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Appendix:
This report gives a general overview of fuel air explosives from there initial creation and development through to uses in theatre. By looking at the chemistry of how they function and the factors that effect both initiation and blast we can determine the overall effects of what these do to both soft and hard targets. Looking at the kind of weapons that exist in the modern day and there uses we can see real world examples of these effects and discuss why it is critical that there is regulation in place from such weapon systems use in combat.

Introduction:
Solid charge warheads are typically characterised by there high pressure wave but short duration resulting in lower impulse and therefore less destruction caused to the target. Over time studies have been carried out in an effort to improve this base blast effect in order to produce a greater impulse and hence cause my damage to the target. This has been carried out by the addition of fine metallic powders such as aluminium to produce explosives such as Torpex and Tritonal.
These however paled in comparison to the discovery that certain fuel and oxidiser mixes can produce an explosive aerosol. This is typically done with air as the oxidiser over a wide range of concentrations and are called Fuel air explosives due to those being the only two required components. These types of explosive produce a very high impulse on detonation accredited to them having a greater specific volume and higher heat of detonation than a conventional solid explosive.
Due to these fuel air explosives being in gaseous in nature before the point of detonation they tend to cover a much larger area than other forms of explosives and are unaffected by the geography of the land [1]. 

History:
The first recorded military research into this field started all the way back in world war one with Germany building an incendiary shell that contained tar impregnated tissue and gunpower dust [2]. These shell would burn for approximately 2 minutes but where more closely related to incendiary devices such as Napalm than they where to what we consider a modern fuel air explosion but still work on a similar principle of having the effect over a longer time frame.
It wasn’t until the second world war that Germany began to develop what we would now consider a vacuum bomb under the direction of Austrian physicist Mario Zippermayr [3] in 1942 with the project being accelerated in mid 1944 as Germany got desperate towards the end of the war and wanted anything they could get there hands of to give them the edge. The fuel air explosives was portrayed as a cheap nuclear bomb due to its simpler construction and lack of need for exotic materials.
The next major development for vacuum bombs came from the united states who began to research the for deployment in Vietnam in the 1960’s. The CBU-55 FAE fuel – air cluster bomb was mostly developed by the US Naval Weapons Centre at China Lake, California [4] and was deployed to devastating effect in the forests during combat as not only would the detonation cause massive damage to the target area but the fire would be able to spread through the forest to produce an even larger area of effect removing cover and protection for the Vietnamese troops.
The united states continued to develop there thermobaric weapons producing a number of different weapons system to be used at different scales including The XM1060 40-mm grenade is a small-arms thermobaric device, which was delivered to US forces in April 2003 [5] and a thermobaric "Novel Explosive" (SMAW-NE) round for the Mk 153 SMAW rocket launcher. Both of which saw deployment on Iraq with one marine team having reported destroyed a one story building with a single round from 100 yards away [6].
The Soviet union having seen the United states deployment of thermobaric weapons in Vietnam began their own program of research into the field and quickly produce their own version of the weapon systems. Russian have continued there research and development in the area since Afghanistan leading to Russian forces now having a wide array of third-generation FAE warheads [7] such as the RPO-A [8]. 
September 2007 say the largest ever detonation of a thermobaric weapon with Russia claiming it to have yield equivalent to the of a nuclear detonation. Naming the device the Father of All Bombs it contained a charge of approximately 7 tons of fuel and nano particles of aluminium [9].
Chemistry:
The chemistry of fuel air explosions or thermobarics is rather simple but devastatingly powerful. They work by containing a fuel typically held in a liquid form with more modern version also containing a suspension of certain metallic compounds within the fuel to further increase the impulse such as aluminium. This fuel is them vapourised and dispersed outwards by a central bursting charge which would be a conventional solid explosive.
Once this fuel is in a gaseous state and spread over an area it will be combined with the surrounding air providing it with an oxidizing agent. Depending on which fuel you use depends on the concentration at which you mixture becomes explosive and will therefore effect how much you have to spread the fuel to get the desired ration. For example if your chosen fuel has a stoichiometric mix at 10% fuel to air and you designed your weapon to spread the fuel over a large enough area to achieve this you wouldn’t simply be able to change the fuel at any point. If the next fuel you looked into has a stoichiometric mixture at 5% fuel to air then you would need to either use half as much possibly reducing the impulse and effect of the weapon or you need to disperse it through twice the volume of the first and therefore would need to deign a different burster system.
Stoichiometry is the term given to when you are creating a chemical mixture and all parts are perfectly balanced to produce the highest possible yield from the reaction with as little waste as possible. In the case of a fuel air explosion the stoichiometric mix is one that will detonate completely and not leave any of the fuel un-used. If you do not reach the correct stoichiometric ration of your given fuel then it simply won’t detonate and the weapon system will fail leading to only a smaller explosion at a point where the nix is right, a fight staying as the mixture burns rather than detonates or no effect at all if the mixture is massively far from the ideal ratio.
Initiation:
There are two method of initiation used for fuel air explosives, self initiation and direct initiation in system. Self initiation used a flame or spark generated by a glow plug or wire to ignite the mixture at the point which it reaches its ideal ratio normally controlled by a timer and pre-programed with the calculated time at which the mixture should be in the correct state.
Direct initiation uses a shock wave generated typically by the burster charge to cause instantaneous detonation at the point of auto ignition of the mixture as it spreads [1]. It should be noted that this method only works with gaseous fuel air mixtures and can not be done when the fuel in starting in a liquid state and them being dispersed. 
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Figure 1 Taken from Fuel Air Explosives A. Appa Rao Explosives Research & Development Laboratory, Pune-411 021 [1]
The above table shows the auto ignition temperatures for a wide range of different fuels as well as there explosion limits. The explosion limits it the concentration by volume that you can have in air where it will cause detonation it ignited. As we can see from the table an ignition temperature of between 600 and 700 is needed to initiate the detonation at which point the temperature Is increased to around 3000 kelvin. This massive increase in temperature allows the propagation of the detonation pass the point of ignition as the blast now has the required energy to be self initiating and will continue until all the mixture is burned up. 
Another observation to take from this table it the velocity of detonation at around 1800m/s which although fast is below that of many solid explosives such as dec-cord at 6000m/s. From this we can infer that the pressure wave in applied over a longer period of time explaining why the impulse seen in significantly high in a fuel air explosion.

Parametric:
There are four known factors that effect the performance of a fuel air explosive, these are; Minimum energy of initiation, Droplet size, chemical behaviour of the fuel and the addition of any additives. By fine tuning these four parameters it would be possible to create an explosive easily rivalling the destructive capability of a nuclear weapon as shown by Russian in 2007 [9]. 
The minimum energy of initiation is the minimum shock needed to be applied to the mixture to cause it to detonate. If a high enough shock energy isn’t applied then you will simple get a burning effect rather than the desired detonation. For this reason it is important to know exactly what fuel the system is going to be using as the shock required will change based on the fuel. These values are typically measured in the amount of explosive in grams needed to cause the detonation and can be tested in smaller scale testing to ensure you have an adequate amount of explosive to cause detonation without having to waste a large scale explosion and a lot of fuel in a possible failed test. It is best to get close to the smallest amount possible so you have more room /weight allowance in your weapon system for more fuel rather than having to have a larger initiation charge.
Droplet size is a critical as it also effects to initiation shock required. It has been observed that finer droplets require less energy to initiate. However the energy of initiation isn’t the only thing effected by droplet size, the finer the droplets of fuel the greater the velocity of detonation [1]. This means that depending on the target effect of the weapon system you may wish to tune the droplet size to better match the end target effect.
The chemical behaviour of fuel has been seen to effect fuel air explosions as fuels with a lower bond energy such as acetylene are more sensitive to detonation than fuels with slightly higher bond energy’s like ethylene. The other chemical consideration is the amount of energy stored by the given fuel, more complex hydrocarbons although me be harder to detonate contain a greater amount of energy which is released at the point of detonation so would therefor produce a more powerful blast.
Lastly we have any additives that are mixed with the fuel prior to being dispersed. The most commonly seen additive across all of energetics is aluminium as a way to increase the impulse of a detonation. This is done to extend the time over which the energy is give out which in turn leads to a higher impulse. As fuel air explosions already have a higher impulse than conventional solid explosives the addition of aluminium to them can cause devastating effects by producing a significantly higher impulse than seen anywhere else which people and even structures are not able to withstand.

Effects:
The effect of a fuel air explosion is devastating, they are commonly referred to as vacuum bombs because once they detonate they produce a giant fireball from the fuel. This fireball will burn up all the oxygen in a given area, leaving it in a state of oxygen vacuum rather than physical vacuum as there are still other particles and gases in the area although does still produce a temporary true vacuum due to rarefaction which can cause rupturing to the lungs. This oxygen vacuum can take several minutes to dissipate a surrounding oxygen slowly defuses back into the area, this is particularly destructive in buildings where due to tight walk ways and multiples turns oxygen can take even longer to reach everywhere again. The results of this is that if you where in the area of a fuel air explosion and somehow a managed to survive the initial blast you would most likely suffocate before the area you where in was to replenish with oxygen, making it a double effect kill weapon and one of the reason it’s banned by the Geneva convention [10].
Even if the weapon where not to detonate the simple effect of all the fuel catching of fire would cause the burning of any victims caught in the radius and destruction to property through fire damage. Due to the blast being gaseous in nature it can easily get through buildings and around corners resulting in it being nearly impossible to avoid if caught with its radius as it engulfs the whole area leaving nothing untouched.
Uses:
Thermobarics have seen use through history is various military conflicts, as mentioned previously the first true deployment of what can be called a fuel air explosive was during the Vietnam war by the united states. 4 States have been recorded actively using fuel air explosives in combat situations, the most prevalent of which was the united states and Russia during there conflicts in Afghanistan alongside the United kingdom who used US built hellfire missiles.
Syria’s air force was also reported to have used thermobaric weapons against the Syrian rebel fighters of the free Syrian army during the battle of Aleppo [11]. A number of none-state actors have also used fuel air explosives to varying degrees of success with the oldest being the 1983 Beirut barracks bombing in Lebanon and the most recent being the attack on a nightclub during the 2002 Bali bombings.
Overall thermobarics in many forms have been used for the destruction of everything from personnel in intrenched positions such as buildings and caves to the complete destruction of buildings themselves to prevent the enemy having footing at all. This does however ignore the fact that due to their scale and destructive capability there have been a number of incidents involving civilian casualties most notably in the current Ukrainian conflict where Russia have reportedly used thermobarics against civilian targets.
Conclusion:
As we can see from this report Fuel air explosives are relatively simple in terms of scientific principle having been research as far back as world war one but can become significantly more complex to tune and gain maximum yield from.
Once a high enough yield is achieved as we see with the modern versions of the weapon systems then the power and destruction of these weapons is practically unrivalled by any other form or weapon. With it have devastating effects of human targets ranging from setting them on fire to rupturing their lungs and affixation. With careful tuning we can have these weapon destroy hard targets such as buildings as show by the united stated in 2003 when a single man portable weapon took out a building [6]. 
These are weapons system that should not be underestimated due to there simplicity and could pose a genuine thread to large populations If developed further or used more prevalently by non-state actors. These factors are what has lead to the use of such weapons being seen as a war crime and strict regulations being put in place concerning them [10].
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‘Table 1. Detonation parameters for & number of stoichiometric fuel air explosives.
Initial pressure - 101.325 Pa: Initial temp - 298°K

Fuel Explosive  Auto C.J. detonation parameters  Reported
imits ignition R T )
byvol. temp Pressures Velocity Temp. inside the deto-

nation zone
(%) (K) (MPa)  (mls) (K) (MPa)

Methane 515 k4] 1742 1802 2784 23

Acetylene 25100 578 1939 1864 3114 -

Ethylene oxide 3100 702 1963 1831 2949 32

Propylene oxide 3275 738 1980 1826 2930 18

n-Heptane 17.0 595 188 1800 2828

Heptane+ - 1902 1803 2835

10%,n.propylnitrate

Heptane+ 1917 1806 2843

20% n.propylnitrate





