
	6419.295

	300
	25.1
	5.1
	10094.1


[bookmark: _Toc122094499]Table 2 - Dimensions of Methyloxirane Clouds
[bookmark: _Toc122094485]Heat of Explosion
Heat of explosion is simply the energy released when the compound explodes [5]. While the heat of explosion for FAE is remarkably high, the heat dissipates more quickly to the air. As can be seen in Table 3 - Heats of Explosion – Fuels [1]Table 3, the Heat of Explosion can be up to ten times more.
	Fuel
	Heat of Explosion (MJ kg-1)

	Methane 
	50

	Propane 
	49

	Acetylene 
	48

	Ethylene 
	47

	Ethylene oxide (oxirane) 
	28

	TNT
	4.2


[bookmark: _Ref122066854][bookmark: _Ref122066860][bookmark: _Toc122094500]Table 3 - Heats of Explosion – Fuels [1]
In a document by Rao [6], it indicates that the temperatures of the flames produced by a FAE can get between 2000°C and 3000°C.
[bookmark: _Toc122094486]Detonation Velocity
From the same report by Rao [6], they also declare that four of the measured experiments showed their detonation velocities are less than 2000m/s. In comparison with TNT being close to 7000m/s [7], this is quite slow.
[bookmark: _Toc122094487]History of Fuel-Air Explosions
Douglas Huber [8] states in their article that the first recorded Fuel-Air explosion was a dust explosion in a bakery in Turin, Italy. Throughout history, there are a plethora of examples of the destructive nature of these explosions which an engineer has not designed or optimised as a weapon. The authors go on to state that it was not until the 1960s that the military used this effect in combat when the USA used FAEs in Vietnam against the tunnels and bunkers the Viet Cong were using. They go on to state that the FAE weapons have devastating effect against personnel by crushing them to death.
[bookmark: _Toc122094488]Military Applications
As stated above, FAE devices will not work underwater or at high altitude due to the lack of oxygen. Also, due to the need to spread the fuel before detonating, any severe weather such as wind or rain will severely dampen the ability of the device. This already limits the use of these weapons to ground or low altitude targets. FAE are also not good for armour penetration/perforation as they are blast weapons and have little to no fragments or projectiles to cause this.
From this it is possible to deduce that the typical targets could be any ground-based targets such as buildings, ground vehicles, and personnel. Low altitude aircraft such as helicopters could also be a target however the downdraft might disperse the fuel too much to be effective.
JSP333[1] gives a couple of examples of the applications of FAE devices; Mine clearing and Blast-vulnerable structures. 
Clearing a mine field would benefit from a wide area blast and the slow drop off of peak pressure would mean that for the mass of the explosive it would destroy or disabled more mines than for the same mass of a non-FAE device. 
Blast vulnerable structures could include anything from temporary building to parked aircraft or even ships at sea. Being able to destroy a hanger full of aircraft would severely hamper an enemy air force. Civilian buildings would fall into this category too and according to Human Rights Watch [9] countries such as Russian have used both FAE and Thermobaric on urban targets to profound effect. 
Thermobaric weapons are also known as bunker-busters due to their ability to fill the building with the Fuel mix, which will seep into every crack in the bunker or cave and detonate. This will create massive damage within. The benefits of blast, over a fragmentation or other explosive, is that the blast wave can bend around obstacles and corners [3]. Another benefit of FAE devices is that they will cause thermal injuries in close proximity to the blast and blast injuries to those deeper into the building or cave system. 
[bookmark: _Toc122094489]Human Targets
According to the CDC [10], the pressure needed before injuries start to occur is not exceedingly high. 3psi is when the first fatalities start. 
	Peak overpressure
	Maximum wind speed
	Effect on structures
	Effect on the human body 

	1 psi
	38 mph
	Window glass shatters
	Light injuries from fragments occur 

	2 psi
	70 mph
	Moderate damage to houses (windows and doors blown out and severe damage to roofs)
	People injured by flying glass and debris 

	3 psi
	102 mph
	Residential structures collapse
	Severe injuries are common, fatalities may occur 

	5 psi
	163 mph
	Most buildings collapse
	Injuries are universal, fatalities are widespread 

	10 psi
	294 mph
	Reinforced concrete buildings are severely damaged or demolished
	Most people  

	20 psi
	502 mph
	Heavily built concrete buildings are severely damaged or demolished 
	Fatalities approach 100%


[bookmark: _Toc122094501]Table 4 - CDC Effect of various long duration blast overpressures and the associated [10]
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Depending on the type of effect wanted there are three ways to detonate blast weapons:
· Free Airburst: the detonation occurs above the target, so the shock waves hit the target first, 
· Airburst: the detonation occurs at a point above the ground near the target, so the shock waves hit the ground first to make use of the Mach-Stem effect, or 
· Ground-burst, which detonates on the surface.
[bookmark: _Toc122094491]Mach Stem
The Mach stem effect is something which occurs when a shockwave hits a surface like the ground there is a second, reflected shock wave which interacts with the incident wave as shown below (Figure 2). The Mach Stem is the grey area, the reflected wave is the dashed line and where they meet is the triple point. This increases the over pressure along this line creating a more destructive force.
[image: Mach stem formation.]
[bookmark: _Ref122054816][bookmark: _Toc122094497]Figure 2 - Mach Stem formation [11]
To determine if a Mach stem will occur use the following equation:

[bookmark: _Toc122094502]Equation 1 - Mach Stem Equation
If the result is less than ten, then a Mach Stem will more than likely form in those circumstances. If the result is greater than ten, then no Mach Stem will form. For a mass of 20kg, it would be height above ground over 2.7144, would need to be less than ten. Inputting a value of 25m into the equation results in a answer of about 9.21 which indicates that a Mach Stem would form in those conditions.
[bookmark: _Toc122094492]Comparison to Conventional Explosives
When comparing different explosives, engineers and scientists will use TNT equivalence as a base line. Due to FAE not having their own Oxygen supply it requires a different equation:

[bookmark: _Toc122094503]Equation 2 - FAE TNT equivalence [12]
 The first difference to conventional HE has mentioned earlier in the report; no oxidiser. This fairly simple factor already means that the payload is fractional for the same blast effect. This would mean that a military force could transport more of these payloads verses the equivalent HE payload making it more cost effective.
Another difference is that, due to there being no Oxidiser and the device using the oxygen in the surrounding atmosphere, for FAE device requires two initiators; one for the blasting charges and the other to ignite the fuel.
[bookmark: _Toc122094493]Conclusions
· Fuel-Air explosives can only function at about ground-level, or they will not function due to lack of oxygen which limits their targets.
· Fuel-Air explosives have devastating effect against targets susceptible to blast effects due to the high impulse 
· Fuel-Air explosives have a wide range of uses from clearing mine field or landing areas, to demolishing buildings and cave systems.
· Fuel-Air explosives burn extremely hot (especially Thermobaric).
· Fuel-Air explosives do not require the same mass due to not having to carry the oxygen with them
[bookmark: _Toc122094494]Recommendations
· Insensitive munitions: safety is always a concern with regards to explosives as they are devices designed for destruction. If shrapnel from a fragmentation device damaged the FAE device while it was in storage, the fuel would more than likely leak out, this would be extremely dangerous. Should anything provide a means of combustion or detonation then, while it would not be the same as the weapon going off there would be considerable damage to wherever the device is located. If there were multiple, the resulting explosion would destroy them all.
· Distribution method: One of the most integral parts of a FAE is the distribution of the fuel to make sure to achieves the optimum spread in the air. This is not always possible and while the average stoichiometry in the aerosol cloud would be optimum, there will be areas of higher and lower concentrations which will affect the detonation.
· Additives: Adding Aluminium powder to the fuel will produce a higher heat of explosion [13]. 
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