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Task: 
Describe the theory behind the phenomena of fuel/air explosions and identify applications in the military environment, such as the defeat of armour, structures, personnel, counter-mobility obstacles, and aircraft.

[bookmark: _Toc121910629]Abstract
Recorded in 1872 with the Tradeston flour mill explosion, Fuel-Air explosions (FAE) have been a phenomenon within the explosive industry, beginning to be utilised in military applications from the 1960s. 
This report focuses on the fundamentals of explosive scientific principles and what makes fuel-air explosions different from common high explosives such as TNT—concluding that these differences make FAE munitions better suited for anti-structure and anti-personnel weapons over other targets such as Air and Armour.
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[bookmark: _Toc121910631]Introduction
Fuel-Air explosions have been used in service since the 1960’s and to great effect in the Vietnam war by the Americans and equally as great effect in China, Chechnya and Syria by the Russians; though the last two are contentious due to the way they were used. 
Fuel-Air bombs are frowned up when used due their ability to render most all cover and structures un-usable along with creating mass fatalities and injuries that can overwhelm military medical services. Most importantly, as FAEs use a vapour or dust cloud, there is no way to guide the dispersion once released, this unknown variable can be deadly to civilians especially in built up areas. 
The purpose of this report is a research-based analysis on what Fuel-Air explosives are, how they compare to conventional high explosive charges like TNT, and to identify the suitable targets within the scope of military applications.



[bookmark: _Toc121910632]Background
[bookmark: _Toc121910633]Explosions
The phenomenon called an explosion is a violent expansion of gases at high pressure [1]. Explosions are common throughout nature, ranging wide in magnitude; Volcanoes can erupt with great violence [2], and lightning can explosively damage a tree. These examples are due to the near-instantaneous vaporisation of water without chemical change occurring, Water  Super-heated steam. 
Chemical explosions are caused by the rapid decomposition of a chemical system with the introduction of instantaneous or gradual heat, shock, or pressure [3]. Explosives can be created and used for various applications in many industries to introduce powerful forces, high pressures, gas generation etc.
[bookmark: _Toc121910634]Explosives
Explosives are created and used by militaries worldwide to drive projectile’s ever-increasing distances, counter specific hard and soft targets, defend against incoming hazards and create paths [4] for support, aid, or infrastructure.
Explosives can be detonated in a vacuum or any medium; solid, liquid, or gaseous. This is because an explosive's chemical mixture/composition has combined oxidisers and fuels. As the chemical reaction which occurs in most explosion processes is the oxidation of one or more fuel elements, having it a part of the chemical composition allows it to be detonated regardless of its environment [1].
Explosives are categorised as High and Low explosives; high explosives will detonate with normal use, whereas low explosives are compositions that will not detonate but burn under normal conditions of service [5]. These Low explosives consist of propellants that deflagrate very rapidly but do not detonate (under normal use).
The burning rate of explosive compositions are labelled as Combustion; external surface burning up to 500m/s, Explosion; internal burning 500 to 1800m/s and Detonation; rapid or instant burning 1800< m/s [6].
[bookmark: _Toc121910635]Explosive Effects
[bookmark: _Toc121910636]Blast
When an explosive detonates, the composition burns rapidly, oxidising the fuel and producing gas. Due to the burn rate, gas production is rapid and expands outward from the point of detonation. This violent reaction creates a detonation shock front in front of a very high gas pressure area to follow [5]. 
This disturbance to the surrounding air is called a blast and is a fundamental product of any explosion. The force of the blast is directly related to the quantity of explosives used, the rate of gas production and the proximity to structures/surfaces (Wave reflections) [7]. 
When an explosive is detonated in the air, the detonation shock front travels away from the charge faster than the expanding gas. The air surround is first heated by the shock wave and then immediately pushed away from the point of initiation by the expanding gas. 
In water, the detonation shock front does as previous, like in the air; however, the high-pressure gas products have to displace water which is 800 times as dense as air and so more energy is used and eventually, the expanding gas “bubble” equalises with the force of the water and begins to collapse back towards the point of initiation. As the bubble collapses, the gas within is compressed and re-pressurised until it can overcome the force of the water again and “Pulses” back outwards. The expansion and contraction continue until the gas can reach the surface or encounters an object [8].
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(Figure 1 – Bubble pulse of an underwater explosion in relation to shock wave [9])
[bookmark: _Toc121910637]Fragmentation
When an explosive is contained within a casing, the power of the detonation upon the case has a shattering effect. The container is ripped apart as the material fails under immense pressure, causing pieces of material to break away and accelerate in the blast wave direction. This is called fragmentation and occurs when a detonation is contained/surrounded by the material; metal, brick walls, glass etc. [10]
[bookmark: _Toc121910638]Overpressure
During an explosion, as the gases are being created and the pressure builds to form the blast wave, the pressures involved are incredibly high. The terminology used for these high pressures is “Overpressure”, the excess pressure over the ambient atmospheric pressure (14.6psi / 1 bar)—the greater the peak overpressure, the more influential the blast of an explosive’s detonation event. 
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(Figure 1 – Pressure vs Time graph for a generic blast wave [11])
[bookmark: _Toc121910639]Impulse
Using the overpressure and the time the overpressure exists at a certain distance, the impulse (I) of the detonation is calculated as the area under the curve. It is a quantity for the period in which an overpressure is sustained (in milliseconds) by a target at a certain distance [11]. 
[bookmark: _Toc121910640]Phases
During the blast wave, as the high positive pressure travels away from the detonation site, the pressure is lost (Figure 1) and trends toward atmospheric. A vacuous low-pressure area is behind the blast wave wanting to restore its atmospheric pressure, and a long rush of negative pressure occurs to return to equilibrium. These are called the Positive and Negative phases of a detonation. 
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(Figure 2 – Positive and Negative phase effects during a blast [12])
[bookmark: _Toc121910641]Targets
The use of explosives in industry is always to defeat a specified target. Within military applications, those targets vary in size, strength and countermeasures, requiring some explosives to need complex guiding, timing and fuzing.
[bookmark: _Toc121910642]Armour
A common target of explosives within the military application is armour. 
Armour comes in many forms on many systems; angled Rolled Homogenous Armour (RHA) utilising slant to maximise deflection of incoming penetrators and increasing depth of material [13], Reactive and Non-Reactive armour for the counter of shaped charge jets formation [14], BAR/SLAT armour used as a lightweight option on vehicles to counter small arms and increase stand-off on shaped charge projectiles such as RPG7 [15].
To counter armoured targets, explosives induce high velocities onto high-density penetrators that can push through the material and perforate it [16].

[image: ] 
(Figure 3 – Effects of Obliquity concerning kinetic penetrators [17])
[bookmark: _Toc121910643]Structures
Buildings, walls and fortifications are often a target of military explosives due to their use as defensive positions, hide-outs and storage. Explosives are often used against these due to their ability to neutralise and permanently damage the structure.  Blast is most effective against structures as the positive and negative overpressures inflict great compressive forces upon the materials causing them to shift and break (Figure 2 – 4.3.5.2).
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(Figure 4 – Structural damage at different overpressure measurements [18])
[bookmark: _Toc121910644]Personnel 
Throughout history, armaments have been used versus persons. People as targets are easy to neutralise, requiring only 3Jmm-2, with helmets and armour stopping small projectiles under 17Jmm-2; high explosives effortlessly produce enough pressure and velocity to impart into shrapnel or rely solely on the blast and heat of the charge to neutralise humans. The Kingerly-Bulmash curve can provide; 30g TNT at 1m away, providing 14.5 psi, sufficient to cause fatality [19] (HE Hand grenades vary from 50-100g NEQ).  


[bookmark: _Toc121910645]Aircraft
Aircraft are not well armoured against kinetic penetrators but are in flight with varying altitudes, velocities and directions. As a target, without these factors, an aircraft is relatively easy to neutralise with an explosive as they are made with thin-skinned low-density material to maintain a very low mass [20].  
An explosive will be used within a missile as a warhead to target an aircraft. A rocket motor is implemented to provide thrust, a complex guidance system [21] to direct the missile towards the target, in situ with a safety and arming unit that will initiate the warhead when at the ideal proximity to the target.
Due to the altitude, the blast is less effective as the density of the air decreases; fragmentation is commonly used in its stead as the target is susceptible to penetration.
[bookmark: _Toc121910646]Additives
[bookmark: _Toc121910647]What are Additives?
Mixtures of chemicals, elements and materials can be mixed into or placed adjacent to explosives to increase or decrease specific properties. 
These properties often detract from others; increasing explosive impulse decreases peak overpressure.
[bookmark: _Toc121910648]Aluminium
Aluminium powder can be incorporated into or onto an explosive charge to raise the reaction temperature, enhance the heat of detonation, increase bubble energies in underwater explosives, increase air blast and create an incendiary effect [22]. 
Aluminium’s high enthalpy upon oxidation raises the temperature of an explosion as it begins to oxidise. This rise in temperature causes the overpressure to be sustained for longer, though it trades off with a lower peak overpressure. This sustained overpressure increases explosive impulse, an “enhanced blast” effect [23].
[bookmark: _Toc121910649]Phosphor’s
Red phosphorus is used as an additive for its visible and infrared spectrum output. Tied with a low or high explosive, as red phosphorus burns, it emits smoke suitable for obscuration and burning material that produces light and IR [24]. These properties are utilised within Infrared seduction munitions to “seduce” IR seeker-based guidance systems away from their initial target.
White phosphorus is used as an additive for incendiary munitions as it ignites spontaneously upon exposure to air (Pyrophoric). This chemical reaction emits intense heat, bright light and dense white smoke. These properties are ideal for introducing into smoke-screen munitions, disorientation munitions and thermobaric munitions [25].
[bookmark: _Toc121910650]Polymers
Polymers are added during explosive mixing/casting to stabilise and change the explosive matrix. When an explosive is bound within a polymer, it becomes less sensitive to stimuli as it is malleable at ambient temperatures reducing the possibility for hotspot formation. These PBXs (Polymer bonded explosives) have a higher packing density, less chance of voids, and can be machined into complex shapes/tight tolerances [26].  
[bookmark: _Toc121910651]Stabilisers’
In low explosives where nitro-glycerine is present, stabilisers absorb the nitric acid that is gradually created over time. This additive lengthens the shelf-life of the rocket motor keeping it safe for in-service use for a more extended time [27].  


[bookmark: _Toc121910652]Fuel-Air Explosions
[bookmark: _Toc121910653]Theory
[bookmark: _Toc121910654]What are Fuel-Air Explosions
Fuel-air explosions differ from conventional HE charges such as RDX or PBXN’s in that not all the fuel elements carry their own oxygen and so take from the surrounding atmosphere. A charge is used to disseminate the volatile fuel (Vapour or Dust); the fuel must mix with the surrounding oxygen and be initiated by a delayed ignition source. The delay is required to allow optimum mixing time for the fuel and oxidiser. 
[bookmark: _Toc121910655]Addition of Aluminium powder
The oxidation of aluminium is highly exothermic, producing -1590 kJ.
In an explosive composition, the aluminium reacts with the gaseous products, particularly in oxygen-deficient compositions where no free oxygen exists. 
3CO2(g) + 2Al(s)  3CO(g) + Al2O3(s) ~ ΔHc = -741kJ
3H2O(g) + 2Al(s)  3H2(g) + Al2O3(s) ~ ΔHc = -866kJ
3CO(g) + 2Al(s)  3C(g) + Al2O3(s) ~ ΔHc = -1251kJ [28]
The volume of gas does not change in these reactions; consequently, the increase in heat output from the oxidation process prolongs the presence of high pressures. This prolonging of pressures is, in turn, increasing the impulse of the explosion. 
The heat of the explosion (Q) increases in tandem with the quantity of aluminium used. However, the gas volume (V) decreases. 
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(Figure 5 - % of aluminium in a TNT-based explosive [28])
Figure 5 above states that at a mixture of 40% aluminium to 60% TNT, the heat of explosion Q is double that of pure TNT with a third of the volume of gas produced. If there is double the heat, the pressures will be prolonged at a greater distance leading to a much greater impulse to be expected. Double the critical time, and double the impulse in an ideal scenario.
[bookmark: _Toc121910656]TNT equivalence for FAEs
The Heat of Explosion of potential fuels give an energy advantage that can be as high as ten times that of TNT in ideal conditions. 
However, air only contains 21% oxygen, so the explosive efficiency of FAE systems is less than 40%. 
The nitrogen in the air dilutes the system and absorbs heat, and an even concentration of fuel in the atmosphere is difficult to achieve operationally [29].
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(Figure 6 – TNT Equivalence of FAE’s equation [29])
[bookmark: _Toc121910657]Application
[bookmark: _Toc121910658]Fuel Air Bombs
A fuel-air bomb (FAB) is a munition with two explosive charges and fuel as its payload package. The fuze system uses the first explosive charge to propel the fuel into the surrounding atmosphere at a pre-set altitude. The fuzing also has a timer to signal the second charge when enough time has passed for the fuel to have dispersed to the desired extent [30].
The cloud of fuel disperses around and into buildings and structures before the secondary charge detonates the cloud of fuel, creating a substantial blast wave capable of destroying buildings and equipment and producing fatal effects to humans (Though fatalities are more common in enclosed spaces such as tunnels and fox-holes due to the blast reflections).  
Should the fuel deflagrate and not detonate, the resultant action of the secondary charge detonating would be a mass fireball burning everything in its vicinity. In this instance, human casualties, fatal and otherwise, would be significant regardless of location/confinement [31].
Should the fuel detonate as purposed, a mass detonation wave and the high-pressure gas zone would expand away from the point of initiation (POI). Whilst this positive phase overpressure will cause structural damage and is likely to force objects and people away from the POI rapidly, the positive phase period will be extended due to the high heat of the explosion. The resultant vacuous area will cause pockets of air to boil and expand like those in human lungs [31] leading to mass fatalities. 
[bookmark: _Toc121910659]Conclusion
From the research gathered, Fuel-Air explosive (FAE) munitions would be best suited as air-dropped munitions targeting built-up areas, reinforced structures, tunnels/caves/dugouts and populated areas. The impulse achieved from an FAE cannot be matched by regular high explosive fills such as TNT or RDX, nor can the heats of explosion. 
The ability for widespread dispersion of the volatile matter pre-detonation allows the munition to enter and damage structures internally without the need for floor counting fuzes or kinetic penetrators, and should the munition fail and not detonate; the resultant mass deflagration event would cause likely still cause mass damage to structures, infrastructure and persons. 
In a built-up area, the reflected blast waves would also amplify the lower (though longer sustained) peak overpressure, creating more devastation to the area and likely more injury to persons from debris.
An FAE munition would not be suited versus an air target due to the time needed to disperse the volatile matter and the lower % of oxygen at higher altitudes. Nor would an FAE munition be suited to penetrating armour as there is no dedicated penetrator; depending on the location of detonation, fragmentation from debris is possible, but it will be too low energy to penetrate RHA.   
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