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1. [bookmark: _Toc192966292][bookmark: _Hlk193810941]Introduction
[bookmark: _Toc192966293][bookmark: _Hlk192958455]Purpose
The objective of this paper is to elucidate the concepts of critical diameter and critical density as they pertain to the conditions necessary for a successful detonation. Lead azide (LA) triggered by an electric primer will be employed as the primary to a pressed 2,4,6-trinitrotoluene (TNT) secondary tube, both in their unconfined state. Subsequently, the analysis shall consider how confinement influences the critical diameter and how variations in density affect the velocity of detonation (VoD) which is reached by the blast wave achieving the speed of sound of the material under the extant conditions. [1]
[bookmark: _Toc192966294]Hypotheses
The propagation of an explosive wave is constrained by the phenomenon known as the critical diameter. When the diameter of the charge decreases below this threshold, surface instabilities inhibit the continued transmission of the detonation front. Conversely, the VoD exhibits a positive correlation with charge diameter until it approaches the condition referred to as infinite diameter or failure diameter. At this stage, the detonation wave assumes a flattened geometry that effectively minimizes edge effects, such that further increases in charge diameter yield no additional enhancement in VoD. Moreover, both VoD and detonation pressure can be augmented through increased charge density, as the shock wave is reinforced by a higher concentration of available energy. Consideration needs to be given to the theoretical maximum density at which point the detonation velocity should be maximised as well as critical density which is the density where the explosion may fail to propagate. 

Nomenclature

LA – Lead Azide 
TNT – Trinitrotoluene
VOD – Velocity of Detonation
DDT – Deflagration to Detonation Transition
SDT – Shock to Detonation Transition
Pci – Critical Initiating Pressure
dc – Critical Diameter
ESD – Electrostatic Discharge
DSC – Differential Scanning Calorimetry


2. Performance Characteristics
Lead Azide

The first material to be investigated is Lead Azide. This is intended to be used as the primary, initiating a TNT secondary in its unconfined form. 
Below are a series of characteristics drawn from a variety of sources.
	Lead Azide

	Impact (J)
	Friction (N)
	ESD (mJ)
	Density (g/cm3)
	DSC (°C)
	VOD (m/s)

	0.089
	< 1
	5
	4.8
	315
	5500


[2]
	Density (g/cm3)
	Ignition Temperature (°C)

	4.7
	~350


[3]
	Density (g/cm3)
	Particle Size (μm)
	Heat of Explosion (Kj/Kg)
	Ignition Temperature (°C)

	4.696 - 4.8
	6.93
	1601 - 1637
	320 - 360


[4]
	TMD (g/cm3)
	Detonation Velocity at Density (mm/μms) at (g/cm3)

	4.8
	4.63                    3.00


[5]
















Trinitrotoluene

TNT is relatively insensitive, in this example unconfined shall refer to it being packed into a paper tube. 
The below tables have been populated from a variety of sources outlining a series of performance characteristics. 
	TNT

	Charge Density (p) g/cm3 
	Density at unreacted state (p0)
	Velocity of Detonation (D) m/s
	Velocity of Detonation at Infinite Diameter
	Critical Diameter mm

	1.62
	1.63
	7045
	7045 +/- 0.170
	2.6 +/- 0.6

	Detonation Pressure Gpa
	Molecular Weight
	Activation Energy (E) kcal/mol
	Heat of Decomposition (Q) cal/g
	

	18.9
	227.13
	34.4
	300
	


[6]
	Density at unreacted state (p0)
	Velocity of Detonation (D) m/s
	Constant J
	Constant K 

	1.63
	6930
	1.67
	3.342


[7]
	Charge Density (p) g/cm3 
	Failure Diameter mm

	1.62
	2.62 +/- 0.56


[8]
	Density at unreacted state (p0)
	Critical Diameter mm
	% Theoretical Maximum Density

	1.63
	2.62 +/- 0.56
	96.4 - 97.1


[9]
	Theoretical Maximum Density
	Velocity of Detonation at Infinite Diameter

	1.654 g/cm3
	6970


[10]
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[bookmark: _Toc217131202]Figure 1
Unconfined cylindrical charge series, TNT 0.07 to 0.2mm grain size [9]





3. [bookmark: _Hlk193904276]Discussion
Due to the VOD of lead azide, no booster should be required during a shock to detonation transition (SDT) as the force of a detonating donor charge is sufficient to awaken its counterpart—the receptor—so long as the two lie close enough for the shock to pass unimpeded. The success of this transfer depends on several constraints: the pressure delivered by the donor, the inherent sensitivity of the acceptor, and the presence of any gap or barrier. In this case they shall be in intimate proximity without barriers. [11] The lead azide shall be ignited through an electric match.
[image: ]
[bookmark: _Toc217131203]Figure 2
Example of electric match. [12]

[bookmark: _Hlk217129622] With an ignition temperature of 320-360°C this is well above the temperature required to detonate LA. During experimentation LA micro pellets, with a density of 3.571 g/cm3 and a diameter of 1.2 mm, have been placed in 304 stainless steel confinements with a diameter of 6.0 mm and heights of 0.3, 0.5, 1.0, and 2.0 mm. [13] It has been observed that, in pressed charges, the shock front exhibits a transient overshoot in velocity during the rapid acceleration phase, briefly surpassing the established steady‑state detonation velocity before subsequently returning to the characteristic steady‑detonation value. [14] In most high explosives, detonation velocity increases with charge height and density within a defined range. However, notable deviations occur in the detonation behaviour of lead azide (LA) charges at small charge heights. A pronounced peak in detonation velocity is observed at approximately 0.8–1.0 mm following ignition, exceeding the steady‑state detonation velocity typically measured at the macroscale. This phenomenon is attributed to a substantial increase in the density of the unreacted region, caused by precompression from the leading shock front, which in turn produces an elevated reaction ratio within the compressed zone. The combined effects of increased density and enhanced reaction ratio result in a rapid rise in detonation velocity. Furthermore, within the first 0.8 mm, the reaction proceeds as a volume reaction, and the shock‑front or reaction–particle velocity profiles exhibit minimal variation. Consequently, the entire charge may be regarded as constituting the reaction zone. [13]
[image: A graph of a graph with different colored lines
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[bookmark: _Toc217131204]Figure 3
[13]
Once the detonation reaction reaches approximately 0.8 mm, the detonation structure becomes fully developed. At this stage, the shock front, reaction zone, and expansion zone of the detonation products begin to adjust toward a stable configuration dictated by the external conditions. Owing to the inherent stability of shock profiles, the reaction zone cannot overtake the shock front, even when the reaction rate attains its maximum value as determined by the local density and pressure. The detonation structure therefore constrains the velocity of the reaction‑completion interface, since the shockwave velocity is governed by the state parameters of the material under the high‑pressure conditions present in the reaction zone. Elevated pressure simultaneously enhances the reaction intensity and increases the shockwave velocity, illustrating the coupled dynamics of the shock front and reaction zone. Notably, although the reaction wave appears to approach the shock front, the velocity of the reaction‑completion interface ultimately decreases to a stable value. When the detonation reaches a height of approximately 2.5 mm, the overall detonation profile reflects a balance between thermodynamic and kinetic processes under the imposed external conditions. [13] Shock‑wave initiation is employed to detonate secondary explosives using a primary explosive charge. In a shock‑to‑detonation transition, the process does not require the propagation of a flame front or any preceding combustion. Instead, a high‑velocity shock wave generated by the ignition source governs the formation of the detonation. As this shock wave penetrates the explosive material, particle compression and adiabatic heating occur at the shock front. These processes release energy through the decomposition of the explosive, which in turn further accelerates the shock wave. When the shock velocity reaches the local speed of sound within the material, detonation is achieved. Although the shock wave must traverse a finite distance—typically on the order of millimetres to centimetres—before becoming self‑sustaining, the associated delay occurs on the microsecond timescale, in contrast to the significantly longer delays characteristic of burn‑to‑detonation transitions. [1] 
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[bookmark: _Toc217131205]Figure 4
Detonation velocity of LA over a range of initial densities. [15]
[image: A graph of a function

AI-generated content may be incorrect.]
[bookmark: _Toc217131206]Figure 5
Detonation velocity of TNT over a range of initial densities. [16]
The velocity of a detonation wave is strongly influenced by the density of the explosive material. For most explosives, the relationship between initial density and detonation velocity is approximately linear across a broad density range and may be expressed as

where and are constants characteristic of the specific explosive. Another commonly used expression for estimating the velocity of detonation (VOD) as a function of density is

where and denote the detonation velocities corresponding to densities and , respectively. A further formulation relates detonation velocity to both density and thermochemical parameters:

where is the detonation velocity at a compaction density , is the number of moles of gaseous detonation products generated per gram of explosive, and is the approximate detonation temperature in Kelvin. These relationships collectively highlight the central role of density and thermodynamic properties in governing detonation behaviour. [17]

4. [bookmark: _Hlk193988361]Conclusions
[bookmark: _Hlk217118380]The LA shall be ignited via an electric match capable of generating 600-800°C, with an ignition temperature of 320-360°C this is well above the temperature required. LA DDT is virtually instantaneous without a predetonation zone. Confinement also has virtually no effect and it cannot be effectively dead pressed if pure. [15] The height of the LA charge has to be a minimum of 2.5mm in order to maintain a stable reaction as may be seen in figures 3 and 6. The diameter in this instance shall be 1.2mm as this was the measurement taken during the experiment equalling the GPa output in figures 3 and 6 and the density 3.571g/cm3 as referenced at microscale per figure 3. 
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Figure 6
[13]
The TNT, pressed and non-restrained, has a critical initiation pressure of 1.85GPa which is easily reached and exceeded by the output pressure of the described microdetonation. The run up length shall need to be a minimum of 51.68mm according to figure 7. With a minimum critical diameter of 2.6 as per the characteristics investigated earlier and figure 1 as well as an unreacted density of 1.63g/cm3 which is the most it can reach without dead pressing. 
[image: ]
Figure 7
Critical initiation pressure and run lengths for TNT. (Pressed/Non-restrained, Pressed/Restrained, Cast/Restrained.) [18]

The delay between initiation and the onset of detonation is influenced by several factors, including the chemical nature of the explosive, particle size, charge density, and the conditions under which the material is confined. [11] The value of the critical diameter (dc) is determined by charge temperature, initial particle size, density, confinement, composition, and the nature of the HE, particularly its C-J and von Neumann pressures. Since detonation must be achieved in measuring dc, a shock must be formed and the shock sensitivity of the material must have a role. The value of the critical initiating pressure (Pci), an inverse measure of shock sensitivity, is a function of charge temperature, initial particle size, density, test dimensions, confinement, composition and the nature of the material. [9]
As may be seen in figure 7 both the critical thickness rises as the critical initiation pressure reduces with confinement. A deflagration under confinement increases the pressure, the rate of reaction and the temperature, which may cause transition into a detonation and therefore reduces the required diameter to achieve the speed of sound within the material. [9]
[image: ]
Figure 8
[9]
The influence of turbulent combustion of detonation‑product gases in confined explosions has been investigated through controlled laboratory experiments and high‑resolution numerical simulations. The gaseous products generated by the detonation of TNT are enriched in carbon and carbon monoxide, both of which serve as combustible species. When these high‑temperature gases mix with ambient air, oxidation to carbon dioxide occurs, releasing approximately 2482 Cal/g in addition to the 1093 Cal/g initially produced by the detonation wave. Under such conditions, the overall exothermic energy release is governed primarily by the rate of turbulent mixing rather than by chemical kinetics. [19] It has long been recognized that confinement of an explosive charge reduces the critical diameter , defined as the minimum charge diameter capable of sustaining detonation within a given sheath. However, only limited quantitative data exist to characterize this effect, and no comprehensive theoretical framework is currently available to enable reliable prediction. The influence of confinement appears to be particularly pronounced for materials exhibiting relatively large critical diameters. [9] The application of confinement to an explosive charge—for example, by encasing the charge column within a metal sleeve—has been shown to increase the detonation velocity or bring it closer to the ideal value. For explosives pressed into steel sleeves, the relationship governing this effect has been expressed as

where is the measured detonation velocity, is the ideal detonation velocity, represents the ratio of explosive mass to confinement mass, and denotes the ratio of sleeve thickness to charge diameter. This formulation highlights the quantitative influence of confinement on detonation performance. [5]






Figure 9
[20]
[image: ]
Figure 10
[20]
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TNT Shot Data- Confined
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Table2 TNT critical initiation pressure

Charging type Cnitical initiation Critical initiation
thickness (mm) pressure (GPa)

TNT-P-N 51.68 1.85

TNT-P-R 5340 172

TNT-C-R 4148 2381
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