Understanding the Importance of Critical Diameter and Critical Density (TMD) in relation to Successful Detonation

Ben Palmer-Drury
2212937

Principles of OME
ACDA 4019 – Ordinance Munitions and Explosives























Contents
Section 1 – Briefing							p3
Section 2 – Basic Definitions and Theory				p3
Section 3 – Bomb, Medium, 12,000lb					p4
Section 4 – The Ignition Train 						p6
Section 5 – Conclusions							p7
Section 6 – References							p9	


List of Figures

Figure 1 – AH64 Apache 						p3
Figure 2 – Tallboy bomb						p4
Figure 3 – Fuze of the Tallboy						p4
Figure 4 – No 58 Pistol Fuze 						p5
Table 1 – Torpex composition						p6
Figure 5 – Tallboy construction						p6
Figure 6 – Transition to detonation					p6
Table 2 – Relevant data to Tallboy					p7
Figure 7 – Artists interpretation of the sinking of the Tirpitz		p8
[bookmark: _GoBack]Figure 8 - Final detonation train for Tallboy				p8		























Section 1 – Briefing.
The aim of this paper is to help understand the importance of critical diameter and critical density as factors in relation to successful detonation. To do this, we must consider one primary explosive and one secondary explosive and conduct reviews of their individual performance characteristics. Following on, consideration of these factors for each unconfined explosive, in order to achieve a successful detonation transition from one to the other as part of an explosive train in a weapons system, including its method of initiation. It is then required to theorise how confinement would alter those critical diameters and how this could be of benefit to the OME professional. At this point, the secondary explosive velocity of detonation should be evaluated considered in relation to the preceding variables, increasing densities from ‘just enough’ to the theoretical maximums.

Section 2 – Basic Definitions and Theory

To fully understand the concepts that will be discussed in this paper, it is first necessary to define a few basic terms that will be used throughout.

[image: ]Starting at the beginning, an explosive can be defined as a substance, that has enough stored potential energy, that when properly stimulated, decomposes into a rapidly expanding pressurised gas cloud, over a brief amount of time. The overall products to this explosion are heat, light, kinetic energy, fragmentation and pressure. Generally, this term can be type-subdivided further into Nuclear, Mechanical and Chemical. Nuclear and Mechanical, as in overloading pressurised containers for example, is beyond the scope for this task. Within the sphere of chemical explosives there are two further subdivisions, where a substance can deflagrate or detonate. Detonating explosives produce a supersonic, high-pressure decomposition. On the other hand, a deflagration is a subsonic burn, that may appear to the naked eye, as if a detonation has occurred, given that the human senses are not completely capable of differentiating the two [1]. An example of a fuel-based explosion is to the right [2]. 
Figure 1. AH64 Apache in the foreground of a mock battlefield explosion in demonstration

It should be noted that pyrotechnics are classified as an explosive, despite the fact that they rarely produce an explosion. The same goes for propellant, which produces high temperature and pressurised gas, primarily to induce motive thrust [3].

Dependent on their susceptibility to initiation, explosives can be divided into primary and secondary. There is a third classification, or tertiary, where the substance is so insensitive to initiation, requiring a boost from a secondary explosive to detonate. These are often used in commercial mining for safety, therefore they are slightly beyond this scope, and will no longer be referred to [4].

Primary explosives are the more sensitive substances that require little to no stimulation for initiation. These substances are often used in initiators and detonators. They are susceptible to any number of methods of initiation including, but not limited to; impact, friction, heat and spark. Used in small amounts, compared to secondary’s, primaries are one of the first elements to the explosive train. This concept will be explored further, below [3] [5].
 
Secondary explosives are formulated to detonate under specific circumstances, being less sensitive than primaries. Therefore, they become the perfect substances for main fills to military ordinance and munitions [5]. Primary explosives, given their sensitivity, are used in small quantitiesas a means of initiation for the main fill (secondary explosive). 


Section 3 – Bomb, Medium Capacity, 12,000lb

For ease of reference, the “Bomb, medium capacity, 12,000lb”, or Tallboy, will be referred to throughout this paper, to help explain the explosive train and how different factors affect how the munition functions, rather than referencing multiple weapons systems and compositions. 

The Tallboy air-dropped bomb was developed in World War 2, entering service in 1944, and designed by Barnes Wallis (“bouncing bomb” designer). These 12,000lb (5400kg total mass) munitions were built at great expense and in low numbers, to penetrate the ground or a structure and produce a large scale explosive event. In effect, these were one of the world’s first operational ‘bunker buster’ bombs. Initially, the only aircraft that was capable of carrying these was a modified version of the Lancaster heavy bomber [6]. By extension, the munitions details will include the American T10 bomb, which was the USAF’s version of the Tallboy. 
[image: ]
[image: ]The main fill to Tallboy was 2263.6kg to 2400kg of Torpex D1, topping off an inch-thick layer of TNT. A further four inches of a mix, containing woodmeal and bees wax was placed on top, sealed with a half-inch ply washer. Three fuze pockets were pressed into the mix, which contained the detonator devices. A heavy base plate then secured the detonators, the plate bolting to the body. This is shown below in a period document, below;
Figure 2- Tallboy bomb [17]

Fuzing was carried out by the British “Tail Pistol No.58 Mk I”, itself based on the No.30. These had a delay function of up to 60 minutes. The nose was made from thick steel allowing it to penetrate the ground and submarine pens, then detonate rather than on impact. Point impact was shown to have little effect on bunkers, instead requiring the blast effects to come from inside the structure.  

The No.58’s were constructed in layers, a primary and secondary layer. To avoid confusion here, we will refer to them as Initial and Subsequent.

The Initial consisted of the No 58 pistol section shown below;
Figure 3 - Tallboy fuze pocket [12]




[image: ]These were simple impact mechanisms, using a heavy metal striker. Along with the safety pin, the brass cross is a safety device, stopping the striker from dropping. When the bomb was dropped from the aircraft, the arming wire was pulled out, which was tethered to the aircraft. The direction of the angled fins induced a spin, of speeds up to 300rpm, for stability and accuracy. On striking the target, the force of impact bent the arms of the brass cross, allowing the striker to pierce the detonator. The Subsequent layer then comes into play, as Tetryl is a sensitive explosive to mechanical stimulus (from the striker – see FoI in Table 2), this then ignites the RDX/Beeswax exploders. 

Three individual detonators are used, 120° apart, ensuring even transition of the detonation wave. It also ensures that if one, or even two of the detonators fails, then the munition has a high likelihood of still functioning.
Figure 4 - No 58 pistol fuze [19]


The casing was constructed to be strong at the nose as to withstand impact with hard to penetrate materials. Being a blast munition, the rest of the case was thinner as not to retard the effects of detonation, or, to become a fragmenting bomb.

A delay fuse was also utilised on this bomb, but will not be referred to due to ease. Suffice it to say, different chemicals were used as a Primary which burned to detonation at consistent times.
























Section 4 - The Ignition Train

The previous section alluded to the fact that the munition must be filled with a relatively insensitive explosive, for safety and reliability. A small amount of sensitive explosives are used to ‘kick off’ the larger insensitive composition. In this case Torpex. Torpex D1 consisted of; 

	Percentage % 
	Composition

	42
	RDX

	40
	TNT

	18
	Aluminium


Table 1 - Torpex composition [7]
[image: ]An explosive train can be defined as;
“ … an assembly of explosive elements arranged in order of decreasing sensitivity. The function … is to accomplish controlled augmentation of a small impulse into one of suitable energy to cause the main charge of the munition to function.” [8]

This is shown in the diagram right, with reference to Tallboy;
					Figure 5, Tallboy construction [9]

To add to the growing list of definitions, we need to understand two critical components to a successful detonation. Firstly, we must consider critical diameter (dc) which can be defined as;

“ … for a cylindrical solid charge as the minimum diameter at which a steady state detonation can propagate” [10].

[image: ]Steady state detonation can be observed as a shock wave (using High Speed Digital Video), that has a compressive front, heating the explosive through hot spots, thus initiating a rapid chemical reaction. Due to the fact that the detonation wave is supersonic, the exothermic reaction takes just a few microseconds. The energy liberated from the reaction, in the form of gaseous expansion, keeps the shock front going as it interacts with the surrounding material, until it is consumed. This shock wave, or rarefaction wave, can be influenced through confinement [11]. (Shown right). Hot spots are bubbles of gas (normally air [12]) in the microstructure of the composition. As these collapse they disperse heat rapidly. An increase in density provides an increased concentration of energy available to support the shock wave. As a general rule, the denser a material is, the air heats faster and in a greater concentration of bubbles. This results in a higher Velocity of Detonation (VoD). As a result, the higher the VoD, the higher the detonation pressure increasing lethality. If the density is far too great there will not be enough air to produce bubbles and the mixture will cease to detonate, or burn on the surface and not transition to detonation. Too little and the mix will flash off, as the crystalline structures will be too far apart to effectively propagate.Figure 6 - Transition to detonation [20]


We will think about confinement in a moment. Whilst not directly part of the brief, critical initiating pressure (Pci) should be mentioned at this point. Critical pressure defines a minimum threshold for a shock to detonation transition. This value isn’t just determined by the physical phase (solid/liquid/gas) of the substance and its chemical composition, but also the size of the test or munition [10]. In Tallboy’s case, as well as the aforementioned redundancy factor, it would go a long way to explaining the use of three fuses. 

Critical density, or Theoretical Maximum Density (TMD), can be defined as; 

“… mass per unit volume of a single crystal of the explosive.” [13]

To unpack this statement, we need to know that crystalline structure is key component to a successful detonation. Size and shape play their part, but a process called adiabatic heating is related to the above. This is where energy is transferred to immediate surroundings as work rather than heat or mass, from the system. Work in this case is our shock wave. The crystalline structure of explosives is susceptible to shock and friction, where the heat generated from these processes, is transferred into the surrounding media heating the aforementioned hotspots. This is the reaction zone. The structure is also linked to the materials sensitivity, how it reacts to differing external factors, and how easy it is for those factors to cause an event.

	Composition
	Critical Diameter
	TMD
	Figure of Insensitivity
	Velocity of Detonation

	Tetryl
	15-25 grain sizes
	1.731 g/cm3
	105 FoI (RDX = 80 FoI for comparative purposes)
	7850 m/s

	Torpex
	Not given
	1.810 g/cm3
	Not given
	7600 m/s


Table 2 -  Relevant data to Tallboy [14]
The No 58 fuse was designed to take advantage of this to enable initiation of Tallboy. Placement of the fuse pockets is also crucial in respect for a successful detonation. There is a long list of adjectives and reasons as to why bombs are dropped in cases, but in context, when an explosive is confined it reduces energy loss. The case also has the effect of largely reflecting the expanding convex shock wave back into the composition, thereby continuing the reaction progression. Adding aluminium to an explosive mix has the effect of enhancing blast. This relatively cheap and easily obtainable metal, in a powdered form is an oxidiser and highly exothermic [7]. Aluminium in the context of Torpex could be viewed as pouring petrol over a paper fire, enhancing the heat of the fire. When put into context, 18% of a ‘very large’ bomb is not an inconsiderable enhancement to blast. Incidentally Torpex was primarily used as an underwater explosive, due to the addition of the aluminium prolonging the explosive pulse.

Section 5 - Conclusions

Through using all of the aforementioned data, designers can choose their primary and secondary carefully for their desired purpose, given the amount of research information that has been tabulated over the last century or so. Barnes Wallis’ design was successful enough that Tallboy scored direct hits on its first operational deployment, an attack on the Samur rail tunnel in France. The operation was a success in delaying an entire Panzer division. Later in September 1944 the Dortman-Ems Canal was hit draining it and stranding U-boats and barges. Tallboy’s arguably greatest success was to come in November 1944 when a flight of Lancaster’s hit and sunk the heavily armoured German super-battleship Tirpitz off the coast of Norway [15]. 

Below is an artist’s impression;

[image: ]
















Figure 7- Artist's Impression of sinking the Tirpitz [21]



The following diagram serves as a reminder of the initiation train.
[image: ]

Key points;

· Early bunker buster bomb with solid case for penetration of hard targets. A thinner case in the middle reduced energy losses.
· Aluminium in the secondary mix enhance the blast effect.
· Used three fuses for reliability, redundancy and effective detonation. 
· Utilised a secondary 50% more powerful by mass than TNT alone.
· Configurable fuse for different applications.
· Successful considering it’s cost per deployment.
















Figure 8 - Final detonation train for Tallboy [16]
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