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[bookmark: _Toc117512355]Executive Summary 

Since the 2022 invasion of Ukraine, there has been increasing media attention around the types of munitions being used, and where they are being used specifically. 
Fuel Air Explosives have been referred to using several different names recently, including Vacuum Bombs and Thermobarics. The Author has identified the key differences between these terminologies, as well as their positions within international law. 
 Fuel Air Explosives have been increasingly militarized over the last few decades, having started as a mine clearance method. They release far more energy than conventional high explosives – in the form of heat – but detonate substantially slower, whilst also peaking at much lower pressures. The blast waves created have much larger impulse, therefore exposing the target to a prolonged period of overpressure. 
This significant impulse makes them extremely effective against structures and other military targets, but due to the intense heat created and the sheer size and duration of the blast, their effects cannot be isolated to the target unless the target is isolated itself. This gives these systems the opportunity to uncontrollable cause unnecessary suffering and large amounts of collateral damage. 






[bookmark: _Toc117512356]Introduction 
[bookmark: _Toc117512357]Document Scope
[bookmark: _Toc115551608][bookmark: _Toc115552405][bookmark: _Toc117512358]Since the start of conflict between Russia and Ukraine in early 2022, there has been growing speculation that Russian forces have been using munitions that contravene international law regarding humanitarian treatment during war.
[bookmark: _Toc115551609][bookmark: _Toc115552406][bookmark: _Toc117512359]The munitions in question differ from conventional explosives because they are filled with fuel only compositions and do not provide their own oxygen. The fuel is dispersed – via a bursting charge – as an aerosol and when mixing is complete, cloud detonation is achieved by a delayed ignition. [1]
[bookmark: _Toc115551610][bookmark: _Toc115552407][bookmark: _Toc117512360]This document explains what these products are, how they are used and why it has caught so much media attention. 

[bookmark: _Toc115551611][bookmark: _Toc115552408][bookmark: _Toc117512361]These munitions all involve mixing a Fuel, with the Air to cause an explosion.
[bookmark: _Toc117512362]History of Fuel Air Explosions (FAE)
[bookmark: _Toc117512363]Civilian
[bookmark: _Toc115551614][bookmark: _Toc115552411][bookmark: _Toc117512364]On June 1st, 1974, a huge explosion occurred at the Flixborough Chemical Plant, North Lincolnshire. This still is the largest peacetime explosion to happen within the United Kingdom (UK) [2]
[bookmark: _Toc115551615][bookmark: _Toc115552412][bookmark: _Toc117512365]Weeks before the event happened, a small crack was found in one of the reactors that allowed a mixture of up to 40 tons of Cyclohexanol [3] and Cyclohexanone [4] to escape and form a vapor cloud up to 200m in diameter [5].
[bookmark: _Toc115551616][bookmark: _Toc115552413][bookmark: _Toc117512366]When the cloud found an ignition source, it resulted in an explosion equivalent to that of 15 tons of Trinitrotoluene (TNT). This explosion completely destroyed the plant and killed 27 employees and a delivery driver. 

[image: A picture containing train, smoke, steam, track

Description automatically generated]
[bookmark: _Toc117512447]Figure 2‑1: The Flixborough Disaster [6]
[bookmark: _Toc117512367]Military
[bookmark: _Toc115551618][bookmark: _Toc115552415][bookmark: _Toc117512368]The earlier FAE weapon system can be traced back to Germany, in World War II. The system was a 6 round rocket launcher and it utilized propane gas. The first five rounds fired would release gas, with the sixth arriving slightly behind being the detonating round. [7]
[bookmark: _Toc115551619][bookmark: _Toc115552416][bookmark: _Toc117512369]The United States (US) later developed FAE’s further to use during the Vietnam War with their primary focus being minefield clearance [8]. Earlier variants included the Cluster Bomb Unit (CBU) and Bomb Live Unit (BLU) systems [9]. 

[image: A picture containing text, airplane, aircraft

Description automatically generated]
[bookmark: _Toc117512448]Figure 2‑2: BLU82/B Daisy Cutter [9]
[bookmark: _Toc117512370]
International Law 
[bookmark: _Toc115551621][bookmark: _Toc115552418][bookmark: _Toc117512371]The nature in which these weapons have reportedly been used during the invasion of Ukraine is what has led to so much media attention. There are reports of civilian attacks and even a maternity hospital [10].
[bookmark: _Toc115551622][bookmark: _Toc115552419][bookmark: _Toc117512372]Several assessments have been undertaken to determine whether Thermobarics are “inherently discriminate” meaning that the systems effects cannot be limited to abide by international humanitarian law (IHL) [11], therefore having the potential to cause unnecessary suffering. 
[bookmark: _Toc115551623][bookmark: _Toc115552420][bookmark: _Toc117512373]To assess whether an attack is discriminate, the delivery and end affect would be analyzed to determine whether it be sufficiently limited to disabling the military target. Although having such weapons in your arsenal is not illegal, the manner in which you use them could be [12].
[bookmark: _Toc117512374]Terminology
[bookmark: _Toc117512375]Distinctions
[bookmark: _Toc115551626][bookmark: _Toc115552423][bookmark: _Toc117512376]There are arcane differences between Thermobarics and other types of fuel air explosives, but both are often referred to as one another. 
[bookmark: _Toc117512377]Generic FAE
[bookmark: _Toc115551628][bookmark: _Toc115552425][bookmark: _Toc117512378]Unlike conventional explosive compositions, FAE’s do not provide their own oxygen. The fuel must be mixed with the surrounding air before a delayed fuze ignites the dust or vapour cloud [13]. 
[bookmark: _Toc115551629][bookmark: _Toc115552426][bookmark: _Toc117512379]During detonation, further mixing occurs as the cloud expands. This results in large variations of fuel to air concentration which can reduce efficiency. 
[bookmark: _Toc117512380]Explosive Limits of FEA
[bookmark: _Toc117512381]A limiting factor for FEA is that the explosions can only occur when the fuel to air concentration is within the Upper Explosive Limit (UEL) and Lower and Explosive Limit (LEL). Within this range, sits the upper (UDL) and lower detonation limits (LDL).
[bookmark: _Toc117512382]Due to an FEA system not containing an oxidizer, a large proportion of the payload will be dedicated to fuel, which in theory will release greater energy from the explosion. However, the fact that there is only 20-22% oxygen in air, FEA systems can only be up to 40% efficient [14].  
[bookmark: _Toc117512383]Due to the small proportion of oxygen available, fuels with large ranges of UEL and LEL are used, examples of these are shown below.

[bookmark: _Toc117512461]Table 3‑1 : Fuels and Explosive Limits [15]
	Fuel
	Explosive Limits (% Volume in the Air)

	
	Lower Explosive Limit
	Upper Explosive Limit

	Ethyne
	2 %
	100 %

	Oxirane
	3 %
	80 %

	Ethane
	3 %
	34 %

	Methane
	5 %
	14 %

	Propane
	2 %
	10 %

	Gasoline
	2 %
	8 %











[bookmark: _Toc117512384]The chemical compound Ethyne, commonly known as acetylene is widely used for welding and cutting applications. When undergoing complete combustion with oxygen the flame can reach temperature up to 3300°C [16].  
[bookmark: _Toc117512385]Commonly used materials, especially Aluminium can be notoriously hard to detonate due to the very narrow window between UEL and LEL. It is commonly used as an additive to boost the temperature of the explosion, which in turn will increase the impulse by extending the duration of the blast wave. 

[bookmark: _Toc117512386]Thermobarics
[bookmark: _Toc115551631][bookmark: _Toc115552428][bookmark: _Toc117512387]The fuel within a Thermobaric weapon differs from generic FAE as it comprises of highly energetic metal particles - like aluminium - and monopropellants  that are dispersed as a highly explosive mixture, or slurry [16]. 
[bookmark: _Toc115551632][bookmark: _Toc115552429][bookmark: _Toc117512388]A monopropellant – like isopropyl nitrate - releases its energy through decomposition, rather than oxidization meaning that the propellant can act alone – without additional oxygen [17]. 
[bookmark: _Toc115551633][bookmark: _Toc115552430][bookmark: _Toc117512389]The result is a weapon that has a superior concussive effect to almost anything non-nuclear and creates extremely harsh conditions that are unlikely to yield any human survival. The formation of an intense, potentially 5000°C fireball would consume the surrounding oxygen, creating the vacuum affect that is regularly mentioned in the media, leading to severe physical damage to body tissues due to the extreme pressure different created, at very least.  	Comment by matthew satterthwaite: Include image of themrobaric explosion and detail components of the sequence	Comment by matthew satterthwaite: Include details of potential injuries
[bookmark: _Toc117512390]Utilization 
[bookmark: _Toc117512391]Delivery Methods
[bookmark: _Toc117512392]There are several different methods of delivery for an FEA system, ranging from air dropped, Bomblet, air delivered, ground launched, Helicopter launched, Multiple Launch Rocket Systems and even including catapult launched.
[bookmark: _Toc117512393]Air Dropped
[bookmark: _Toc117512394]The American made, 220Kg Bomb Live Unit (BLU) -95 and 900Kg BLU-96 are both examples of air dropped FAE systems. They are released, then suspended under a parachute before being detonated at a set distance above the ground [19]. 

[image: ]
[bookmark: _Toc117512449]Figure 4‑1: BLU-96 Air Dropped [20]
[bookmark: _Toc117512395]Bomblet 
[bookmark: _Toc117512396]During operation Desert Storm, the Marine Corps dropped Cluster Bomb Units (CBU) against minefields but also as a method of clearing helicopter landing areas. The Systems dispersed smaller bomblets, usually 3, which spread a vapor and dust cloud across the target. The CBU-72/B utilizes the smaller BLU-73 bomblet, shown below [21]. 

[image: ]
[bookmark: _Toc117512450]Figure 4‑2 : BLU73 Bomblet
[bookmark: _Toc117512397]Air Delivered & Helicopter Launched 
[bookmark: _Toc117512398]Russia developed the 80mm S8 rocket series, due to the poor performance of their S5 series during soviet use in Afghanistan. The S8 Series includes a High Explosive Anti-Tank (HEAT) round, Anti-Runway, Thermobaric and Illumination versions. 
[bookmark: _Toc117512399]The S-8DF and S-8DM are both improved versions of the S-8D, which contains a thermobaric warhead for enhanced blast effects [22]. 
S-8D 

[image: See the source image]
[bookmark: _Toc117512451]Figure 4‑3: Russian S8 Rockets
[bookmark: _Toc117512400]The S-8 series is an unguided system that can be fired from both attack helicopters and fast aircraft.
[bookmark: _Toc117512401]Ground Launched
[bookmark: _Toc117512402]Russia first shown their ground launched KORNET-E in 1994. The missile comes in an ANTI-TANK format or the Thermobaric warhead, for use against fortifications and mines [23]. 
[bookmark: _Toc117512403]The system can be launched from a gun turret, tripod, or a mounted vehicle launcher like the BTR-80 armored personnel carrier. 

[image: ]
[bookmark: _Toc117512452]Figure 4‑4: Kornet-E Missile [23]
[image: See the source image]
[bookmark: _Toc117512453]Figure 4‑5: Russian BTR-80 [24]

[bookmark: _Toc117512404]Multiple Rocket Launched
[bookmark: _Toc117512405]China, Russia and the United States have developed multi launched rocket systems (MLRS) primary for demolition of minefields. The American Surface-Launched Unit, Fuel Air Explosive (SLUFAE) was developed in the 1970, to be launched from the M752 Missile carrier.
[bookmark: _Toc117512406]The SLUFAE rocket contains a fuel-air explosive warhead and weights 45kg. A volatile vapor is dispersed, instantly combusting with the atmospheric air, creating massive overpressure, sufficient to detonate landmines [25]. 

[image: See the source image]
[bookmark: _Toc117512454]Figure 4‑6: SLUFAE [26]
[bookmark: _Toc117512407]Catapult Launched
[bookmark: _Toc117512408]During 1978, the SLUFAE was replaced in development by a catapult-launched Fuel-Air Explosive (CATFAE). The CATFAE system could be mounted onto an amphibious landing vehicle and could breach minefields and landing areas across coastlines [27]. 

[image: Installation clearance AAVP7A1 CATFAE (USA)]
[bookmark: _Toc117512455]Figure 4‑7: CATFAE Amphibious Transporter [28]

[bookmark: _Toc117512409]How it Works
[bookmark: _Toc117512410]Explosive Initiation
[bookmark: _Toc117512411]Standards FAE systems rely on fuzing systems to initiate the blasts. Firstly, a bursting charge will allow the vapor or dust to dissipate before the initiating charge ignited the cloud.
[bookmark: _Toc117512412]Two stage fuzing systems can be complicated and will rely on several parameters including accuracy of timings, air density and the fuel to ignite an effective cloud. 
[bookmark: _Toc117512413]Chemical Initiation
[bookmark: _Toc117512414]Thermobarics are initiated through chemical reactions. The main advantage of this is that the system only requires a single stage fuze to burst the Shell open, dispersing the cloud. 
[bookmark: _Toc117512415]Some weapons use compositions that react with the oxygen in the air, creating a combustion with enough heat energy to initiate the slurry cloud – this is an example of pyrophoric initiation [29] . In most cases, chemicals are released that react with each other, or the fuel creating the initiation through the same means, this is an example of a hypergolic initiation [30]. 
[bookmark: _Toc117512416]This proves to be a major advantage in terms of consistency of system performance due to the fact that additional oxygen is not required for neither the explosion, or the initiation, meaning that performance would be unaffected by meteorological conditions, air density or explosive limits.

[bookmark: _Toc117512417]Dispersion
[bookmark: _Toc117512418]Meteorogical conditions, such as high winds, have little to no effect on fuel air explosions due to the short delay and initiation time. 


[bookmark: _Toc117512419]Comparatives to High Explosives (HE)
[bookmark: _Toc117512420]Energy Release
[bookmark: _Toc117512421]For a true comparison, Ethylene oxide (Oxirane) and Propylene Oxide (PO) will be listed against the industry benchmark which is trinitrotoluene (TNT). These two FEA fuels have been confirmed in use [31]. 

[bookmark: _Ref117365454][bookmark: _Toc117512462]Table 6‑1: Energy Comparison of TNT and FAE
	Fuel
	Density
	Mass
	Volume
	Energy (Kilojoule)

	TNT [32]
	1.65g/cm3
	1.000kg
	0.6L
	4602

	Oxirane
	0.88g/cm3
	0.528kg
	0.6L
	17053

	PO
	0.86g/cm3
	0.516kg
	0.6L
	15242


[bookmark: _Toc117512422]Table 5‑1 compares three explosives over a set volume. It can be seen that FAE systems can release up to 250% more energy than TNT in this scenario.
[bookmark: _Toc117512423]The large difference in energy released over volume is mainly down to the absence of an oxidizer, meaning that more of the available volume is allocated to carrying fuel. This results in a very hot reaction, released over a longer period of time – compared to standard condensed explosives.
[bookmark: _Toc117512424] Conventional HE systems are a confined source with no spatial extension, meaning that the overpressure from the blast rapidly decreased with increasing distance from the event. You get a very fast, high-pressure reaction with high brisance, or shattering potential. 
[bookmark: _Toc117512425]In contrast, FAE systems are unconfined large clouds. The overpressure – albeit lower – falls much more slowly with increasing distance from the edge of the cloud. This increases the positive phase of the blast, sustaining the amount of time that the target is exposed to dangerous overpressures [33]. By increasing the positive phase, this also increases the negative phase of the explosion, which in some cases can last up to three times as long [34].
[bookmark: _Toc117512426]During the negative phase, a vacuum is formed behind all of the fast-moving air created by the blast pressure. Smoke, gases, and debris are pulled back towards the centre of the explosion. This negative pressure is sufficient in pulling military targets from behind cover.
[image: Diagram
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[bookmark: _Toc117512456]Figure 6‑1: Blast pressure comparison
[bookmark: _Toc117512427][image: Diagram, engineering drawing

Description automatically generated]
[bookmark: _Toc117512457]Figure 6‑2: Explosive Phases [13]
[bookmark: _Toc117512428]Pressures and Velocities
[bookmark: _Toc117512429]Figure 6-1 illustrates the difference between HE and FAE blast waves. It is evident that the detonation pressures and velocities of the waves are much lower in FAE systems. 

	[bookmark: _Hlk117500542]Type
	Detonation Pressure (MPa)
	Velocity of Detonation (m/s)

	TNT [32]
	19000
	6950

	Oxirane
	1.963
	1864

	PO
	1.980
	1826


[bookmark: _Toc117512458]Figure 6‑3: Detonation Pressures and Velocities [31]
[bookmark: _Toc117512430]At first sight, the substantially lower pressures and velocities would appear to be a dramatic disadvantage over TNT, however the overpressure figure is still more than sufficient to neutralize a range of different targets, over a much larger area.

[bookmark: _Toc117512431]Target Suitability 
[bookmark: _Toc117512432]Table 6-2 displays a variation of damages and injuries that can be caused by blast overpressure.

[bookmark: _Toc117512463]Table 6‑2: Overpressure Damage Scale [35]
	Details of Damage
	Blast Overpressure (PSI)

	Ears

	Temporary loss of heaving	
	2

	50% probability of eardrum rupture
	5-7

	90% probability of eardrum rupture
	10-14

	Wounds

	Threshold of skin lacerations by fragments
	1-2

	Serious fragment wounds @ 50% mortality
	4-5

	Serious fragment wounds @ 100% mortality
	7-10

	External Injury

	Personnel knocked to ground
	1.5 – 2.9

	People standing up thrown a distance of 5 meters
	8-16

	People lying down, picked up and thrown 2 or more meters
	12-24

	Internal Injuries

	Internal injuries 
	7

	Lung hemorrhage 
	12-15

	Damage to Buildings & Structures

	Potential demolition of light structure - uninhabitable
	1

	Moderate damage to load bearing walls
	6-7

	ISO containers crushed
	5

	Movement of bridge members on abutments
	5-15

	Steel frame distorted and pulled away from foundations
	3


[bookmark: _Toc117512433]Despite the blast pressure figures in Table 6-3 appearing very low, they still equate to over 275Psi of overpressure. This indicates that a working FAE system can comfortably destroy general, industrial, and military structures, over a large area.
[bookmark: _Toc117512434]Large scale damage to cars and trucks happens between 20 and 30 Psi of overpressure whereas rail vehicles can be derailed by as little as 6Psi. 
[bookmark: _Toc117512435]In theory, FAE systems are very well suited to their original purpose, mine clearance. The blast wave created would hit the ground – over a large area – with enough force to detonate any land mines designed to be initiated by a human foot, or military vehicle passing over it.
[bookmark: _Toc117512436]Collateral Damage
[bookmark: _Toc117512437]Although some FAE systems are guided this only applies to their delivery method and not the end effect. The entire blast effect cannot be directed to the target and is, in fact initiated away from the target. This leaves a large proportion of the blast wave open to causing potential collateral damage. 
This fact is what is fueling the argument that Fuel Air Explosions – Thermobarics particularly – cannot sufficiently limit its effects to the military target. 
[bookmark: _Toc117512438]Figure 6-4 below illustrates just how much of the FAE blast wave is focused on the target, and therefore, the remainder would contribute to potential collateral damage. This increased risk one reason why FAE systems are judges to be unable to abide by IHL.

[image: Diagram, venn diagram
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[bookmark: _Toc117512459]Figure 6‑4: Collateral Damage Illustration [33]
[bookmark: _Toc117512439]If used in a built up – civilian area, the highlighted section would cause severe damage to surrounding structures and at very least, injure the occupants. 
Blast Formation
The blast wave would have the potential to exert overpressure inside and even behind buildings through diffraction and drag loading, including the shock waves seemingly going above the building, which would start “bending” over the top. 

[image: Diagram, schematic
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[bookmark: _Toc117512460]Figure 6‑5: Diffraction and Drag Loading [36]
[bookmark: _Toc117512440]Waves that have reflected from rigid surfaces would also increase in pressure, causing severe damage far away from the blast site. 
If the explosion occurred at the correct height, then Mach Stems can form between the incident shock and the reflective shock from the ground, created one singular and stronger shock front.
[image: Diagram
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Figure 6‑6: Mach Stems



[bookmark: _Toc117512441]Explosive Ordnance Disposal (EOD) Hazards

Unexploded FAE systems will possess a number of significant disposal hazards and cannot always be disposed of using standard Render Safe Procedures (RSP).
The boiling point of Oxirane is only +10.7°C [37], meaning that the munition has the ability to build up its own internal pressure, if not stored correctly. Although the Munition walls can be relatively thin, this pressure is unlikely to burst the case and cause an explosive event, unless the case is severely damaged. Care should still be taken when the system is undergoing maintenance or strip-down. 
Although any leakage is unlikely to satisfy the necessary explosive limits, there is still the risk of a toxic hazard. 
RSP by controlled explosion could still pose the risk of partial cloud formation, due to the presence of the bursting charges and dual stage fuzing. A much larger safety trace than a similarly sized HE round would be required, at very least. 
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