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This report covers some basic background information on explosives, which is then used to highlight the importance of critical diameter and critical density in relation to a successful detonation. A literature review is conducted on two chosen explosives to curate a performance characteristics review. The different effects that are produced when confining an explosive are explored, and the benefits of confinement to an ordnance, munitions and explosives professional are evaluated. All of this knowledge is consolidated by an explosive train diagram, using accurate values for the two chosen explosives. 
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[bookmark: _Toc217379058]Introduction
[bookmark: _Toc217379059]Background Information on Explosives
[bookmark: _Toc217379060]History
Explosives play an important role in various industries in the modern day, and have done throughout history, since black powder was first used in mining in 1650 [1]. As time progressed, so did scientific knowledge on the properties of explosives, and with that their prevalence. As their use grew more widespread, the importance of understanding them became more crucial.
[bookmark: _Toc217379061]What is an Explosion?
An explosion can be defined as a rapid decomposition of a chemical system that produces an expansion of heat and gas [2]. That chemical system that is capable of causing an explosion is then called an explosive. 
For a chemical explosive reaction to take place, there has to be oxygen present – this can be externally (in the surrounding atmosphere) or within the explosive compound. During an explosion, the explosive molecule decomposes into its constituent atoms. The atoms then quickly rearrange into small, more stable molecules like carbon monoxide (), water (), carbon dioxide () and nitrogen () [3]. The amount of oxygen present determines the array of these products as well as the energy output of the explosive.
This quantity of oxygen within an explosion is expressed in percentage of the molecular weight and is called the oxygen balance. The oxygen balance of an explosive compound is the amount of oxygen liberated as a result of complete conversion of the explosive material into the earlier referenced products. This value can also be negative, which is when the amount of oxygen is insufficient for complete oxidation [4]. The closer an oxygen balance is to zero, the more desirable the explosive.
[bookmark: _Toc217379080]Equation 1 – Oxygen balance

Oxygen balance can be calculated using Equation 1, where  is oxygen balance, MW is molecular weight, a, b, c and d correspond to the chemical formula of an explosive in the form  [5].
There are two sets of rules that can be used to calculate which products are made from an explosive reaction where the oxygen balance is negative. If the oxygen balance is less than -40.00 the Kistiakowsky-Wilson rules are used, and if the oxygen balance is greater than -40.00 the modified Kistiakowsky-Wilson rules are used [3].
[image: ]
[bookmark: _Toc217379077]Figure 1 – the Kistiakowsky-Wilson rules [3].
[image: ]
[bookmark: _Toc217379078]Figure 2 – the modified Kistiakowsky-Wilson rules [3].
There are several effects that can be fabricated with explosives. The most common are blast, fragmentation and directed energy. These can be used in both military and commercial settings [1].
[bookmark: _Toc217379062]Detonation and Deflagration
For a chemical explosion to take place, it has to either detonate or deflagrate. Combustion alone is not rapid enough to be classed as an explosion, as the heat and gas dissipates without building up a shock front. Detonation is supersonic and is caused by a shock front propagating into the explosive, which then heats the material via compression [6]. Deflagration is a shock front that travels at a subsonic speed – often referred to as a rapid combustion [7].
Within the detonation wave there is an induction zone and a reaction zone. The induction zone is where the endothermic reaction of the bonds breaking takes place. The reaction zone then follows the path behind the shock front, where the atoms form the product gases, building the pressure and pushing the shock front further into the unreacted explosive [8]. 
[bookmark: _Toc217379063]Classifications of Explosives
The different types of explosives can be split up into categories based on whether they detonate of deflagrate when they are stimulated. If an explosive detonates it is called a high explosive, and if it deflagrates it is called a low explosive [9]. Some examples of a low explosive are propellants, such as nitrocellulose, and pyrotechnics, such as potassium chlorate. High explosives can be further separated into primary and secondary explosives [10], and this is determined by an explosive’s figure of insensitiveness (FOI). If the FOI of an explosive is less than fifty it is a primary explosive, and if it is greater than fifty it is a secondary. Some examples of primary explosives include lead azide and mercury fulminate, and some examples of secondary explosives include RDX and TNT.
[bookmark: _Toc217379064]Thesis Statement
The purpose of this report is to highlight the importance of critical diameter and critical density in relation to a successful detonation, through the curation of an accurate example of an explosive train diagram.


[bookmark: _Toc217379065]Performance Characteristics
To produce an accurate example of an explosive train diagram, the performance characteristics of the selected primary and secondary explosives must be known and evaluated. This allows for calculations to be done on certain aspects such as the required run-up length of the explosives.
[bookmark: _Toc217379066]Primary Explosive
The selected primary explosive is lead azide (), due to its high sensitivity. The products of explosion are simply lead and nitrogen gas [11]. The detonation velocity ranges between a 3000  deflagration for small crystals in the structure, to up to 8000  for larger crystals [12]. The detonation pressure is 15.70 GPa [13]. The heat of explosion is -200.0  [14] which can be converted into using Equation 2 [15] to equal -2.873 .
[bookmark: _Toc217379081]Equation 2 – Conversion of  to 

[bookmark: _Toc217379067]Secondary Explosive
The selected secondary explosive is RDX (). The products of explosion are water, carbon monoxide and nitrogen gas. This was calculated using the modified Kistiakowsky-Wilson rules, as the oxygen balance for RDX is -21.6% [16]. The exact ratio is . The detonation velocity for RDX is 8639  at a density of 1.767 . The detonation pressure at the same density is 333.5 kbar which can be converted to 33.35 GPa. The heat of explosion for RDX is between -6.318  when in liquid state, to -5.941  when in gas state [17].
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[bookmark: _Toc217379068]Unconfined Explosives
[bookmark: _Toc217379069]Critical Diameter and Critical Density
The critical diameter of an explosive is the minimum diameter of a cylindrical charge required for a self-sustaining detonation to propagate [18].
The critical diameter for lead azide is between 0.40 and 0.60mm when the material is at a density of 3.14 . The critical diameter for pure RDX is 5.20mm at a density of 0.9 , which is less sensitive than RDX wax which has a critical diameter of between 4.00 and 5.00mm at 1.05  [19].
The critical density of an explosive is the maximum density that the material can be before the detonation wave will no longer reliably propagate [20], also referred to as theoretical maximum density (TMD). 
The TMD for lead azide is 4.71  [21]. The TMD of pure RDX is 1.806 , which is higher than the value for RDX wax of 1.672  [17].
An explosive needs to be within range for both critical diameter and density to reach the ignition temperature of a material.
[bookmark: _Toc217379070]Ignition
For something to detonate or deflagrate there needs to be an initial transfer of energy to the system to raise its temperature – this is called the ignition. An explosive will only ignite when heated to above its ignition temperature [3]. This external stimulus can come in several forms, commonly friction, impact or electrostatic discharge (ESD).
The initial stimulation causes reactions within the material through hot spot interactions [22]. This could be things such as fractures within the crystalline structure, or any air pockets being compressed. This in turn releases more energy, causing the temperature to rise exponentially until the heat generated exceeds the value of heat lost to the surroundings.
As lead azide is so sensitive, any choice of initiator would release enough energy to cause a detonation. Therefore, the most efficient choice would be either heat or spark, which could be received from a bridge wire in an electrical detonator. This would be the safest option to have as a detonator, as it is resistant to any external signals (such as ESD) and will not detonate unless it receives the specific signal required [23].
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[bookmark: _Toc217379071]Confined Explosives
Confining an explosive greatly changes its characteristics. This is due to the fact that in unconfined explosives, a large sum of the released energy escapes from the exterior of the explosive and is unused. When this explosive is confined, the energy cannot escape and is instead reflected back into the explosive, triggering a cyclical reaction of increasing temperature. This also increases the gas product density [24], making the explosive more effective in blast.
Another benefit of confinement is that it can reduce the value of critical diameter required for a material [25]. For an ordnance, munitions and explosives (OME) professional, this can be used in design to reduce the overall size of a munition, which then could increase the amount that can be carried at once. It also allows for munitions to be designed to ensure that they can operate to the required standard, without the need for trials to determine their functionality, which decreases the overall cost of a product.
Alongside artificial confinement (a container), an explosive can also be self-confining. This happens when the explosive reaches a value of diameter above its theoretical maximum, and any excess explosive acts as a container and reflects energy internally, without adding to the effect.
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[bookmark: _Toc217379072]Velocity of Detonation
Velocity of detonation (VoD) is the speed at which the shock front travels through an explosive material as it detonates [26]. Confining an explosive brings it closer to ideal performance by exponentially increasing the velocity of detonation [5], and increasing the density of the material has the same effect.
A study was done to show the difference in VoD of RDX at different densities. At a density of 1.35  the VoD was 7315 . At a density of 1.80  (the taken value of TMD) the VoD was 8798  [27].
As seen in the experiment, increasing the density of an explosive up to its TMD greatly increases the VoD.


[bookmark: _Toc217379073]Explosive Train
For a secondary explosive to detonate, a much larger quantity of energy is required than for a primary explosive. This is done through an explosive train, which is an arrangement of explosive components that release increasing energies upon detonation, until they trigger the detonation of the main explosive composition [28]. 
A very simple explosive train would consist of a detonator containing a primary explosive, a booster containing a more sensitive secondary explosive and the main charge containing a less sensitive, but more powerful, secondary explosive. The booster acts as a bridge between the primary explosive and the main charge, amplifying the effect of the primary explosive to ensure the detonation of the main charge [29]. 
[bookmark: _Toc217379074]Diagram of Explosive Train
[image: ]
[bookmark: _Toc217379079]Figure 3 – Diagram of an explosive train with measurements for chosen explosives
The diameters and densities of each material were selected based on their critical diameters and TMDs. The densities selected for each material were all very close to the values of their TMDs, rounded to two significant figures to make theoretical production simpler. The selected values of diameter were the values of critical diameter at lower densities, meaning they are guaranteed to be the minimum required diameter, without being excessively higher.


[bookmark: _Toc217379075]Conclusion
To conclude, this report has shown the importance of critical diameter and critical density in relation to a successful detonation, through the curation of an accurate example of an explosive train diagram. This is crucial knowledge for an OME professional to have, to ensure that any munitions produced under their care are fully functional to the required standard and safe for anyone operating them.




[bookmark: _Toc51833419]



9
References

[1] 	J. A. Zukas, Explosive Effects and Applications, Springer, 2013. 
[2] 	U. M. o. Defence, Services Textbook of Explosives, DE&S Wpns Tech Info & Docs Pubs Mgr, 2020. 
[3] 	J. Akhavan, The Chemistry of Explosives, London: Royal Society of Chemistry, 2022. 
[4] 	F. Volk, “Performance Parameters of Explosives: Equilibrium and Non-Equilibrium Reactions,” Propellants, Explosives, Pyrotechnics, vol. 27, no. 3, pp. 136-141, 2002. 
[5] 	P. W. Cooper, Explosives Engineering, New York: John Wiley & Sons, 1996. 
[6] 	W. Fickett, Detonation: Theory and Experiment, New York: Dover Publications INC, 1979. 
[7] 	D. P. Nolan, “Chapter 5 - Characteristics of Hazardous Material Releases, Fires, and Explosions,” in Handbook of Fire and Explosion Protection Engineering Principles for Oil, Gas, Chemical, and Related Facilities, Milwaukee, GPP, 2019, pp. 89-121.
[8] 	C. M. Tarver, “Chemical energy release in self-sustaining detonation waves in condensed explosives,” Combustion and Flame, vol. 46, pp. 157-176, 1982. 
[9] 	N. Johnson, “Types of Chemical Explosives,” in Britannica Encyclopedia, Chicago, Britannica Encyclopedia Inc, 2025. 
[10] 	D. Kumar, “The Explosive Chemistry of Nitrogen: A Fascinating Journey from 9th Century to the Present,” Resonance, vol. 24, 2019. 
[11] 	I. Bar, “Recent Advances In Solid Fueled Pulsed Short-Wavelength Chemical Laser Research,” in 7TH INTERNATIONAL SYMPOSIUM ON GAS FLOW AND CHEMICAL LASERS, Vienna, 1988. 
[12] 	M. M. Chaudhri, “The High Velocity Detonation of Single Crystals of α-Lead Azide,” Propellants, Explosives, Pyrotechnics, vol. 2, no. 5, pp. 91-93, 1977. 
[13] 	X. Yuan, “The detonation pressure measurement of lead azide based on PDV technology,” Journal of Physics: Conference Series, vol. 2891, no. 2, 2024. 
[14] 	J. M. Groocock, “The thermal explosion of α-lead azide,” Transactions of the Faraday Society, vol. 54, pp. 1526-1536, 1958. 
[15] 	J. Ashenhurst, “Equilibrium and Energy Relationships,” Master Organic Chemistry, 28 October 2025. [Online]. Available: https://www.masterorganicchemistry.com/2023/08/02/equilibrium-constant-delta-g-calculations-organic-chemistry/. [Accessed 11 December 2025].
[16] 	H. Abadin, Toxicological Profile for RDX, Atlanta: Agency for Toxic Substances and Disease Registry, 2012. 
[17] 	R. Weinheimer, “Properties of Selected High Explosives,” PACSCI EMC, July 2000. [Online]. Available: https://psemc.com/resources/pyrotechnic-white-papers/properties-of-selected-high-explosives-rev/. [Accessed 11 December 2025].
[18] 	I. Jaffe, “Determination of the Critical Diameter of Explosive Materials,” American Rocket Society Journal, vol. 32, pp. 1060-1065, 1962. 
[19] 	B. M. Dobratz, “Critical Diameter,” in LLNL Explosives Handbook: Properties of Chemical Explosives and Explosive Stimulants, Livermore, Lawrence Livermore National Laboratory, 1981, pp. 232-233.
[20] 	S. Bhattacharyya, “Key Properties Affecting Choice of Explosives,” PennState, State College, PA, 2024.
[21] 	P. Jung, “Initiation and Detonation in Lead Azide and Silver Azide at Sub-Millimeter Geometries,” Texas Tech University, Lubbock, 2006.
[22] 	F. Guo, “Ignition mechanism and chemical reaction of the micro-damage polymer-bonded explosives under different inertial loading conditions,” Polymer Testing, vol. 137, pp. 1-12, 2024. 
[23] 	H. Verakis, “Evaluation of Electronic Detonators - Requirements for Shunting & Circuit Testing,” UNITED STATES DEPARTMENT OF LABOR , Triadelphia, 2004.
[24] 	J. Jiao, “Energy release characteristics of confined explosives at varying violence levels,” AIP Advances, vol. 15, no. 8, 2025. 
[25] 	V. Bohanek, “Effect of Confinement on Detonation Velocity and Plate Dent Test Results for ANFO Explosive,” Energies, vol. 15, no. 12, 2022. 
[26] 	E. Preis, “Velocity of Detonation (VoD) Explained,” ERG Industrial, 6 October 2023. [Online]. Available: https://ergindustrial.com/velocity-of-detonation-vod-explained/. [Accessed 22 December 2025].
[27] 	T. Klapotke, “A Computational Study on the Detonation Velocity of Mixtures of Solid Explosives with Non-Explosive Liquids,” Propellants, Explosives, Pyrotechnics, vol. 46, no. 3, pp. 352-354, 2021. 
[28] 	NIST, “ANSI/ASTM E1732 Standard Terminology Relating to Forensic Science,” ASTM International, West Conshohocken, 2025.
[29] 	N. R. Council, “Appendix M,” in Containing the Threat from Illegal Bombings: An Integrated National Strategy for Marking, Tagging, Rendering Inert, and Licensing Explosives and Their Precursors, Washington, National Academies Press, 1998, p. 361.






9
image1.png




image2.png
Rule no. Conditions

1 Carbon atoms are converted to carbon monoxide

2 If any oxygen remains then hydrogen is then oxidized to water

3 If any oxygen still remains then carbon monoxide is oxidized to carbon dioxide
4 All the nitrogen is converted to nitrogen gas, N





image3.png
Rule no. Conditions

1 Hydrogen atoms are converted to water

2 If any oxygen remains then carbon is converted to carbon monoxide

3 If any oxygen still remains then carbon monoxide is oxidized to carbon dioxide
4 All the nitrogen is converted to nitrogen gas, N





image4.png
Booster pellet

- RDXwax

- Density of 1.60 gcm™
- Diameter of 0.50 mm

3

Electrical detonator
- Sparkinitiator

- Lead azide primary explosive Main charge
- Density of 4.70 gem™3 - Pure RDX
- Diameter of 0.60 mm - Density of 1.80 gem™3

- Diameter of 5.20 mm




