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[bookmark: _Toc118906435]Introduction
The purpose of this paper is to explain the theory behind fuel-air explosions and how the blast generated from such an explosion propagates in air. The paper shall also explore how a fuel-air explosion differs from conventional explosives such as TNT and RDX.
Once the theory has been explained, the paper shall go on to identify how fuel-air explosives can be used militarily, specifically for applications such as the defeat of: armour, structures, personnel, aircraft, and counter mobility obstacles. Once how fuel-air explosions may be used in military applications has been established, the suitability of using fuel-air explosives to attack the aforementioned targets shall be assessed. [1]
[bookmark: _Toc118906436]Theory of fuel-air explosions
Fuel-air explosives are a type of explosive device that consist of two explosive charges and a container of fuel. The first of the explosive charges is for bursting the fuel container open and spreading the fuel within out in a cloud which mixes with atmospheric oxygen. The second of the two charges detonates the fuel-air cloud, generating a massive blast wave. [2] See Figure 1 for a simple graphical representation of how this works.
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[bookmark: _Toc118906450]Figure 1 Fuel-Air Bomb
The fuel contained in the canister is a volatile liquid or dust with broad upper and lower explosive limits. The lower explosive limit (LEL) is the lowest amount of fuel required in the mixture of fuel and air to produce the explosion. The upper explosive limit  (UEL) is the opposite, i.e. the highest concentration of fuel in the mixture that will allow an explosion to occur. A fuel with a broad gap between the LEL and UEL is required to give the best possible chance of creating the explosion desired, as spreading a cloud of fuel into the atmosphere shall have differing fuel to air ratios each time it is done. 
This is the major difference between fuel-air and conventional explosives. Conventional explosives contain their own supply of oxygen to react with, TNT has formula C7H5N3O6  for example. Whereas fuel-air explosives rely on atmospheric oxygen, propane which can be used in fuel air explosives has the chemical formula C3H8, note the lack of oxygen present in propane.
In order to create the largest explosion possible, the fuel must be given time to propagate and mix with the atmospheric oxygen before being ignited. To facilitate this the charge which detonates the fuel must be on a delay. This can be achieved by using a burn to detonation fuse.
[bookmark: _Toc118906437]Blast
When an explosive detonates in air the damage caused by the explosion depends on two things, the first is fragmentation which can come from the case of the explosive, pre-formed fragments in the case, or nearby material which can be projected. The second is the disturbance of the air itself which is known as blast. Fuel-air explosives generally don’t produce a lot of natural fragmentation and don’t contain pre-formed fragments and so rely on blast to cause damage to the target.
This paper shall first explain blast as a phenomena of a conventional explosion and then compare that to the blast generated by a fuel-air explosion.
When an explosive is detonated in air the detonation shock front travels away from the explosive faster than the expanding gaseous products of detonation (figure 2). The air surrounding the explosive is first heated by the passage of the shockwave and is then immediately pushed outwards by the expanding hot gases. After a short distance of travel, a new shock front is formed in the air, it has lower peak pressure and initial velocity than the detonation shockwave but a longer profile and has a zone of rarefied air (air of lower pressure than usual) immediately behind the high pressure area. This wave is what is called the blast wave. [3] 
There are several equations for modelling blast waves and defining the parameters but they are too in depth for the purpose of this report.  “An Abridged Review of Blast Wave Parameters” journal article in the Defence Science Journal [4] covers these equations and explanations more than adequately.
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[3] Figure 2 Shock Front
Figure 3 shows the pressure time curve for an ideal blast wave produced by a conventional explosive exhibiting spherical symmetry in the blast. (Clearly, reality will produce none ideal blast curves, but this model is sufficient for explaining the concepts of blast in air). Pressure is on the y-axis and time on the x-axis, there are four areas of interest on the graph these are: the peak over pressure; the impulse; the positive phase; and the negative phase. The elements of the graph are illustrated in Figure 3 at a nominal distance “X” from the epicentre of the blast.
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[3] Figure 3 Ideal Blast Wave Curve
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The peak over pressure is the maximum pressure above local atmospheric pressure where the graph abruptly rises from ambient pressure to its apex [5] this takes place over a timescale measured in µs. Peak over pressure is measured in a relevant pressure unit, psi or BAR for example. 
It is worth pointing out at this stage that the human body can survive relatively high blast overpressures without experiencing barotrauma (when your ears pop). The United States of America’s Department of Defence (Glasstone and Dolan (1977) and Sartori (1983)) ,has data which shows the effect of increasing the peak overpressure on both structures and the human body, this is shown in table 1. [6] 
The mechanism by which blast effects structures and humans shall be explained in their respective sections in the military applications of fuel-air explosives section of this report.
[bookmark: _Toc118293576]Table 1 Overpressure Damage To Structures And Humans
	Peak overpressure
	Effect on structures
	Effect on human body

	1 psi
	Window glass shatters
	Light injuries from
fragments occur

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

	3 psi
	Residential structures collapse
	Serious injuries are
common, fatalities may
occur

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

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

	20 psi
	Heavily built concrete buildings are severely damaged or demolished
	Fatalities approach 100%
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Whilst peak overpressure is a convenient way of assessing damage potential of an explosive, it is more correctly assessed by knowing the impulse which depends not only on the peak overpressure but also on the duration of the positive overpressure. [7] The Impulse is the area of the graph under the curve during the positive phase (highlighted red for ease of identification) the impulse timescale is measured in ms. It is the impulse of a blast which causes death and destruction as it is not the instantaneous exposure to a pressure wave but the amount of time an object is subjected to the pressure.
[bookmark: _Toc118906440]Positive Phase
The positive phase is the duration of time for which the pressure is positive at a point “X”. The longer the positive phase is, the greater the impulse will be. It is this fact that means that overall, the positive phase is the more important factor in inflicting damage than peak over pressure.

[bookmark: _Toc118906441]Negative Phase
The negative phase comes after the positive phase (highlighted blue on figure 3) and is a period where the pressure falls below local atmospheric levels. This results in a partial vacuum caused by over-expansion of the shocked air. [8] This partial vacuum results in air and potentially objects being “sucked” back towards the origin of the blast.
[bookmark: _Toc118906442]Blast Generated by a Fuel-Air Explosive
The blast generated by fuel-air explosives is similar to the blast created by conventional explosives in that they both have a peak overpressure; impulse; positive phase; and negative phase. There are differences however, due to the fact that fuel-air explosions are rather inefficient when it comes to energy transfer. This is due to a lot of energy being absorbed by nitrogen in the air which dilutes the system, and imparting motion to the explosion gases reduces the energy available to the blast wave. [9] This in turn results in a lower peak overpressure than an equivalent weight of conventional explosive, as shown in figure 4.
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[9] Figure 4 FAE & Conventional Explosive Overpressure Comparison
Figure 4 also shows that whilst fuel-air explosives may have a lower peak overpressure, they maintain higher pressures for longer, resulting in a much larger impulse than a conventional munition of the same weight. This is due to the compactness of the conventional munition, essentially a point source for the blast to propagate from, compared to the cloud of explosive material present in a fuel-air explosive, the effect of this cloud is a less rapid decay in overpressure. 
	
	


[bookmark: _Toc118906443]Military applications of fuel-air explosives
This section of the report shall identify how fuel-air explosives may be used to defeat several threats which are found on the battlefield including: armour, structures, personnel, aircraft, and counter mobility obstacles. It shall also assess the suitability of fuel-air explosives to defeat these targets or if another method would be more suitable.
This section is mostly formed of the authors opinions after applying knowledge of how fuel-air explosives work to defeating the various targets and knowledge of more conventional means of defeating the targets. There are also some examples of how fuel-air explosives have been used historically.
[bookmark: _Toc118906444]Armour
Armoured vehicles are a broad spectrum, ranging from “soft-skin” trucks up to main battle tanks with armoured personnel carriers, self-propelled guns, reconnaissance vehicles and many more in between, as such, there are many different thicknesses of armour present. A fuel-air explosive lacks the brisance (the shattering capability caused by rapid detonation causing a high pressure shockwave) of a conventional explosive, making it difficult to attack thick or sloped armour effectively. 
However, an armoured vehicle and its crew do not need to be killed to put the vehicle out of action. Mobility kills, firepower kills and mission kills are all viable methods of removing armoured vehicles from the battlefield. Fuel-air explosives are unlikely to damage the running gear of tracked vehicles. But they may be able to achieve a firepower or mission kill due to the large blast & impulse shattering target systems, sensors, cameras etc. which are becoming increasingly common on fighting vehicles. 
A vehicle is nothing without its crew, so it is worth considering the morale and fighting effectiveness of a crew who have just been hit by a massive explosion which has rattled them around inside their vehicle, and potentially caused visibility issues due to smoke or loss of imaging equipment. That crew is not going to be fully effective for quite some time.
Fuel air explosives may be suitable for defeating armour in certain situations, soft skin vehicles, open topped vehicles (mortar carriers for example) may be killed outright by the blast from a fuel-air explosion. Other vehicles such as main battle tanks or APCs may not suffer the same fate, but could be knocked out as a result of losing their firepower or the crew/passengers being made ineffective by the effects of blast. 
Another scenario to consider is using fuel-air explosives to essentially “scrub” a main battle tank of its explosive reactive armour, leaving it vulnerable to strike from a more conventional method such as APFSDS or HESH.



[bookmark: _Toc118906445]Structures
Structures can be civilian (regular houses, office blocks etc.); or military (bunkers, aircraft hangers etc.). Referring back to table one it is evident that blast is capable of destroying all these types of structure. Blast achieves the destruction of structures by essentially shaking them to pieces, this is where the criticality of impulse comes in. 
All structures will have a natural period of vibration, see figure 5, the natural period is the time between point a and point e. There is also a graphic showing what is happening to the building during this natural period of vibration.
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[bookmark: _Toc118906454]Figure 5 Natural Period
The duration of impulse which is most damaging to structures is ¼ of the value of the this natural period of vibration. Fuel-air explosions are well suited to this task as the impulse of a fuel-air explosion is longer than the impulse of a conventional explosive which is often too short to reach the critical duration of impulse of ¼ natural period of vibration. (for example the natural period of vibration of the Transamerical building of San Francisco- California is 2.90 seconds [10]. ¼ of 2.9 is 0.725. A fuel air-explosive is far more likely to achieve an impulse lasting 0.725 seconds than a conventional munition, which usually measures its impulse in microseconds).
There are other factors which blast explosives exhibit which are perfect for the destruction of structures. The phenomena of Mach Stem formation can occur with any air bursting munition. Figure 6 shows how the Mach stem is formed by the incident wave of the explosion combining with waves reflected off the floor, the resultant of these two waves is the Mach Stem. The overpressure at the front of the Mach Stem is generally about twice as great as that at the incident blast wave front. [11] meaning more chance of causing damage to buildings through direct overpressure, remembering that 20 psi overpressure can cause the most heavily built buildings to be destroyed. As a fuel-air explosive is an air bursting munition, they have the potential to create Mach stems and cause damage to structures through application of overpressure.
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[bookmark: _Toc118906455]Figure 6 Mach Stem Formation
Fuel air explosives have been used by the USA during operation desert storm in 2001 the second generation CBU-72 was supposedly used effectively against buildings.
[bookmark: _Toc118906446]Personnel
Human targets are extremely vulnerable to the effects of fuel-air explosives. The blast and impulse created by a fuel air explosive has been discussed at length and is more than adequate to kill humans. Another element of the function of fuel-air explosives which is especially deadly to humans is the fact that atmospheric oxygen is used to generate the explosion, so if the blast doesn’t get you, suffocation due to lack of oxygen probably will. Couple this with the longer negative impulse phase which will suck air and objects back towards the source of the blast causing further suffocation or being struck by objects.
An example of the use of fuel-air explosives against human targets was during the Vietnam war. One type of fuel-air bomb used in Vietnam was the BLU-82. Developed by America, two were dropped during the ARVN’s assault on Xuân Lộc, resulting in an estimated 200 PAVN soldiers deaths, [12] demonstrating the deadly effectiveness of these weapons.
[bookmark: _Toc118906447]Aircraft
Fuel-air explosives would be ineffective against fast moving aerial targets as they’d be gone before the fuel could detonate for starters. Also, blast becomes less effective as altitude increases. This is due to the lower air pressure at higher altitudes, the explosive has to do more work to force the air into a blast wave, resulting in lower peak overpressures and therefore also reduced impulse.
There is one example of using fuel-air explosives against aircraft the author found. In 1993 students of the No 33 Ammunition Technical Officers Course at the Royal Military College were tasked with designing a fuel air explosive anti-helicopter obstacle for their design project. In brief, the idea was to either destroy low flying helicopters or force them to increase their altitude and therefore be vulnerable to existing air defence systems. After testing a prototype it was found that the concept is sound and it was recommended that further research be conducted. However, the author is unaware of any in service fuel-air munition designed as an anti-helicopter device so assumes the research never happened and the device has not been used in anger. 
[bookmark: _Toc118906448]Counter Mobility Obstacles
The blast from fuel air explosives can be used in order to clear mine fields. This is achieved by the blast either causing the buried mines to detonate or otherwise be rendered inoperable.
	The United States of America used fuel-air explosives during the Vietnam war to remove counter mobility obstacles. An example is the BLU-73A/B which was used to clear helicopter landing zones of mines, foliage, enemy personnel and anything else that could pose a threat to troops. 
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[13] Figure 7 BLU-73A/B Bomb  
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