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PROJECT AIM

The aim of this project is to describe the theory behind fuel-air explosives/explosions, explore their
military applications in the defeat of a range of targets, and assess which targets fuel-air explosives
would be most suited for.

ABSTRACT

Fuel-air explosives (FAEs) are a type of explosive different to conventional high-explosive munitions.
FAEs have their fuel oxidised by atmospheric oxygen rather than an included oxidiser. FAEs produce a
blast, thermal, and vacuum effect which makes them more effective than conventional munitions at
personnel defeat. Their ethics are in question, however, and their use is widely condemned due to the
far-reaching and indiscriminate nature of the damage.

INTRODUCTION

Fuel-air explosives (FAEs) are a type of explosive developed through the 20™ century as a more
powerful alternative to conventional explosives without the use of nuclear compounds. FAEs have
extraordinary destructive capabilities and release far more energy than the detonation of
conventional explosives such as RDX or TNT. See Table 1 below, which shows that the detonationofa
cloud of aluminium dust has a heat of detonation (Q) approximately four times greater than an
equivalent amount of TNT. [1]

Table 1: Heats of explosion of some undlassified fuels 1]

Fuel Q (kJ/kg)
TNT (solid explosive) 4200
Ethyne 5000

Aluminium (dust cloud) 16000

Ethylene oxide (vapour) | 21000

Gasoline (aerosol) 37000

Propane 38000

A conventional explosive contains an explosive compound which has within itself a fuel and oxidising
component. A fuel-air explosive differs from a conventional explosive in that they rely on atmospheric
oxygen to oxidise their fuel. The warhead of an FAE therefore only contains fuel, whatever that
compound may be. [2, 3]

The explosive effect (Figure 1) is achieved in two stages [1, 2, 3]:

e First, the fuel mixture is dispersed using an explosive bursting charge on a proximity fuze. The
fuel mixes with the atmospheric air for a time, creating an aerosolised explosive mixture. This
can penetrate small spaces and spread through buildings.
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e Second, a delayed fuze will go off, igniting the explosive cloud. A huge blast wave
(overpressure) and thermal effect is created. Fireballs of over 5000°C have been recorded,
and destruction for many kilometres around (depending on the quantity of fuel). [1]

o The delay is required to allow the fuel to sufficiently mix with the air for a more
consistent and complete detonation [1].

Figure 1: Russia tests giant fuel-air bomb [18]

The ratio of air to fuel must be calculated in advance, as too much fuel vapour to air means a
detonation will not occur, as does too little. This range is defined by the upper and lower explosion
limits. The full efficiency and maximum heat of explosion of the FAE will be realised if a stoichiometric
quantity of fuel to air is calculated, though this is hard to achieve in reality due to the more imprecise
mixing method. Maximum efficiency is also hard to achieve because energy is absorbed by the vast
quantity of nitrogen in the air. Still, FAEs remain devastatingly powerful. [1]

HISTORY OF FUEL-AIR EXPLOSIVES

FAEs have been in development since the middle of the 20™" century. The USA lead development of
the technology as a successor to napalm during the Vietnam War, although research and testing of
‘vacuum bombs’ had been conducted during WW?2 by the Nazis [4]. The Soviets later employed FAEs
in the war in Afghanistan and the Russians used them in Chechnya. More recently, various FAE and
thermobaric weapons have been deployed in Iraq by US forces, Afghanistan by US and UK forces, and
Syria by UK forces. The AGM-114N Hellfire Il missile is a popular tactical missile with a thermobaric
warhead that was used in the three aforementioned conflicts. [5, 6]

Most recently it has been reported that Russian forces have been using thermobaric weapons in their
invasion of Ukraine [7]. The use of such weapons is widely condemned due to their indiscriminate and
brutal nature, but as of yet has not been prohibited [8]. It remains to be seen whether FAEs and
thermobaric weapons will be regulated or restricted.

THERMOBARICS
Having mentioned thermobaric weapons, it is pertinent to distinguish the difference between a
thermobaricand an FAE.

Both types of weapon rely on the same core principle; the dispersion of a fuel before a secondary
ignition that causes a cloud to detonate. The term ‘thermobaric’ is derived from the effects that a
thermobaric weapon will deliver. These are the same effects of an FAE:

¢ ‘Thermo' —thermal/heat effect
e ‘Baric’ — overpressure effect

Where FAEs and thermobaric weapons differ is in their mode of secondary initiation and their
energetic make-up:
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e AnFAE has two discrete explosive charges — one for the dispersion of the fuel, and the second
on a delay for the ignition of the cloud.

e A thermobaric weapon uses only one explosive charge. An explosive slurry is dispersed as
opposed to an aerosol or vapour cloud, which detonates more slowly than a conventional
explosive due to the dispersion of energetic particles within the fuel-rich mixture. [1]

FAE BLAST EFFECT

Detonation is a type of combustion which initiates suddenly, creating an exothermic front (blast wave)
travelling through a medium at supersonic speeds. The rapid acceleration of the gases drives a shock
front ahead of the blast wave (Figure 2).

Figure 2: Explosion with visible shock front [19]

When the fuel-air mixture of an FAE detonates, the gases produced in the combustion are super-
heated and thus expand rapidly. This expansion compresses the surrounding air and creates an
overpressure many times that of atmospheric pressure. This creates a blast wave moving fast enough
to create a shock front moving away from the cloud radially at supersonic speed, maintaining a high
pressure area at the front and a low pressure area behind the front. The overpressure is the positive
phase of the wave which will push objects away from the cloud, and the low pressure behind the front
is the negative phase of the blast which sucks objects back towards the cloud. The energy imparted
by the wave onto an object is known as the impulse (the work done to change the momentum ofan
object), therefore a greater impulse will lead to a more damaging explosion. These components of the
blast wave are illustrated in Figure 3. [9]
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Figure 3: Typical blast wave components [9]

Figure 3 is more illustrative of the blast wave produced by a conventional explosive rather than an
FAE, however. FAEs have slower velocities of detonation and lesser detonation pressures than a
conventional explosive. This means that the shattering effect/brisance of an FAEis lesser, but because
the propagation of the shock front is slower the duration of the overpressure is actually greater. Also,
because the whole cloud detonates rather than just a point source, the decay of the overpressure with
distance from the edge of the source of the explosion is lesser. These factors combine to produce a
more sustained overpressure, which means a stronger impulse and greater damage. So, while FAEs
may not be so capable at defeating structures, they excel at defeating soft-skinned targets where a
lower overpressure is required but the impulse can cause major problems. That being said, the sheer
amount of energy imparted due to the large size of the cloud and dispersion characteristics means
that FAEs are still effective against reinforced structures. [1, 10]

The blast wave of an FAE will propagate strongly through enclosed spaces because the fuel-air cloud
will have dispersed itself through any structure or confined area in proximity to the initial dispersion.
The blast waves will reflect in confinement, interfering to sustain the overpressure throughout the
structure and propagating the lethal thermal effect.

FAE THERMAL EFFECT

The thermal effect of an FAE is caused by the combustion of the outer layer of fuel before the
molecules are heated enough to detonate as part of the deflagration to detonation transition. Enough
fuel is present that a fireball is created within the radius of the blast wave. This fireball is spread with
the shock front as the low pressure at the back of the front will pull the combusting air along with it
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[11]. This means the fireball propagates through structures or to wherever else the cloud may have
spread as all the fuel combusts, scorching everything at temperatures in excess of 5000°C.

Due to the temperature gradient between the atmosphere and the fireball itself, the gases in the
fireball will cool relatively quickly which leads to a suddenand sharp drop in pressure, creating a partial
vacuum. The consumption of all the atmospheric oxygen also assists in the creation of this partial
vacuum. This vacuum can cause such things as barotrauma which can be devastating to certain
organisms. Because so much of the heat of explosion is lost to the atmosphere, the thermal efficiency
of FAEs is rather low. [1]

FAE SUMMARY

e Fuel-air explosives contain only fuel in their warheads unlike conventional explosives which
contain a fuel and oxidiser mixture.

e FAEs rely on atmospheric oxygen for combustion.

e FAEs can create devastation over a wide area, delivering a sustained overpressure and lethal
thermal effect

e FAEs require two discrete sources of explosive initiation.

e FAEs have relatively low energy efficiency as both momentum and heat is lost to the
environment rather than being focused on the target.

MILITARY APPLICATIONS

Fuel-air explosives are used exclusively by militaries or other such armed forces. They are typically
fitted aboard air-to-ground platforms for the purposes of target defeat but have also proven useful in
clearing minefields and thus can also be fitted to ground platforms (Figure 4) and handheld launchers
[12]. They are most effective against exposed soft-skinned targets like personnel and combat

Figure 4: Russian Army thermobaric weapons at a defence exhibition [20]
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equipment, but also against fortified areas and individual defensive fortifications. FAEs are also
capable of clearing passages in minefields, clearing landing sites for helicopters, and destroying whole
areas of vegetation and crops. [13]

ARMOUR DEFEAT

FAEs are not used to defeat armoured targets themselves, relying instead on the overpressure to
defeat personnel inside such targets [2]. Experience has shown that the two lethal effects an FAE is
capable of delivering — blast and heat — are not effective against such targets as armoured vehicles
and tanks. Instead, such other weapons like shaped charge warheads or long-rod penetrators are used
for this purpose.

FAEs are effective against armoured personnel, however. When wearing body armour, it is said that
the blast effect produced by an FAE is amplified due to behind armour blunt trauma (BABT) wherein
the body armour deforms in dissipating the energy of the blast but in doing so deflects with the body
wall. The characteristics of BABT are similar to civilian blunt trauma injuries commonly associated with
road traffic collisions, and to primary blast injuries. The greater power of the blast from an FAE
compounded with the possibility of BABT makes FAE weapons formidable against body armour that
could otherwise resist projectile impact from more conventional weapons. [14, 15]

STRUCTURE DEFEAT

FAEs are in theory similarly effective in destroying structures as other high explosive or blast munitions
thanks to the powerful blast effect created by the detonation of the large explosive cloud. The blast
wave with high pressure shock front collides with the structure, imparting energy to the material and
creating stress waves within it. The compressive and tensile stresses will lead to abnormal loading of
the structure, deforming it such that the structural integrity is compromised by some mechanism. [16]

Where FAEs differ to conventional blast explosives, though, is the point of detonation. FAEs are usually
detonated by a proximity fuze some distance off the ground to enable dispersion and mixing of the
cloud for proper function [2]. This allows for the creation of a mach stem which is particularly potent
in destroying structures. A mach stem forms when the blast wave is reflected by the ground and
catches up with the shock front, constructively interfering to produce a higher pressure (reflected
pressure > incident pressure) zone that extends down from a point on the edge of the blast wave to
the floor (Figure 5) [17]. The mach stem can be considered to have a constant pressure across its
height. The example in Figure 5 shows only the lower portion of the structure being loaded by the
increased pressure of the mach stem, but this would cause significant damage nonetheless and
potentially lead to a collapse given the abnormal distribution of the loading. [17]
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Figure 5: Mach stem formation [17]

FAEs also excel at defeating structures, especially reinforced bunkers, foxholes, tunnels, caves, and
other such non-hermetically sealed fortifications as the blast will rapidly propagate through an
enclosed space due to the interaction of the reflected shock waves and the penetrative nature of the
fuel cloud. The huge fireball, blast wave, and vacuum will all damage the internal structure through
stress mechanisms and clear the area of any sensitive personnel or equipment [16]. The inside-out
damage mechanisms of FAEs as opposed to the conventional outside-in approach of typical high
explosive munitions is therefore very effective.

PERSONNEL DEFEAT

FAEs are particularly lethal to exposed personnel due to the multiple lethal effects. Firstly, the blast
causes multiple injuries to personnel due to the blast wave and shock front travelling through a human
body, causing disruption to the air gaps within the body and shear forces to air/tissue interfaces or
areas where different density tissues meet. The pulmonary, cardiovascular, auditory, gastrointestinal,
and central nervous systems are all affected, and musculoskeletal and traumatic brain injuries are also
common. A blast overpressure of approximately 200psi (in open air) is required to be uniformly fatal
[14]. The immediate area around the detonation will see thousands of pounds per square inch of
pressure but this falls off towards the edge of the blast area. Therefore, for the majority of the blast
area, what kills is the sustain of the overpressure. The duration and power of the disruption to a
human’s insides is so severe that most always more than one of the aforementioned systems is
affected, requiring immediate and specialist short and long-term treatment if the patient survives the
initial blast. If not fatal, the blast will certainly be life-changing for any personnel. [12, 13, 14]

Next, the thermal effect of an FAE will cause significant damage to organic matter. In the centre of the
fireball, temperatures will reach several thousand degrees Celsius which is enough to obliterate any
personnel. Towards the fringes of the fireball, severe burns are likely to be recorded, both external
and internal due to the likelihood of flame inhalation. It is also highly likely that the toxic vapours
produced by the fuel will be inhaled. [14]
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The vacuum created by the munitions is also deadly as this will rupture lungs. Internal injuries such as
this are particularly difficult to diagnose and treat should the personnel survive, burdening the medical
infrastructure of the target.

The compounding of all these lethal effects makes FAEs incredibly effective against personnel,
especially were they in an enclosed area such as a cave system where the entire enclosed space would
see a huge blast overpressure, fireball, and the removal of the atmospheric air. This would lead to
severe internal organ damage, burns, and suffocation. [2, 13]

AIRCRAFT DEFEAT

Due to their capability at destroying soft-skinned targets with an overpowering blast wave, FAEs are
effective at defeating aircraft, causing lethal damage to control systems, the engine(s), and the
structure of the craft. The issue with defeating aircraft, however, comes from delivering the payload
to the target. Since FAEs are many times more powerful per unit of fuel than conventional explosives
and have a larger lethal volume due to the cloud detonation rather than point initiation, it may be
easier to hit a fast jet aircraft with an FAE warhead, but it would remain easier to use a continuous rod
warhead (Figure 6) due to the cost and weight. FAEs would remain a useful tool in wiping out parked
aircraft at an airfield or other such installation, and could be used to defeat larger prop planes. FAEs
are often dropped from aircraft anyhow or fitted to air-launched missiles such as the AGM-114N
Hellfire Il mentioned earlier meaning minimal changes to infrastructure and implementation [1, 5].

Figure 6: Arena firing of a continuous-rod warhead [21]

SUMMARY

In summary, like conventional blast explosives, FAEs may be employed in a range of scenarios. The
evidence suggests that FAEs would be most effective at defeating structures and personnel, though,
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making them very suitable for an urban engagement scenario free of civilians, where the targets are
likely to be within structures. This is owing to the compounding of lethal mechanisms and manner in
which FAEs are operated that sets them apart from conventional munitions that typically rely on just
one lethal mechanism.

Where FAEs struggle is in penetrating armour. Should the armoured target not be sealed, the fuel may
be able to seep inside and detonate inside-out like with a structure, but typically armoured vehicles
are too well protected against this defeat mechanism.

CONCLUSION

In conclusion, FAEs are a potentially far more effective munition than conventional explosives in that
they are able to produce high blast overpressures that deteriorate slower with distance from the point
of detonation and have far longer overpressure durations thanks to the sustained detonation of the
fuel cloud. Per unit mass FAEs are far more powerful than high explosives with a destructive capability
comparable to low-yield nuclear weapons [13]. FAEs will produce devastating effects against
personnel, especially those in enclosed spaces such as reinforced fortifications.

11
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| enjoyed reading this assignment. It was detailed
and accurate, demonstrating a clear
understanding of FAE and their applications. A
good piece of work. My main observations are
below:

1. 'go off'. Would it be better to use a technical
term such as function?

2. Excellent distinction between FAE and
thermobarics. | offer the following additional
information:

A fuel-air explosion differs from that created by a
conventional explosive in that the fuel elements do
not carry their own oxygen. For an explosion to
occur, fuel must be mixed with ambient
atmospheric air, and when mixing is complete, be
initiated by a delayed ignition source. Delayed
ignition is required in order that the fuel can mix
appropriately with the air. Fuels involved take the
form of gases, vapours, aerosolised liquids or
particulate dust clouds. There are also the Upper
and Lower Explosion Limits (UEL/LEL) to consider
for gas/vapour/air and dust/air mixtures since
most fuels in military applications are dispersed
with a central burster charge, producing a cloud of
droplets or particulates that mix and are then
detonated by a secondary initiation source about
0.5 -1.0 s later. Concentrations can vary
considerably in the cloud at time of secondary
initiation, which lends to the use of fuels with a
wide range of UEL and LEL. Two-phase initiation
with FAE adds complexity and the attraction of a
thermobaric system is that it requires no separate



secondary means of initiation. As such, it can be
used reliably. The fuel consists of a
monopropellant and energetic particles (particles
with high heats of combustion such as beryllium,
boron, lithium, aluminium, magnesium, zinc or
sulphur). In terms of functionality, a bursting
charge is still required but in this instance
disperses an explosive slurry, which then explodes
to achieve the desired blast effect. The mechanism
works as follows (and can be considered two-
stage): « Firstly, anaerobic action (without air
oxygen) occurs inside a conventional high
explosive core in microseconds; * Then aerobic
delayed burning action of the fuel-rich outer
charge, which depends mainly on the consumption
of the surrounding air and which results in an
intense fireball (5000 oC+) and high blast
overpressure. The fuel can rapidly diffuse within
structures, consuming the oxygen and creating
conditions that make human survivability
extremely unlikely (heat, flame and barotrauma to
the lungs)

3. I liked the figures, tables and diagrams you
used. They bough the theory to life and were used
appropriately.

4. 150 - 200 PSl is generally fatal. | think you could
have used an example to demonstrate this. For
example, what does several thousand pounds per
square inch look like?
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