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[bookmark: _Toc225493111]Abstract
This study investigates the influence of internal water liners on the fragmentation behaviour of cylindrical warheads, addressing the limited understanding of fluid-structure interaction in confined explosive systems. The aim was to evaluate how water liner thickness affects fragment velocity, mass distribution and penetration under controlled conditions. Arena testing was conducted using make-foil diagnostics for velocity measurement, strawboard witness panels for fragment recovery, and high-speed digital video for qualitative observation. Theoretical fragment velocities were estimated using the Gurney formulation to provide an idealised baseline for comparison with experimental results.  

Results show a systematic reduction in fragment velocity with increasing water liner thickness, alongside decreased fragment count and increased average fragment mass. These trends are attributed to the energy redistribution, increased inertial mass loading and acoustic impedance mismatch at material interfaces, which modify the pressure-time loading applied to the casing. Experimental velocities were consistently lower than Gurney predictions, highlighting the limitations of classical models that assume direct explosive-casing energy coupling. Although the 3.75 mm configuration showed reduced velocity dispersion, minor water leakage during assembly introduced uncertainty in the effective liner thickness. Overall, internal water liners influence fragmentation behaviour, by acting as an energy redistribution mechanism, but further work is required to define an optimal configuration and improve experimental repeatability.
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1.0 [bookmark: _Toc225493118]Project Definition 
[bookmark: _Toc225493119]1.1	Introduction
During the modern era of munition design, increased focus has been placed on the development of Insensitive Munitions (IM) due to historical incidents such as the USS Forrestal fire in 1967 [1]. This has led to the development of explosive formulations that are less sensitive to external stimuli, improving safety throughout the munition lifecycle [2].

Alongside advances in explosive materials, there is growing interest in alternative methods of controlling munition performance without fundamentally altering explosive composition. One such approach involves modifying the interaction between the explosive and casing to influence energy transfer and fragmentation behaviour, as fragmentation response is strongly governed by the energy coupling between detonation products and the surrounding structure [3]. 

Several methods have been developed to tailor munition effects, including adjustment of the Net Explosive Quantity (NEQ) to achieve the required output. However, this study focuses on an alternative approach by modifying fragmentation characteristics through the introduction of an internal medium between the High Explosive (HE) and the fragmentation jacket [4]. 

Specifically, this work investigates the use of internal water liners as a means of redistributing detonation energy and influencing fragment velocity, mass distribution and casing behaviour.

[bookmark: _Toc225493120]1.2	Scope
This trial has vast opportunities to focus on a wide array of variables, but the scope of this research was limited to the assessment of the performance of a vertical cylindrical warhead when a medium was used between the HE and the fragmentation jacket of a munition. The metric of output is defined as the fragmentation geometry, velocity and depth of penetration of a target material.

[bookmark: _Toc225493121]1.3	Aims
The overarching aim of this investigation is to explore the influence of water on munition case breakup and to evaluate its effect on the resulting fragmentation geometry, velocity and depth of penetration.

[bookmark: _Toc225493122]1.4	Objectives
To address the research aim, the study pursued several specific objectives:
· Utilise High Speed Digital Video (HSDV) and still photography to observe early-time detonation behaviour.
· Determine the velocity of fragmentation (ms-1) for each munition being tested.
· Record the depth of penetration (mm), geometry (mm) and mass (g) of fragmentation of each munition.
· Critically analyse data sets and establish a relationship between water liner thickness and fragmentation performance, including velocity, mass distribution and penetration. 

[bookmark: _Toc225493123]2.0 Research & Review of Literature 
[bookmark: _Toc225493124]2.1	Introduction
Research on fragmenting munitions has highlighted the importance of casing materials and design on fragment behaviour [5] [6]. While water liners have been utilised within the Explosive Ordnance Disposal (EOD) discipline to disrupt the internal circuitry of Improvised Explosive Devices (IEDs), the specific influence of internal water liners on fragmentation behaviour remains insufficiently documented. This review outlines the current state of knowledge, identifies gaps and establishes the fundamental principles that form the basis of the present research.

[bookmark: _Toc225493125]2.2	Detonation Phenomena and Energy Partitioning
Detonation of a high explosive is characterised by the propagation of a supersonic reaction front that converts chemical energy into high-pressure gaseous products. In the classical Chapman-Jouguet (CJ) model, the detonation velocity corresponds to the condition where reaction products flow at a sonic velocity relative to the detonation front, defining the minimum energy of a self-sustaining detonation [7]. This model is commonly used to estimate detonation pressure, velocity, and thermodynamic state of the products through an appropriate Equation of State (EOS), which describes the expansion of detonation gases as they perform work on surrounding materials [8].

During detonation in a cylindrical warhead, the release of energy is partitioned between the kinetic energy of the detonation products and the acceleration of the casing, as well as work performed on any intermediary materials, such as liners, as depicted  in Figure 1 [9]. The proportion of energy transferred to the casing depends on confinement, charge-to-mass ratio, and the mechanical properties of the surrounding materials. The introduction of a layer between the explosive and casing alters this energy distribution by absorbing part of the detonation impulse and modifying the pressure transmitted to the structure [10].

[image: ]
[bookmark: _Ref224846458][bookmark: _Toc225493058]Figure 1 - Schematic of cylindrical warhead detonation and fragment expansion [11].

When a detonation shock front encounters a material interface, the transmitted pressure is governed by the acoustic shock impedance of each material, as defined in Equation 1 [12]:
	
	(1)


[bookmark: _Ref225258456][bookmark: _Ref225258442][bookmark: _Toc225493093]Equation 1 – Definition of Acoustic Impedance

Where Z is the acoustic impedance, ρ is the material density, and c is the shock wave velocity within the material. Acoustic impedance represents the resistance of a material to the propagation of a pressure wave and therefore controls how energy is transmitted across material boundaries [8]. 

At an interface between two materials of differing impedance, the incident shock wave is partially transmitted and partially reflected. The proportion of transmitted and reflected energy is governed by the impedance ratio between the two materials, with large mismatches resulting in greater reflection and reduced transmitted pressure [13]. Physically, this occurs because the momentum and pressure conditions required to sustain wave propagation differ between materials, preventing full continuity of the shock front [12].

In explosive systems, detonation products exhibit extremely high acoustic impedance due to their high pressure and density, while materials such as water and steel possess comparatively lower, but still significant impedance values. When a water layer is introduced between the explosive and casing, it acts as an intermediate impedance layer, reducing the abruptness of the impedance transmission. However, despite partially bridging this mismatch, the water layer still causes reflection of the rarefaction waves back into the detonation products and attenuation of the transmitted shock into the casing [14].

The interaction with water modifies the pressure-time profile applied to the casing, reducing peak pressure while extending impulse duration. As a result, the casing experiences a lower initial acceleration but over an extended loading period, which has direct implications for both fragment velocity and strain-rate-dependent fracture processes.

Explosive systems often deviate from ideal CJ behaviour due to finite charge dimensions and detonation front curvature. Non-ideal detonation occurs when the reaction zone cannot fully support the detonation wave, resulting in reduced detonation velocity and pressure. Smirnov et al. demonstrated that increasing the curvature of the detonation front leads to a reduction in detonation velocity due to the decreased reaction-zone support behind the shock front [15]. The presence of a water layer at the explosive-liner interface may increase local curvature and alter the expansion path of the detonation products, thereby influencing the amount of energy transferred to the casing.

[bookmark: _Toc225493126]2.3	Gurney Theory and Fragment Velocity Prediction
The initial velocity imparted to a warhead casing following detonation can be estimated using the Gurney method, which relates the energy released by the explosive to the mass of the surrounding metal [16]. The model assumes that the detonation products perform work on the casing, accelerating it radially outward prior to fracture. Due to its simplicity and reasonable agreement with experimental results, the Gurney formulation is widely used for predicting fragment velocity in cylindrical warhead configurations [8].

For a cylindrical warhead, the initial casing velocity may be expressed in Equation 2, as [16]:
	
	(2)


[bookmark: _Ref225258592][bookmark: _Toc225493094]Equation 2 - Initial casing velocity (Gurney formulation)

Where  is the initial casing velocity, E is the Gurney energy constant of the explosive, M is the mass of the casing, and C is the explosive mass.

The formulation assumes the limitations outlined in Table 1 [11]. Under these conditions, the velocity decreases as the casing-to-charge mass ratio increases, reflecting the reduced energy available to accelerate casing mass [17]. As a result, these limitations lead to an overprediction of fragment velocities when compared to experimental datasets [13].

[bookmark: _Ref220070430][bookmark: _Toc225493082]Table 1 – Assumptions and limitations of Gurney theory [18].
[image: ]

[bookmark: _Toc225493127]2.4	Taylor Cylinder Expansion Theory
The radial expansion of a cylindrical casing following a detonation can be described using Taylor cylinder expansion theory, which considers the dynamic response of a metal shell subjected to internal explosive loading [19]. In contrast to Gurney, which predicts the final casing velocity, Taylor describes the motion of the casing during the early stages of expansion [20]. Immediately after detonation, high internal pressure products rapidly accelerate the casing radially outward, after which the expansion rate decreases as the detonation products expand and their pressure falls. The resulting velocity-time history governs the strain rate developed within the casing wall and therefore influences the conditions under which fracture is initiated, as shown in Figure 2 [21]. 

[image: ]
[bookmark: _Ref224803643][bookmark: _Toc225493059]Figure 2 - Stress-relief wave propagation following a fracture in a cylindrical casing [8].

The early-time expansion behaviour is sensitive to the loading conditions at the explosive-casing interface [22]. Any intermediate material positioned between these layers modifies the transmission of pressure and can alter the acceleration profile of the casing. In particular, the introduction of a water layer may absorb part of the detonation impulse and delay the transfer of momentum to the casing, changing the rate of expansion during the initial stages of motion [8]. Variations in the early expansion phase may affect the strain rate at failure and therefore influence subsequent fragmentation behaviour. Consideration of Taylor expansion is therefore necessary when assessing how water thickness alters the mechanical response of the casing prior to fracture.
[bookmark: _Toc225493128]2.5	Mott Fragmentation Theory
Mott fragmentation theory provides a semi-empirical method for predicting the number and mass distribution of fragments formed when a cylindrical casing ruptures under internal explosive loading [23]. The theory assumes a uniformly expanding cylinder in which fracture occurs due to high circumferential strain developed in the casing. When the strain exceeds the dynamic fracture limit of the casing, cracks propagate, resulting in discrete fragments [8].

Fragmentation normally begins at the outer surface of the casing, where tensile stress is the greatest, producing radial cracks that combine with shear cracks formed closer to the inner surface. The fracture mode depends on the mechanical behaviour of the material, as illustrated in Figure 3. For high-strength steels subjected to high strain rates, failure often occurs by brittle or semi-brittle fracture, producing cracks that form approximately normal to the applied tensile stress. This type of failure results in a relatively large number of small fragments compared with fully ductile materials. Final fragment size distribution is governed by the strain rate at fracture and the thickness-to-diameter ratio of the casing [24].
[image: ]
[bookmark: _Ref224395756][bookmark: _Toc225493060]Figure 3 - Fragmentation modes for ductile, semi-brittle, and brittle materials under tensile loading [24].

Mott showed that the fragment mass distribution follows an exponential relationship that depends on the casing thickness, internal diameter and an empirical constant related to the explosive-metal combination. This allows the number of fragments greater than a given mass to be estimated analytically and provides a useful baseline for predicting fragmentation behaviour. In the present configurations, the incorporation of a water layer between the explosive and the casing may alter the pressure transfer and produce non-uniform loading, which can change strain development and delay fracture initiation. 

[bookmark: _Toc225493129]2.6	Detonation-Water Interaction
The presence of water between an explosive and the surrounding casing modifies the loading conditions due to acoustic impedance mismatch at material interfaces. When the detonation shock front reaches the explosive-water boundary, part of the wave is transmitted into the water, while a fraction is reflected into the detonation products, reducing the peak pressure available to accelerate the casing. Therefore, the water layer behaves as a finite compressible medium with acoustic impedance between detonation products and the casing.

Owing to its relatively high density and low compressibility, water absorbs a portion of the detonation energy through compression and bulk acceleration before momentum is transferred to the casing [14]. This introduces both additional inertial loading and a temporal delay in momentum transfer, fundamentally altering the pressure-time profile applied at the casing inner surface. As a result, peak pressure is reduced while impulse duration is extended. In fluid-coupled explosive systems, structural response is governed not only by peak pressure but by the time-dependent impulse applied to the boundary, which controls early-time acceleration and subsequent deformation [8] [25] [26].

Classical studies of underwater explosions by Cole and Swisdak demonstrated that the water efficiently transmits impulse while attenuating peak pressure, producing a modified structural response compared with detonations in air [25] [26]. Rarefaction waves reflected at the explosive-water interface reduce the pressure acting on the detonation products and alter their expansion behaviour, thereby modifying the force applied to the casing. Comparable effects are observed in tamped and confined charges, where additional mass increases effective mass loading and changes the pressure-time profile experienced by the case [8]. 

The shift from peak-pressure-dominated loading has direct implications for fragment behaviour. Reduced peak pressure limits the initial acceleration of the casing, leading to lower fragment velocities than those predicted by Gurney theory, which assumes ideal explosive-casing coupling. Simultaneously, the extended impulse duration reduces the rate of strain development within the casing, influencing fracture initiation and promoting the formation of fewer, larger fragments, consistent with Mott fragmentation theory.

Although much of the available literature considers large surrounding water volumes, the governing mechanisms occur during the early stages of detonation, which are controlled by transmission, reflection, and impulse partitioning at material interfaces. Even thin water layers introduce an acoustic impedance mismatch, which can reduce peak loading, delay fracture initiation, and alter strain development within the casing [8]. This indicates that internal water liners do not act merely as passive mass additions, but as active modifiers of the energy transfer pathway between detonation products and casing. Such changes in loading conditions may produce fewer, larger and more uniform fragments compared with natural fragmentation, suggesting that internal water layers may provide a degree of controlled fragmentation rather than simply reducing explosive output. The influence of water liner thickness on this behaviour remains insufficiently documented and is therefore examined in the present study.

Consequently, the presence of an internal water layer introduces a coupled fluid-structure interaction problem that cannot be fully captured using conventional fragmentation models.


[bookmark: _Toc225493130]2.7	Summary of Literature Gap	
Most published work on explosive fragmentation considers naturally fragmenting casings, external confinement, or large surrounding water volumes. Limited research has been reported on the use of thin internal water liners positioned between the explosive charge and the casing of a cylindrical fragmentation warhead. In particular, the influence of water liner thickness on fragmentation velocity, fragment size distribution and penetration performance has not been extensively investigated under controlled arena test conditions.

The presence of an internal water layer introduces additional mass loading and acoustic impedance mismatch, which may modify the pressure-time loading applied to the casing and alter the fragmentation process. These effects cannot be fully predicted using standard fragmentation models that assume uniform loading conditions and therefore require experimental validation.

The present study investigates the effect of internal water liners on fragmentation behaviour by systematically varying water liner thickness while maintaining constant explosive and casing parameters, allowing direct comparison with established theoretical predictions.
[bookmark: _Toc225493131]3.0 Methodology & Results
[bookmark: _Toc225493132]3.1	Introduction
This section describes the experimental methodology used to investigate the influence of interposed water liners on the fragmentation behaviour of cylindrical warheads. The trial programme was designed to evaluate changes in energy transfer, casing acceleration and fragmentation geometry resulting from the introduction of a water layer. This approach is consistent with classical detonation theory, Gurney energy relations, and casing loading behaviour outlined in Section 2.0. A controlled experimental series was conducted in which the explosive material, geometry, and stand-off distances were constant to allow direct comparison with theoretical predictions. 

Fragmentation performance was evaluated using:
· Fragment velocity (ms-1)
· Depth of penetration
· Fragment geometry and mass distribution

A baseline configuration without a water liner was tested first to establish a dry reference condition. Subsequent firings incorporated increasing water thicknesses to enable direct comparison under consistent test conditions.

Testing was conducted within a circular fragmentation arena of 1.5 m radius. The warheads were positioned at the geometric centre and elevated 1.016 m above ground level. The selected stand-off distance ensured that fragment velocity measurements were obtained after initial casing acceleration but before significant aerodynamic deceleration, consistent with assumptions used in Gurney predictions and fragmentation arena practice described in ITOP 4-2-813, enabling the arena to capture a defined sector of the expected fragmentation [27]. The 1.5 m stand-off distance was selected following guidance as it ensured fragments had reached a steady velocity while remaining within a controlled capture region. Shorter distances may not fully capture casing acceleration, whereas larger distances introduce aerodynamic drag effects that complicate comparison with theoretical predictions.

The cylindrical warheads were designed with casing-to-charge mass ratios consistent with conventional fragmentation systems, ensuring comparability with established analytical models [28].

[bookmark: _Toc225493133]3.2	Experimental Design
[bookmark: _Toc225493134]3.2.1	Fragment Velocity Measurement (Foil System)
Fragment velocity was measured using a make-foil diagnostic system [29]. Each foil comprised a printed circuit board incorporating two parallel copper conductors separated by a defined insulating gap. Upon fragment impact, electrical continuity was established across the conductors, generating a discrete time-stamped signal from casing breakup. This was achieved using break wires around the munition in conjunction with an ionisation probe, as displayed in Figure 4.

[image: ]
[bookmark: _Ref224804077][bookmark: _Toc225493061]Figure 4 - Experimental cylindrical warhead assembly with initiation system, ionisation probe, and break wire connections.

For each firing, forty foils were positioned at measured radial stand-off distances from the charge's geometric centre, as shown in Figure 5. Distances were measured from the charge centre to the front surface of each foil using a factory-calibrated Leica DISTOTM Lite laser measure, ensuring accurate and repeatable positioning data. The initiation signal from the break wires provided the time-zero reference for all measurements. Fragment velocity was determined from the time of foil activation according to Equation 3:
	
	(3)


[bookmark: _Ref225258680][bookmark: _Toc225493095]Equation 3 - Fragment velocity calculation

Where v denotes fragment velocity, d the radial distance from the charge centre to the foil, and t the elapsed time between detonation initiation and foil activation.

[image: ]
[bookmark: _Ref225262060][bookmark: _Toc225493062]Figure 5 - Circular fragmentation arena with strawboard witness panels, make-foils, and ricochet stop.

This arrangement provided discrete, time-resolved velocity measurements while avoiding placement of sensitive instrumentation within the immediate fragmentation hazard region. However, the discrete spacing of foils introduces a limitation in spatial resolution, as only fragments intersecting the foil positions are recorded. This may result in under-sampling of the full velocity distribution, particularly for fragments travelling outside the capture region.

[bookmark: _Toc225493135]3.2.2	Fragment Recovery and Distribution
Fragmentation recovery and penetration assessment were conducted using a sectorised strawboard arena positioned at a fixed radius of 1.5 m from the charge centre. The cylindrical warheads were vertically positioned at the geometric centre at a height of 1.016 m.

The arena comprised strawboard packs (0.77 m x 1.016 m x 0.004 m) arranged in four circumferential positions, stacked in two rows high. Each horizontal position contained 60 sheets in depth, providing a cumulative capture depth of 0.24 m per stand. Strawboard was selected due to its relatively uniform density, ease of replacement, and established use in fragmentation trials, providing a consistent medium for penetration comparison between firings.

This configuration produced an approximate horizontal angular coverage of 117.6° and a vertical coverage of 68.3°, capturing a defined sector of the fragmentation at a constant range. However, the sectored spatial capture means that fragment counts and distributions represent a sampled subset rather than the complete fragmentation field. Some fragment loss is therefore expected, particularly low-angle fragments escaping the capture region.

A sandbag ricochet stop was installed at 0.508 m above ground level to prevent low-angle fragment rebounding into the capture medium. The overall arena aligns with the principles outlined in ITOP 4-2-813 for repeatable fragment velocity and penetration measurements [27] (Figure 6 and 7), adapted to the geometric and instrumentation requirements of the present study.
[image: A diagram of a falling graph
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[bookmark: _Ref210821339][bookmark: _Toc225493063]Figure 6 – Typical fragmentation arena arrangement showing warhead position, ricochet stops, and witness panels.
[image: A diagram of a rectangular object
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[bookmark: _Ref210821293][bookmark: _Toc225493064]Figure 7 – Full-coverage fragmentation arena showing velocity targets and fragment recovery area.

Following each firing, witness panels were examined to determine penetration depth. Recovered fragments were catalogued, weighed and measured to quantify mass distribution and geometric characteristics. 

[bookmark: _Toc225493136]3.2.3	High-Speed Imaging
High-speed optical recording was conducted to provide qualitative visual confirmation of detonation and fragmentation behaviour. A Phantom 6410 HSDV camera (Figure 8) was positioned orthogonally to the cylindrical warhead to capture the initial detonation behaviour, fragment emergence and subsequent impacts on capture mediums.

The footage was not used for quantitative velocity measurement, as fragment velocities were determined using the system described in Section 3.2.1. 

[image: ]
[bookmark: _Ref221702700][bookmark: _Toc225493065]Figure 8 – Phantom TMX-6410 high-speed digital video (HSDV) camera used for time-resolved recording of the detonation events.

[bookmark: _Toc225493137]3.3	Charge Design
[bookmark: _Toc225493138]3.3.1	Explosive Composition
Composition B (Comp B) is widely used in fragmentation munitions and is typically melt-cast into the munition casing. Its detonation properties make it suitable for fragment acceleration, and its relevant parameters are summarised in Table 2. However, due to cost and practical constraints, melt-cast explosives were not viable for the present study. Plastic Explosive No. 4 (PE4), a Research Department Explosive (RDX)-based explosive, was therefore selected as an alternative.

Effective fragmentation requires an explosive capable of producing both high detonation pressure and rapid detonation velocity to impart sufficient energy to the casing. As shown in Table 2, PE4 exhibits detonation characteristics comparable to Comp B, with only minor reductions in density, detonation velocity and detonation pressure. These differences were considered acceptable given that the study focuses on comparative fragmentation performance rather than absolute velocity values. Variations seen in the Theoretical Maximum Density (TMD) for the stemmed PE4 are presented in Table 3, and are considered acceptable for hand-stemmed charges, as the resulting disparities between charges are negligible and unlikely to significantly influence detonation performance.

[bookmark: _Ref221624856][bookmark: _Toc225493083]Table 2 - Comparison of Composition B and PE4 explosive properties.
	Property / Characteristic
	Comp B
	PE4

	Composition
	59.5% RDX + 39.5 Trinitrotoluene (TNT) + 1% Wax [30]
	88% RDX + plasticiser/binder system (NSH75 formulation) [31] 

	Explosive Type
	Cast mixture of RDX/TNT
	Plastic-bonded RDX-based explosive

	Density
	1.7 g cm-3 [8]
	1.58-1.6 g cm-3 [31]

	Detonation Velocity
	~8,000-8,400 m s-1 [8]
	~8,100–8,200 m s⁻¹ [31]

	Detonation Pressure
	~29-30 GPa [8]
	~27-28 GPa [31]

	Common Uses
	Artillery shells, grenades, landmines
	Demolition charges, EOD charges, user-filled charges.



[bookmark: _Ref224851353][bookmark: _Toc225493084]Table 3 - Theoretical Maximum Density (TMD) analysis for PE4 charges.
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Although PE4 was used experimentally, much of the published data for plastic explosives relates to Composition C-4. Both PE4 and C-4 are RDX-based explosives with similar densities and detonation velocities, differing primarily in binder composition. Consequently, C-4 data reported in the literature provide a suitable reference for interpreting the detonation behaviour and fragmentation characteristics of PE4. 

The PE4 charge was stemmed with a 1mm 3D-printed liner to prevent prolonged direct contact with the surrounding water layer and to ensure consistent explosive properties throughout storage and testing. Figure 9 highlights the differences in size and configurations across the trial.

[image: ][image: ][image: ]
[image: ]
[bookmark: _Ref225190505][bookmark: _Toc225493066]Figure 9 – Explosive filling configurations prior to final assembly.

[bookmark: _Toc225493139]3.3.2	Water Layer Configuration
A water layer was introduced between the 3D-printed liner and the steel casing to investigate its influence on energy transfer and fragment acceleration. Deionised water was used to ensure repeatability and minimise the influence of dissolved impurities that could absorb detonation energy. This ensured that energy transfer occurred primarily within the water medium itself. However, the introduction of the water layer increases inert mass loading and introduces acoustic impedance mismatch between explosive products and steel casing, which, according to Cole and Swisdak, reduces peak pressure while increasing impulse duration [25] [26].

Four configurations were tested with water layer thicknesses of 0, 2.5, 3.75 and 5 mm. The selected range was chosen to capture any energy transfer behaviour across practical water layer thicknesses. These thicknesses were selected to represent a progressive increase in material. The chosen increments allow identification of both threshold behaviour and potential diminishing returns in energy transfer modification.

Water thickness was varied while maintaining constant axial length, ensuring that observed differences could be attributed primarily to radial changes. From Figure 10, it can be seen that the water sits between the explosive and the casing.

[image: ]
[bookmark: _Ref224851615][bookmark: _Toc225493067]Figure 10 – Assembly showing the water-liner positioned between the high explosive charge and fragmentation casing.

[bookmark: _Toc225493140]3.3.3	Steel Casing Geometry
The steel fragmentation jackets were cylindrical with a constant axial length of 0.097 m. Internal and external diameters were varied to accommodate the required water layer thickness while maintaining geometric consistency across configurations (Figure 11). The casing dimensions are summarised in Table 4.

Maintaining a constant axial length minimised geometric influences on fragmentation behaviour. This ensured that variations in fragment velocity were primarily driven by water layer thickness and associated energy transfer effects.

[bookmark: _Ref220272049][bookmark: _Toc225493085]Table 4 - Steel fragmentation jacket geometry for varying water liner thicknesses.
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[bookmark: _Ref225190592][bookmark: _Toc225493068]Figure 11 - Steel fragmentation casings for varying water liner thickness configurations.

It is noted that variation in water liner thickness required corresponding changes in casing geometry, resulting in small variations in total casing mass between configurations. Consequently, the casing-to-charge mass ratio was not strictly consistent across all tests. However, these variations were accounted for in the Gurney-based velocity predictions (Section 3.3.4) and were considered minor relative to the overall system mass. The experimental design, therefore, reflects the combined effect of increasing water liner thickness and associated variation in casing mass on fragmentation behaviour. 

[bookmark: _Toc225493141]3.3.4	Predicted Fragment Velocity
Theoretical fragment velocities were calculated using the Gurney formulation introduced in Section 2.3. This provides an idealised estimate of initial casing velocity based on the explosive energy and casing-to-charge ratio. The predicted velocities were obtained by substituting mass parameters into the Gurney equation (Section 2.3), with full calculations provided in Appendix 1. The resulting predicted fragment velocities for each configuration are presented in Table 5. As discussed in Section 2.3, Gurney theory provides an upper-bound estimate and does not account for the presence of an interposed water layer. The predicted values, therefore, represent idealised conditions and are used as a baseline for comparison with experimental results.

[bookmark: _Ref225107845][bookmark: _Toc225493086]Table 5 - Predicted fragment velocities from Gurney theory.
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Within this study, Gurney calculations are used as a reference baseline rather than a direct predictor of measured fragment velocity. The formulation does not account for the presence of an interposed water layer, which introduces additional inert mass and alters detonation pressure transmission to the casing. The predicted velocities, therefore, represent an upper-bound estimate for the dry configuration and provide a consistent theoretical framework for evaluating the influence of increasing water thickness.

Deviations between predicted and experimental fragment velocities are interpreted in terms of modified energy transfer and impulse loading associated with the water layer, as discussed in Sections 4.1 and 4.2.

[bookmark: _Toc225493142]3.3.5	Cylindrical Warhead Summary
The mass distribution of each cylindrical warhead configuration is summarised in Table 6, including components, explosive fill, water mass and final assembly mass. While explosive mass increased slightly with water thickness due to stemming constraints, these variations were minor relative to total system mass. Water liner thickness was therefore treated as the primary controlled variable across configurations.

[bookmark: _Ref221697951][bookmark: _Toc225493087]Table 6 – Mass distribution of cylindrical warhead configurations.
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[bookmark: _Toc225493143]3.4	Pre-Test Inspection
Due to cost and manufacturing constraints, all munitions were hand-stemmed. While this method enabled practical charge manufacture, it introduces the potential for density variation and internal void formation, both of which may influence detonation propagation. Such non-uniformities may influence detonation wave propagation through localised reflections or scattering, thereby affecting casing loading and fragment acceleration. Verification of explosive uniformity was therefore required prior to testing, ensuring that any observed variation in fragmentation behaviour could be attributed to the water layer configuration rather than inconsistencies in the explosive fill. 

Inspection was conducted using static X-ray radiography with an XR-200 system. Radiographs were acquired at 0° and 90° horizontal rotation, together with a 90° vertical orientation, providing a 360° inspection of each munition. The resulting radiographs (Figures 12-14) showed no visible air pockets or significant density variations within the three water-containing configurations. The dry configuration could not be assessed due to attenuation through the steel casing, limiting X-ray penetration.
 
It is acknowledged that the 90° horizontal and vertical radiographs did not receive the full 99 pulses from the XR-200 due to equipment malfunction, resulting in reduced image clarity. In addition, the vertical image was not perfectly orthogonal to the cylindrical axis. While these factors may have limited sensitivity to small defects, no defects were identified. Neutron radiography could have provided enhanced detection of internal voids within the explosive charge; however, this capability was not available for the present study [32].
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[bookmark: _Toc225493069]Figure 12 - X-ray radiograph at 0° horizontal rotation showing configurations 1-4 (left to right), with a 20 mm nut used as a fiducial marker.
[image: ]
[bookmark: _Toc225493070]Figure 13 - X-ray image at 90° horizontal rotation of the four configurations 1-4 from left to right, with a 20mm nut used as a fiducial marker.
[image: ]
[bookmark: _Ref225358029][bookmark: _Toc225493071]Figure 14 - X-ray radiograph at 90° vertical rotation showing configurations 1–4 (left to right), with a 20 mm nut used as a fiducial marker.

[bookmark: _Toc225493144]3.5	Results
[bookmark: _Toc225493145]3.5.1	Fragmentation Velocity Results
Fragment velocities were obtained from interpreting the logic analyser data (Figure 15), with the full dataset provided in Appendix 2 and summary statistics reported in Table 7, including the mean fragment velocity, velocity range and standard deviation.

[image: ]
[bookmark: _Ref224753984][bookmark: _Toc225493072]Figure 15 - Logic analyser output showing time-resolved fragment impact signals from velocity foils.
[bookmark: _Ref220246251][bookmark: _Toc225493088]Table 7 - Summary statistics of fragment velocity measurements for each configuration.
[image: ]

Figure 16 presents box-and-whisker plots of fragment velocity distributions for all four configurations. The baseline configuration produced the highest mean velocity, while the introduction of water resulted in a consistent reduction in velocity, with the lowest average velocity recorded for the 5 mm water liner.

[image: ]
[bookmark: _Ref220246318][bookmark: _Ref221129002][bookmark: _Toc225493073]Figure 16 - Box-and-whisker plot of fragment velocity distributions for varying water liner thicknesses.

In addition to the change in velocity, the spread of measured velocities differed between configurations. The dry configuration showed the widest range of values, while the water-lined configurations generally exhibited a narrower distribution. Minor variation between firings is attributed to normal experimental differences in assembly and detonator positioning.

Overall, the results show that increasing water liner thickness reduces fragment velocity and affects the distribution of measured values.

[bookmark: _Toc225493146]3.5.2	Fragmentation Recovery
Fragment recovery results are summarised in Tables 8-11, with the full dataset provided in Appendix 3. The dry configuration produced the largest number of recovered fragments. The introduction of a water liner generally resulted in a reduction in fragment count, together with a change in average fragment mass. This is observable in Figures 17-20.

The smallest water liner thickness produced fragment numbers similar to the dry configuration, while intermediate (3.75 mm) and larger water liner thicknesses resulted in fewer fragments with slightly greater average mass. The largest water liner thickness did not produce a proportional increase in penetration compared with the intermediate configuration.

Fragment geometry was predominantly rectangular for all firings, with similar proportions observed across configurations. Only small variations in end-sheet index were recorded, indicating similar penetration behaviour between tests.

These results show that water liner thickness influences fragment number, mass, and penetration.


[image: ]
[bookmark: _Toc225493074]Figure 17 - Post-firing condition of fragmentation arena following 0 mm water liner configuration.
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[bookmark: _Toc225493075]Figure 18 - Post-firing condition of fragmentation arena following 2.5 mm water liner configuration.
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[bookmark: _Toc225493076]Figure 19 - Post-firing condition of fragmentation arena following 3.75 mm water liner configuration.
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[bookmark: _Toc225493077]Figure 20 - Post-firing condition of fragmentation arena following 5 mm water liner configuration.
[bookmark: _Toc225493089]Table 8 - Fragment recovery results for 0 mm water liner configuration
[image: ]

[bookmark: _Toc225493090]Table 9 - Fragment recovery results for 2.5 mm water liner configuration.
[image: ]

[bookmark: _Toc225493091]Table 10 - Fragment recovery results for 3.75 mm water liner configuration.
[image: ]

[bookmark: _Toc225493092]Table 11 - Fragment recovery results for 5 mm water liner configuration.
[image: ]
[bookmark: _Toc225493147] 3.5.3	High-Speed Imaging Observations
Representative HSDV images for all four firings are shown in Figures 21-23 at early, intermediate and late times. All configurations exhibited approximately symmetric radial expansion following detonation. 

The dry configuration produced a bright and rapidly expanding plume. In the water liner configurations, a darker equatorial region was visible near the mid-plane of the casing. This feature became more noticeable as water liner thickness increased, and the expansion of the plume appeared slightly delayed for the thicker water liners.

Differences in image brightness between frames are attributed to minor variations in lighting and camera exposure. No abnormal detonation behaviour was observed in any test.

The HSDV imagery confirms consistent initiation and general symmetry for all tests while showing visible differences in plume development between water liner thicknesses.

[image: ][image: ][image: ][image: ]
[bookmark: _Ref221715794][bookmark: _Toc225493078]Figure 21 – High-speed images showing early-time detonation behaviour for each configuration (0, 2.5, 3.75, and 5 mm water liners), shown left to right.
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[bookmark: _Ref221717330][bookmark: _Toc225493079]Figure 22 – High-speed images showing intermediate-stage plume development for each configuration (0, 2.5, 3.75, and 5 mm water liners), shown left to right.
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[bookmark: _Ref221717443][bookmark: _Toc225493080]Figure 23 – High-speed images showing late-time expansion and fragment dispersion for each configuration (0, 2.5, 3.75, and 5 mm water liners), shown left to right.




[bookmark: _Toc225493148]4.0 Discussion
[bookmark: _Toc225493149]4.1	Effect of Water Thickness on Fragment Velocity
Results presented in Section 3.5.1 demonstrate a systematic reduction in fragment velocity with increasing water liner thickness. The dry configuration produced the highest mean and maximum velocities, while progressively thicker water liners resulted in a downward shift in both median velocity and upper range velocity. This behaviour is consistent with the energy-mass relationship described by Gurney, where increasing inert mass reduces the energy available for casing acceleration [16]. An effective increase in inert mass relative to the available explosive energy is therefore observed, resulting in reduced acceleration in accordance with classical Gurney predictions.

Introduction of a water layer modifies the transfer of detonation energy from the detonation products to the casing. Before momentum can be imparted to the metal, part of the explosive energy is expended in compressing and accelerating the interposed fluid, effectively increasing the system mass and reducing the kinetic energy imparted to the casing [14]. This represents a redistribution of energy rather than a reduction in total explosive output [8]. The reduction in fragment velocity is therefore governed not solely by increased inertial loading, but also by reduced efficiency in energy transfer across the explosive-casing interface.

In addition to inertial effects, acoustic impedance mismatch at the explosive-water and water-casing interfaces results in partial reflection of the detonation shock, reducing peak pressure while extending impulse duration [12]. This modifies the pressure-time loading applied to the casing, which contributes to the observed reduction in fragment velocity [25] [26]. The results emphasise the role of impulse-driven loading, where extended pressure duration, rather than peak pressure, governs casing acceleration. Such behaviour is not captured within the assumptions of Gurney theory, which considers instantaneous energy transfer.

The presence of an interposed water layer also alters the early-time expansion behaviour of the casing, consistent with Taylor cylinder expansion theory [20]. Casing acceleration in the intermediate post-detonation phase is governed by the pressure-time loading applied at the explosive-casing interface. Introduction of a finite fluid layer modifies this loading condition by absorbing a proportion of the detonation impulse and delaying the transfer of energy to the casing. As a result, radial acceleration is reduced in magnitude and distributed over an extended time interval, producing a modified velocity-time profile during the initial stages of expansion.

A direct consequence of this behaviour is a reduction in the strain rate developed within the casing wall, as strain rate is intrinsically linked to the rate of radial expansion. The extended loading duration and reduced peak acceleration, therefore, delay the attainment of critical strain, limiting both the rate and density of fracture initiation. This provides a mechanistic explanation for the coupled observations of reduced fragment velocity and increased fragment mass, linking early-time expansion dynamics to subsequent fragmentation behaviour.

Experimental fragment velocities were consistently lower than those predicted by the Gurney formulation presented in Section 3.3.4, with the discrepancy increasing as water liner thickness increased. These observations are consistent with the limitations outlined in Section 2.3, where Gurney theory assumes direct explosive-casing coupling and consequently overpredicts velocities in fluid-interposed systems.

Variation in water liner thickness also influenced the spread of measured fragment velocities. Water-lined configurations exhibited narrower interquartile ranges than the dry case, indicating a more uniform transfer of energy to the casing. This suggests that the presence of a finite compressible intermediate layer moderates local variations in loading, producing a more consistent circumferential response.

The 3.75 mm configuration exhibited the narrowest interquartile range of all tests, indicating an unusually constrained velocity distribution. While this may suggest improved uniformity in energy transfer, this behaviour is not consistent with the surrounding configurations and is therefore considered atypical. It is noted that this configuration experienced minor water leakage during assembly, which may have altered the effective water liner thickness and introduced localised variations in explosive-casing coupling. Consequently, the reduced spread in velocity is likely influenced, at least in part, by experimental artefact rather than solely reflecting physical behaviour. This result should therefore be interpreted with caution. 

Increasing water liner thickness beyond intermediate values produced further velocity reduction with limited improvement in uniformity, indicating that excessive thickness primarily increases energy dissipation rather than enhancing control of fragmentation behaviour. A trend of diminishing returns is therefore evident, whereby additional water liner thickness reduces system efficiency without proportional gains in fragmentation control.

Overall, the water layer acts as an energy redistribution mechanism, modifying both the magnitude and temporal loading distribution applied to the casing. Consequently, altered loading conditions directly influence subsequent fracture behaviour, linking reduced fragment velocity with the mass distribution trends discussed in Section 4.2.

[bookmark: _Toc225493150]4.2	Influence of Water on Casing Fracture Mechanics
Fragment recovery results presented in Section 3.5.2 demonstrate that water liner thickness influences casing fracture behaviour, affecting fragment number, size and mass distribution. The dry configuration produced the highest fragment count (112 fragments) and the widest variation in fragment mass, consistent with high strain-rate loading where strong explosive-metal coupling promotes multiple fracture initiation sites. Rapid strain-rate development within the casing is therefore inferred, resulting in a high density of fracture initiation points.

With increasing water liner thickness, fragment count decreased while mean fragment mass increased, and the mass distribution became more uniform. For example, fragment count reduced from 112 (0 mm) to 73 (3.75 mm), while the average fragment mass increased from approximately 2.4 g to 2.6 g, indicating a shift towards fewer, larger fragments. This behaviour is consistent with Mott fragmentation theory, which predicts that reduced strain rates limit crack nucleation and increase fragment mass [23]. 

The presence of a water layer delays momentum transfer to the casing, reducing the rate of strain development and limiting the number of fracture initiation sites. The modified pressure-time loading identified in Section 4.1 therefore governs fracture behaviour, linking reduced peak pressure and extended impulse to lower strain-rate deformation.

This behaviour is consistent with the modified early-time expansion predicted by Taylor cylinder theory [20], where reduced initial radial acceleration results in a lower rate of strain development within the casing wall. The extended loading duration delays the attainment of critical strain, thereby limiting the number of fracture initiation sites and promoting the formation of fewer, larger fragments. 

Fragment geometry remained predominantly rectangular across all configurations, indicating that the failure mode was governed by the brittle response of the steel casing rather than changes in the energy output. The primary role of the water layer is therefore associated with modification of loading conditions rather than alteration of material failure mechanisms.

The 3.75 mm configuration produced comparatively uniform fragment distributions. However, given the identified water leakage during assembly, this apparent improvement should be treated cautiously. A reduced effective water liner thickness or non-uniform distribution of water may have influenced local loading conditions, potentially contributing to the observed reduction in variability. As such, while the data suggest improved uniformity at intermediate thickness, this cannot be attributed solely to physical mechanisms without reservation.

The 2.5 mm and 5 mm configurations provide the most reliable comparison, as the 3.75 mm test was affected by minor water leakage. The 2.5 mm water liner behaves similarly to the dry configuration, indicating limited influence on energy transfer, whereas the 5 mm water liner produces a greater reduction in fragmentation intensity. 

Increased thickness, therefore, promotes energy dissipation rather than improved fragment control, indicating diminishing returns with liner thickness. Consistency with the velocity trends discussed in Section 4.1 is observed, demonstrating a direct relationship between reduced fragment velocity and increased fragment mass.

[bookmark: _Toc225493151]4.3	High-Speed Imaging Observations
High-speed imagery provided qualitative support for the mechanisms inferred from velocity and recovery measurements. All configurations exhibited rapid and approximately symmetric radial expansion, indicating consistent detonation behaviour.

Differences between configurations were most apparent during early-time expansion, where water-lined warheads displayed increasing equatorial obscuration of the detonation products and a slight delay in plume development. This behaviour is consistent with delayed momentum transfer from the detonation products to the casing due to the presence of an intermediate fluid layer.

Similar observations have been reported in studies of explosively driven cylinders, where early-time casing motion is governed by the pressure-time loading history rather than peak pressure alone [20]. Although qualitative, the imaging supports the trends observed in measured fragmentation behaviour. 

[bookmark: _Toc225493152]4.4	Comparison with Classical Fragmentation Models
Observed trends show good agreement with classical fragmentation theory while highlighting its limitations. The reduction in fragment velocity with increasing water liner thickness follows the relationship described by Gurney [16], while the increase in fragment size with reduced strain rate is consistent with Mott fragmentation theory [23]. Classical models, therefore, remain valid in predicting general trends, despite the presence of intermediate materials.

However, classical models assume direct coupling between detonation products and the casing, which does not account for intermediate materials. The introduction of a water liner modifies the pressure-time loading applied to the casing, meaning that standard formulations may overpredict fragment velocity. A requirement for modified or extended analytical models is therefore evident, particularly for systems incorporating fluid-structure interaction.

Work on underwater explosions demonstrates that fluid media redistribute energy between peak pressure and impulse, influencing structural response in ways not captured by traditional models [25] [26] [14]. The present results align with these findings, indicating that even relatively thin internal water layers can significantly influence energy partitioning and structural response.

[bookmark: _Toc225493153]4.5	Limitations of Experimental Methodology 
It is noted that the 3.7 mm configuration experienced minor water leakage during assembly. Given the vertical orientation of the warheads, the extent to which this affected the effective water liner thickness at detonation is uncertain. However, no anomalous behaviour was observed in either velocity or fragmentation data for this configuration.

Variation in casing mass associated with increasing water liner thickness introduces a secondary influence on fragmentation behaviour, which is inherently coupled with the primary variable under investigation.

The experimental configuration enabled controlled comparison of fragment velocity and recovery at a fixed stand-off distance but was limited to a defined angular sector of the fragment field. Full spatial dispersion could not be assessed through arena trials; however, radar-based analysis should be considered [33].

High-speed imaging was used qualitatively, and early-time fracture processes were not directly resolved. Techniques such as dual-head flash X-ray radiography (Figure 24) could provide additional insight into casing breakup [24], but were beyond the scope of the present study.
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[bookmark: _Ref225009255][bookmark: _Toc225493081]Figure 24 - Representative flash X-ray radiograph illustrating early-time cylindrical casing expansion [28].

Variability between firings may be attributed to detonator positioning, which can influence detonation symmetry. Improved control of inflation conditions would enhance repeatability. A proportion of the observed variability may therefore be attributed to experimental uncertainty rather than purely physical mechanisms.

From an engineering perspective, the results demonstrate that internal fluid layers provide a viable method of modifying explosive-casing interaction without altering explosive composition or casing material. Such approaches remain relatively unexplored within conventional munition design, where emphasis is typically placed on material selection and geometry.

Moreover, the ability to influence fragment velocity and size distribution through internal energy redistribution presents opportunities for improved control of fragmentation performance. Continued investigation into alternative liner materials and configurations may therefore contribute to the development of more predictable and adaptable fragmentation systems. The potential of internal fluid layers as a controllable design parameter for tailoring munition performance is therefore highlighted.

[bookmark: _Toc225493154]5.0 Conclusion
This study investigated the influence of internal water liners on the fragmentation behaviour of cylindrical warheads through controlled arena testing. By varying water liner thickness while maintaining consistent explosive and casing parameters, the effect of fluid-structure interaction on fragment velocity, mass distribution and fracture behaviour was isolated.

Results demonstrate a systematic reduction in fragment velocity with increasing water liner thickness, with progressively lower mean and peak values observed. This reduction is attributed to the redistribution of detonation energy, where part of the explosive output is expended in compressing and accelerating the interposed water prior to momentum transfer to the casing. In addition, acoustic impedance mismatch at the explosive-water and water-casing interfaces reduces peak pressure while extending impulse duration, altering the pressure-time loading experienced by the casing.

Fragment recovery data indicate that water liner thickness also influences fracture behaviour. Increasing water thickness reduces fragment count while increasing the average fragment mass, consistent with strain-rate-dependent fragmentation. The delayed transfer of momentum reduces strain rate development within the casing, limiting fracture initiation sites and producing fewer, larger fragments.

The 3.75 mm configuration showed the lowest velocity dispersion. However, minor water leakage introduces uncertainty in the effective water liner thickness. The observed improvement in uniformity may therefore be influenced by experimental artefact, and no optimal water thickness can be identified within this study.

Comparison with classical models shows general agreement with established relationships while highlighting their limitations in systems incorporating intermediate materials. The results demonstrate that internal fluid layers modify energy partitioning and pressure-time loading in ways not captured by conventional formulations.

The aims of this study were achieved through the measurement and analysis of fragment velocity, geometry, mass distribution and penetration across all configurations. A clear relationship between water liner thickness and fragmentation behaviour was established, while high-speed imaging provided qualitative validation of detonation behaviour. However, experimental uncertainty, particularly associated with the 3.75 mm configuration, limits the ability to define an optimal water liner thickness.
[bookmark: _Toc225493155]6.0 Personal Reflection
This project highlighted the importance of experimental validation when investigating complex explosive phenomena that are not fully captured by existing analytical models. While classical approaches, such as Gurney and Mott theory, provide a useful predictive framework, the introduction of an internal water liner created a system in which fluid-structure interaction and transient loading effects became significant. This reinforced the need for controlled experimental testing when assessing non-standard configurations. Given the uncertainty identified in the 3.75 mm configuration, improved control of water liner integrity during assembly should also be prioritised in future trials.
 
One of the key challenges encountered was ensuring consistency between firings. Small variations in detonator positioning and charge assembly introduced uncertainty, particularly in velocity measurements. This emphasised the sensitivity of explosively driven systems to initial conditions and highlighted the importance of repeatability and precise control in experimental design. 

The use of make-foil diagnostics proved effective for capturing fragment velocity in a high-hazard environment. However, the inability to directly observe early-time casing fracture limited insight into the initiation of fragmentation. Techniques such as flash X-ray imaging would provide a more complete understanding of casing deformation and fracture development. Similarly, full circumferential fragment capture or radar-based systems could improve statistical confidence in fragment distribution measurements.

From an engineering perspective, the project demonstrated the value of carefully isolating variables to identify cause-effect relationships. By maintaining consistent explosive and casing parameters, the influence of water liner thickness could be clearly established. This approach was critical in identifying trends in fragmentation behaviour. However, uncertainty, particularly in the 3.75 mm configuration, limited the ability to define an optimal water liner thickness.

In retrospect, greater emphasis should have been placed on pre-test validation of assembly consistency, particularly with respect to water liner containment. The observed leakage in one configuration demonstrates how minor deviations can influence experimental outcomes. Future work would benefit from tighter control of manufacturing tolerances and improved quality assurance procedures prior to testing. 

More broadly, the work highlights the importance of continued investigation into non-traditional design approaches within the explosive industry. The use of internal fluid layers as a means of modifying fragmentation behaviour remains relatively unexplored, and further research may offer practical methods for improving performance and predictability in fragmentation systems.
[bookmark: _Toc225493156]7.0 Recommendations for Further Study
Further work should focus on improving the understanding of the loading mechanisms introduced by the water layer. Direct pressure-time measurements are challenging due to the location and extreme pressures involved. Conventional Integrated Electronics Piezo-Electric (IEPE) pressure sensors are unsuitable for this environment; however, indirect techniques, such as external force or strain gauges, may provide a means of validating the proposed loading mechanisms.

Additional testing is required to refine the influence of liner thickness. In particular, investigating values below 2.5 mm would help identify the threshold at which fluid effects begin to significantly alter fragmentation behaviour.

Greater control of water liner integrity should be implemented in future trials. The leakage observed in the 3.75 mm configuration highlights the sensitivity of results to liner consistency. The use of a better sealant around the liners would improve repeatability and ensure the effective water thickness at detonation is consistent across trials.

The use of alternative liner fluids should be explored. Fluid or gels with different densities and compressibility may offer improved control over energy transfer compared with water, potentially allowing greater tailoring of fragment velocity and size distribution.

Experimental accuracy could be improved through higher precision mass measurements and the use of advanced diagnostics such as flash X-ray imaging or radar-based tracking. These methods would provide better insight into early-time casing deformation and full fragment dispersion.

The incorporation of advanced diagnostic techniques such as Doppler radar would allow continuous measurement of fragment velocity, providing higher temporal resolution than discrete foil systems. This would improve understanding of early-time casing acceleration and enable more direct comparison with theoretical models.

Finally, environmental factors should be considered for incorporation within service munitions. The use of additives such as antifreeze solutions may alter fluid properties and influence performance, particularly in low-temperature conditions. 
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0 mm:
Volume of charge:
VCharge = π ()2 h
VCharge = π x () 
VCharge = 1.963495408 x10-4 m3

Charge mass:
MCharge = VPPE4
MCharge = 1.963495408 x10-4 x 1750
MCharge = 0.3436116965 kg

VCase = VOut  - VInt
VCase =  x 
VCase = 8.53256547 x10-5 m3

MCase = 8.53256547 x10-5 x 7860
MCase = 0.6706596459 kg

 = 2759 ms-1, m = 0.6706596459 kg, c = 0.3436116965 kg, V0 =? ms-1
 
Initial fragment velocity (Gurney equation, Section 2.3)
V0 = 
V0 = 
V0 = 1762.015031 ms-1
V0 = 1762.015 ms-1






2.5 mm:
Volume of charge:
VCharge = π ()2 h
VCharge = π x () 
VCharge = 1.963495408 x10-4 m3

Charge mass:
MCharge = VPPE4
MCharge = 1.963495408 x10-4 x 1750
MCharge = 0.3436116965 kg

VCase = VOut  - VInt
VCase =  x 
VCase = 9.294401866 x10-5 m3

MCase = 9.294401866 x10-5 x 7860
MCase = 0.7305399867 kg

VWater = VOut  - VInt
VWater =  x 
VWater = 3.949767364 x10-5 m3

MWater = 3.949767364 x10-5 x 1000
MWater = 0.03949767364 kg

V3D = VOut  - VInt
V3D =  x 
V3D = 7.93252145 x10-6 m3

M3D = 7.93252145 x10-6 x 1220
M3D = 9.677676169 x10-3 kg

m = 0.7305399867 + 0.03949767364 + 9.677676169 x10-3  
m = 0.7797153365 Kg

 = 2759 ms-1, m = 0.7797153365 kg, c = 0.3436116965 kg, V0 =? ms-1
 
Initial fragment velocity (Gurney equation, Section 2.3)
V0 = 
V0 = 
V0 = 1657.969125 ms-1
V0 = 1657.970 ms-1
 
3.75 mm:
Volume of charge:
VCharge = π ()2 h
VCharge = π x () 
VCharge = 1.963495408 x10-4 m3

Charge mass:
MCharge = VPPE4
MCharge = 1.963495408 x10-4 x 1750
MCharge = 0.3436116965 kg

VCase = VOut  - VInt
VCase =  x 
VCase = 9.675319975 x10-5 m3

MCase = 9.675319975 x10-5 x 7860
MCase = 0.76048015 kg

VWater = VOut  - VInt
VWater =  x 
VWater = 6.063077472 x10-5 m3

MWater = 6.063077472  x10-5 x 1000
MWater = 0.06063077472 kg

V3D = VOut  - VInt
V3D =  x 
V3D = 7.93252145 x10-6 m3

M3D = 7.93252145 x10-6 x 1220
M3D = 9.677676169 x10-3 kg

m = 0.76048015 + 0.06063077472 + 9.677676169 x10-3  
m = 0.8307886009 Kg

 = 2759 ms-1, m = 0.8307886009 kg, c = 0.3436116965 kg, V0 =? ms-1
 
Initial fragment velocity (Gurney equation, Section 2.3)
V0 = 
V0 = 
V0 = 1615.187786 ms-1
V0 = 1615.188 ms-1

5 mm:
Volume of charge:
VCharge = π ()2 h
VCharge = π x () 
VCharge = 1.963495408 x10-4 m3

Charge mass:
MCharge = VPPE4
MCharge = 1.963495408 x10-4 x 1750
MCharge = 0.3436116965 kg

VCase = VOut  - VInt
VCase =  x 
VCase = 1.005623808 x10-4 m3

MCase = 1.005623808 x10-4 x 7860
MCase = 0.7904203134 kg

VWater = VOut  - VInt
VWater =  x 
VWater = 8.268671864 x10-5 m3

MWater = 8.268671864 x10-5 x 1000
MWater = 0.08268671864 kg

V3D = VOut  - VInt
V3D =  x 
V3D = 7.93252145 x10-6 m3

M3D = 7.93252145 x10-6 x 1220
M3D = 9.677676169 x10-3 kg

m = 0.7904203134 + 0.08268671864 + 9.677676169 x10-3  
m = 0.8827847082 kg

 = 2759 ms-1, m = 0.8827847082 kg, c = 0.3436116965 kg, V0 =? ms-1
 
Initial fragment velocity (Gurney equation, Section 2.3)
V0 = 
V0 = 
V0 = 1574.866449 ms-1
V0 = 1574.866 ms-1
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The kinetic energy is partitioned between the metal and detonation product

gases.

The chemical reaction of the detonation proceeds instantaneously, i.e., there is

an instantaneous release of energy.

Energy E is independent of the system’s configuration and the size of the
projectile.

Under optimum conditions of detonation, a certain fraction of the chemical
energy of an explosion is converted into kinetic energy of the metal fragments.

The velocity of the metal is assumed to be constant throughout its thickness

Side or end losses of the different geometries are negligible.

The gas velocity distribution is linear.
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1 - 0mm

1094.161 177.403 1091.792 949.663 1252.290 302.627 654.632 1394.974

2 -2.5mm

981.975 171.929 940.443 834.463 1127.977 293.514 710.366 1312.863

3 - 3.75mm

913.076 103.486 893.347 849.339 943.156 93.817 737.008 1185.965

4 - 5mm

912.391 162.680 889.620 805.203 1065.037 259.833 528.513 1174.816
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Length (mm)

Width 

(mm)

Depth 

(mm)

Average Fragment 

Mass (g)

112

Number of 

Fraagments

Average Fragment Size

Dominant 

Fragment 

Geometry

Mean End-

Sheet Index

2.4 14 7 4 Rectangular 16
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Length (mm)

Width 

(mm)

Depth 

(mm)

Dominant 

Fragment 

Geometry

Mean End-

Sheet Index

2.2 14 7 4 Rectangular 13

Average Fragment Size

Average Fragment 

Mass (g)

Number of 

Fragments
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Length (mm)

Width 

(mm)

Depth 

(mm)

Average Fragment 

Mass (g)

Dominant 

Fragment 

Geometry

Mean End-

Sheet Index

2.6 14 7 4 Rectangular 14

Average Fragment Size
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Foil Number Distance (m) First Velocity (m/s) Second Velocity (m/s) Third Velocity (m/s) Fourth Velocity (m/s) Fifth Velocity (m/s)

Ionisation Probe to Break Wire 1 1.88us

Ionisation Probe to Break Wire 2 620ns

1 1.549 1.15872 1336.820 1.42582 1086.392

2 1.516 1.17934 1285.465 1.30526 1161.454 1.71572 883.594

3 1.512 No Strikes

4 1.573 1.13022 1391.764 1.18582 1326.508 1.37144 1146.970 1.57354 999.657

5 1.541 No Strikes

6 1.523 1.17354 1297.783

7 1.522 No Strikes

8 1.544 1.24750 1237.675 1.33874 1153.323

9 1.526 1.16250 1312.688 1.33632 1141.942

10 1.526 No Strikes

11 1.507 1.21260 1242.784 1.27730 1179.832 1.32742 1135.285 1.46092 1031.542

12 1.491 1.28944 1156.316 1.55306 960.040

13 1.503 1.61460 930.881

14 1.535 1.43228 1071.718 1.45062 1058.168 1.60232 957.986 1.65462 927.705 1.84936 830.017

15 1.536 1.18264 1298.789 1.21290 1266.386

16 1.518 1.16052 1308.034

17 1.526 1.20888 1262.325 1.26480 1206.515

18 1.545 1.70054 908.535

19 1.576 1.20082 1312.437

20 1.528 No Strikes

21 1.549 1.25436 1234.893 1.47434 1050.640 1.53850 1006.825

22 1.527 1.27592 1196.783 1.40264 1088.661 1.74330 875.925 1.79056 852.806

23 1.517 1.29654 1170.037 1.42372 1065.519 1.64598 921.639

24 1.534 1.18400 1295.608

25 1.572 1.18954 1321.519 1.50198 1046.618 1.89226 830.753

26 1.552 1.19986 1293.484 1.32790 1168.763 1.84378 841.749

27 1.534 1.19860 1279.826 1.42592 1075.797

28 1.541 1.30886 1177.360 1.51064 1020.097

29 1.557 1.56916 992.251

30 1.539 1.62972 944.334

31 1.539 1.62146 949.145 1.78752 860.969 1.89654 811.478 2.35094 654.632

32 1.516 1.85112 818.964 2.26756 668.560

33 1.513 1.48590 1018.238 1.50672 1004.168 1.62052 933.651

34 1.529 1.36800 1117.690

35 1.572 1.30948 1200.477 1.65442 950.182

36 1.551 1.22920 1261.796 1.42060 1091.792

37 1.541 1.10468 1394.974

38 1.542 1.25830 1225.463 1.67144 922.558

39 1.562 1.16074 1345.693 1.22760 1272.401

40 1.545 No Strikes

Cable cut so a low signal onwards after last strike 

Cable cut so a low signal onwards after last strike 



Messy Signal but only confidently count one strike

Messy Signal, Maybe more strikes



Too late for a fragment?

Too late for a fragment?

Messy Signal, Maybe more strikes

Messy Signal, Maybe more strikes

Maybe more strikes but signals too close together to 

Cable cut so a low signal onwards after last strike 

Time to Strike (ms)

Firing 1 - 0mm

Notes



Timings refrenced from Break wire 2 as 't0'


image54.emf
Foil Number Distance (m) First Velocity (m/s) Second Velocity (m/s) Third Velocity (m/s) Fourth Velocity (m/s) Fifth Velocity (m/s)

Ionisation Probe to Break Wire 1 180ns 820ns

Ionisation Probe to Break Wire 2 1.32ns

1 1.530 1.90452 803.352

2 1.493 1.53912 970.035 1.87446 796.496

3 1.473 1.59444 923.835

4 1.493 No Strikes

5 1.560 1.49340 1044.596 1.59794 976.257 1.94072 803.825

6 1.531 1.35698 1128.241 1.38322 1106.838

7 1.511 1.42620 1059.459 1.47452 1024.740 1.63850 922.185 1.78972 844.266 1.82942 825.945

8 1.507 1.19112 1265.196 1.21008 1245.372 1.33602 1127.977 1.59194 946.644 1.62990 924.597

9 1.529 1.24978 1223.415

10 1.530 1.95294 783.434

11 1.502 1.59712 940.443 1.83244 819.672

12 1.486 1.22094 1217.095 1.27686 1163.792

13 1.494 1.23914 1205.675 1.39810 1068.593 1.61438 925.433 1.72340 866.891 1.85660 804.697

14 1.527 1.82992 834.463

15 1.517 1.53884 985.807 1.60200 946.941 1.64266 923.502 1.69662 894.131 1.74742 868.137

16 1.498 1.19070 1258.083 1.24436 1203.832 1.33182 1124.777

17 1.494 1.20416 1240.699

18 1.509 1.19454 1263.248 1.22060 1236.277

19 1.536 1.66936 920.113 1.68272 912.808 1.98412 774.147

20 1.529 No Strikes

21 1.546 1.92192 804.404

22 1.518 1.46818 1033.933

23 1.514 1.51614 998.589 1.97010 768.489 2.03716 743.192 2.09858

24 1.538 1.45698 1055.608 1.76508 871.349 1.81324 848.205

25 1.543 No Strikes

26 1.520 1.18696 1280.582

27 1.509 1.77318 851.013

28 1.511 1.21798 1240.579

29 1.535 1.16920 1312.863

30 1.549 1.76440 877.919 1.84842 838.013 1.92812 803.373 2.21844

31 1.556 1.94098 801.657 2.19042 710.366

32 1.527 No Strikes

33 1.523 2.09954 725.397

34 1.542 1.85408 831.679

35 1.553 1.27960 1213.661 1.89066 821.406 1.94200 799.691

36 1.529 1.56012 980.053

37 1.525 1.22788 1241.978

38 1.528 No Strikes

39 1.552 1.61726 959.648

40 1.553 No Strikes

Maybe more strikes but signals too close together to 

Cable cut so a low signal onwards after last strike 

Cable cut so a low signal onwards after last strike 

Maybe more strikes around strike 3 but signals too 

close together to tell.

Maybe more strikes but signals too close together to tell.

Maybe more strikes but signals too close together to tell.

Maybe more strikes but signals too close together to 

Maybe more strikes but signals too close together to 



Maybe more strikes but signals too close together to 



Firing 2 - 2.5mm

Notes



unsure if 180ns is too fast, as water is used probably 

820ns

Maybe more strikes but signals too close together to 

tell.

Timings refrenced from Break wire 1 820ns as 't0'

Time to Strike (ms)



Maybe more strikes around stike 3 but signals too 

close together to tell.


image55.emf
Foil Number Distance (m) First Velocity (m/s) Second Velocity (m/s) Third Velocity (m/s) Fourth Velocity (m/s) Fifth Velocity (m/s)

Ionisation Probe to Break Wire 1 6.98us

Ionisation Probe to Break Wire 2 5.48us

1 1.533 No Strikes

2 1.549 1.68336 920.183

3 1.485 1.66534 891.710 1.77480 836.714 1.82690 812.852

4 1.501 1.70724 879.197 1.75740 854.103 1.95396 768.184

5 1.560 1.42012 1098.499 1.72318 905.303 1.77842 877.183

6 1.533 No Strikes

7 1.520 1.45466 1044.918 1.59600 952.381 1.66602 912.354 1.67700 906.380

8 1.521 1.38350 1099.386 1.68296 903.765 1.79788 845.996 1.82192 834.834 2.04630 743.293

9 1.537 1.30860 1174.538 1.74122 882.714

10 1.530 No Strikes

11 1.496 No Strikes

12 1.487 1.75634 846.647 1.82592 814.384

13 1.497 1.72278 868.944 1.75698 852.030

14 1.535 1.76616 869.117 1.85134 829.129

15 1.517 1.33260 1138.376

16 1.530 1.31622 1162.420 1.37400 1113.537

17 1.501 1.55378 966.031 1.59048 943.740 1.61632 928.653 1.66002 904.206 1.71166 876.926

18 1.515 1.67462 904.683

19 1.546 1.30358 1185.965

20 1.542 No Strikes

21 1.547 1.72508 896.770 1.85194 835.340 1.92836 802.236 1.96552 787.069 2.07870 744.215

22 1.521 1.68816 900.981 1.72602 881.218 1.82038 835.540

23 1.518 1.68274 902.100 1.71792 883.627

24 1.541 1.71512 898.479 1.75296 879.085 1.79338 859.271

25 1.547 1.43058 1081.380 1.61072 960.440 1.70070 909.625 1.79346 862.578 1.91430 808.128

26 1.525 1.76028 866.339 1.87178 814.733 1.91826 794.991 1.96966 774.245 2.07930 733.420

27 1.514 1.38398 1093.946

28 1.521 1.70078 894.296 1.81222 839.302

29 1.540 1.35228 1138.817

30 1.558 No Strikes

31 1.559 1.73456 898.787 1.78554 873.125

32 1.539 No Strikes

33 1.531 1.57462 972.298 1.71378 893.347

34 1.561 1.78342 875.285 1.81130 861.812

35 1.559 No Strikes

36 1.535 No Strikes

37 1.522 No Strikes

38 1.531 1.62428 942.571 1.75126 874.228 2.01984 757.981

39 1.547 1.63676 945.160 1.70014 909.925 1.90892 810.406

40 1.575 1.58798 991.826 2.13702 737.008



Maybe more strikes but signals too close together to 

tell.

Maybe more strikes between strike 2 and 3 but 

signals too close together to tell.



Maybe more strikes but signals too close together to 

tell.



Not worked in testing



Timings refrenced from Break wire 2 as 't0'



Firing 3 - 3.75mm

Notes

Time to Strike (ms)



Not worked in testing

Maybe more strikes but signals too close together to 

tell.

Maybe more strikes but signals too close together to 

tell.

Maybe more strikes but signals too close together to 

tell.


image56.emf
Foil Number Distance (m) First Velocity (m/s) Second Velocity (m/s) Third Velocity (m/s) Fourth Velocity (m/s) Fifth Velocity (m/s)

Ionisation Probe to Break Wire 1 3.48us

Ionisation Probe to Break Wire 2 3.44us

1 1.544 No Strikes

2 1.509 1.35266 1115.580

3 1.495 1.49760 998.264 1.83260

4 1.507 No Strikes

5 1.560 No Strikes

6 1.532 2.14238 715.093

7 1.516 1.61740 937.307

8 1.515 1.82340 830.865

9 1.527 1.33620 1142.793

10 1.531 1.78270 858.810 1.95960 781.282

11 1.511 No Strikes

12 1.489 1.37656 1081.682 1.58296 940.643 1.65234 901.146

13 1.497 1.45938 1025.778 1.68274 889.620 1.78818 837.164

14 1.535 No Strikes

15 1.521 No Strikes

16 1.509 1.40706 1072.449

17 1.504 1.28020 1174.816 2.53212 593.969

18 1.518 1.36440 1112.577

19 1.540 1.69170 910.327

20 1.539 1.76336 872.766

21 1.537 1.60764 956.060 2.22364 691.209 2.90816 528.513

22 1.511 1.44810 1043.436 1.49976 1007.495 1.73122 872.795 1.89606 796.916

23 1.507 1.72056 875.878 2.51524 599.148

24 1.525 1.71628 888.550

25 1.540 1.39916 1100.660

26 1.521 1.42812 1065.037

27 1.507 1.34010 1124.543 2.32112 649.256

28 1.515 1.33470 1135.087 1.37298 1103.439

29 1.532 1.55020 988.260 1.78692 857.341 1.94134 789.146 2.16654 707.118

30 1.539 1.98792 774.176

31 1.546 1.66990 925.804 1.86642 828.324

32 1.520 1.58376 959.741 1.70974 889.024

33 1.513 1.90046 796.123

34 1.538 No Strikes

35 1.519 1.88648 805.203

36 1.527 2.07478 735.982

37 1.545 1.37538 1123.326 1.83332 842.733

38 1.520 1.39598 1088.841 1.73494 876.111 2.09654 725.004 2.17694 698.228 2.43330 624.666

39 1.521 1.35600 1121.681

40 1.523 1.34256 1134.400 1.85298 821.919 1.98964 765.465

41 1.549 1.37868 1123.538 1.45976 1061.133 1.69242 915.257 1.75770 881.265

42 1.544 1.58542 973.874 1.96412 786.103



Not Working During Testing



Time to Strike (ms)

Firing 4 - 5mm



Not Working During Testing

Timings refrenced from Break wire 2 as 't0'

Maybe more strikes but signals too close together to tell.

Maybe more strikes but signals too close together to tell.

Maybe more strikes but signals too close together to tell 

after strike 4.

Notes



Not Working During Testing


image57.png
Firing 1

Fragment Size Total | Average
Frag. | Stand EndSheet | Fragment | Fragment Fragment
& Row | " er (80) | Geametry | Miass () Remarks Mass | o€
Number | no. jumber cometry | Mass (g length | Width | Depth o jass Per
) ) | e Pack (g)
1 1 A Rectangular | 0.6 10 7 2 Large
3 1 A 8 Rectangular | 08 16 6 4 Copper deposits
4 1 A 9,28 L-Shape 38 832 5,10 26 Celiem e,
Curved large frag
5 1 A 39,40,40,40 Square 34 812810 | 5978 | 3524 | Prokenintofive,
four large
6 1 A 9 Rectangular | 12 15 8 4 Large
7 1 A
8 1 A
9 1 A Rectangular 14 21 8 3 Large 212 15
10 1 A
1 1 A 23 Rectangular | 2.2 18 10 4 Large, Pointy tip
12 1 A 4 Rectangular | 04 8 6 2 Copper deposits
13 1 A 10 Rectangular | 2.0 26 9 6 Copper deposits
15 1 A 6 Rectangular | Negligible 4 2 1 Small
16 1 A 5 Rectangular 04 1 5 3 (R, e
curved
18 1 A 3 Rectangular | 02 7 5 2 Carbon deposits
19 1 B 89 Both 10 811 67 22 214 15
Rectangular





image58.png
20 1] 08 27 Rectangular | 1.0 16 7 4 Large
Broken into three
21 1|08 333 Rectangular | 3.6 416,28 376 | 146 | frags Small,two
large
2 1 B | NotFound | Small hole
23 1 B 13 Rectangular 29 26 8 4 (g, Ceprzar
deposits.
2% 18 17 Rectangular | 1.4 15 10 6 Large
25 1 B 13 Rectangular 14 17 8 4 (g, Ceprzar
deposits.
% |1 [ o |
27 18 11,14 Rectangular | 1.0 6,13 4,7 24
28 1| 8 11 Rectangular | 1.0 1 10 3 Large
29 1 B 13 Rectangular 18 2 7 3 (g, Ceprzar
deposits
30 18 9 Rectangular | 0.6 1 7 3 Copper deposits
31 18
32 1| 8
33 18
34 1| 8
35 18 1 Square Neg 6 5 4 Small
36 1| 8 4 Square Neg 4 4 1 Small
37 1|8
38 2 | A
39 2 A 14,14 Rectangular 34 25,15 97 63 Bl i,
Large, Medium
40 2 | A 15 Rectangular | 04 14 6 5 Medium 324 22
n 2 A 20,20 Rectangular 28 22,10 64 ap || EelonimalEs,
Large, medium
2 2 | A 1 Rectangular | 1.4 17 5 3 Large





image59.png
44 2 | A 8 Rectangular | 0.4 9 4 2 Medium

45 2 | A 20 Rectangular | 2.2 2 1 3 Large

46 2 | A 9 V-Shape 16 15 16 5 Large

47 2 | A 13 Rectangular | 1.4 16 9 3 Large

48 2 | A 1 Rectangular | Negligible 7 4 2 Small

49 2 | A 12 Rectangular | 1.2 14 8 4 Medium

50 2 A 1 Rectangular 26 29 1 5 SaresConeel
deposits.

51 2 A 13 Rectangular 14 2 10 5 SaresConeel
deposits.

52 2 | A 813 Rectangular | 2.2 9,26 48 27 medium, Large

53 2 | A | Notfound

54 2 A 12 Rectangular 18 26 6 4 I, @
deposits.

Broken into two

55 2 | A 17,17 Rectangular | 4.2 14,20 510 4,10 | Large Frags, Copper
deposits.

56 2 | 8

57 2 | 8

58 2 | 8

59 2 | 8

60 2 B 6 Rectangular 0.2 7 4 3 Sl G
deposits.

61 2 B 10 Rectangular 04 8 6 4 Sl G B 23
deposits.

62 2 | 8 2 Rectangular | 1.6 2 7 3 Large

63 2 B 8 Square 04 7 5 4 Sl G
deposits.

64 2 | 8 16 Rectangular | 2.8 2 10 5 Large

65 | 2 | & [NCEoma





image60.png
66 2 B | 2148484848 | Square 42 11,17,8,7,5 5473, | Brokenintofive,
Large, 4 medium
Rectangular, five frags, three
67 2 | B |1515151515 56 | 12614819 7567,20 | 42345 :
V-shape medium, large
68 | 2 [ o |G
69 2 B 12 Rectangular 18 21 6 4 I, @
deposits.
70 2 | 8 17,17 Rectangular | 16 412 49 26 Small, Large
7[5 | A |
72 3 | A 16 Rectangular | 2.4 2 9 6 Large
73 3 A 1 Rectangular 3.0 24 9 4 SaresConeel
deposits.
74 3 A 9 Rectangular 18 20 8 3 SaresConeel
deposits.
Broken into three
75 3| A 39,39,39 Square 58 1586 1354 | 812 | frags large, two
small
76 3 | A 9 Rectangular | 1.0 14 6 3 Large 22 27
7 3 | A 13 Square 02 8 4 3 Medium
78 3 | A 10 Rectangular | 1.2 16 9 3 Large
79 3 | A 32,35 Rectangular | 4.2 19,19 109 43 Large
80 3 A 5 Square 04 6 6 1 el @
deposits.
81 3 | A 2 Rectangular | 4.6 2 16 6 Large
82 3 A 12 Rectangular 26 25 10 4 SaresConeel
deposits.
83 3 | A
84 3 [ 8
5 2B — 12 20
86 3 B 6 Rectangular 04 8 6 2 R, CR s
deposits.
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Broken into four
87 3 B | 2727277 | Square 30 105811 | 7,627 | 4213 | frags, twolarge,2
small
88 3 B 12 Rectangular 14 13 9 3 (g, Ceprzar
deposits.
89 3 B 17 Rectangular 24 15 12 4 (g, Ceprzar
deposits.
% 3 B 7.7 Square 02 33 33 11 ‘two small
o1 3 B 7 Rectangular | 04 7 4 2 Small
broken into two,
101 4| A 29 Rectangular | 02 410 37 24 e e
102 4 A 33,33 Rectangular | 15.6 39,26 13,12 38 B e,
two Large
103 4 | A 1 Rectangular | 1.0 15 7 4 Medium
104 4 | A 17 Rectangular | 36 33 7 3 Large
105 4 A 13 Rectangular 1.0 13 7 4 Medium 39.6 4.0
106 4 A 14 Rectangular 44 29 12 5 SaresConeel
deposits.
107 4 A 16 Rectangular 6.0 2 7 4 SaresConeel
deposits.
108 4 A 11,11 Rectangular | 3.0 26,16 105 32 B e,
two Large
109 4 | A 5 Rectangular | 04 9 4 2 Medium
2 4 | 8 6 Square 02 5 4 3 Small
93 4 B 9 Square 04 7 5 3 el o
deposits.
95 4 B 16 Rectangular 28 18 1 9 (g, Ceprzar
deposits.
9% 4 | 8 7 Rectangular | 14 17 9 4 Large
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97 4 2 Rectangular 28 2 9 Large
98 4 39 V-Shape 84 29 25 Large
99 4 3 Square | Negligible 4 4 Small
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Firing 2

. Average
Frag. | Stand B | e | e oo ot Fri;megm
Row | Number Remarks Mass
Number | no. B Geometry | Mass(e) | Langth | width | Depth G | Massper
(mm) | (mm) | (mm) Pack (g)
1 1 A 19 40 16 4 Copper Deposits
2 1 A 5 Rectangular 3 4 2
3 1 A 7 Rectangular 9 4 2
4 1 A 15 Square 1 1 3 Copper Deposits
5 1 A 9 Square 7 5 2 Copper Deposits
6 1 A 12 Rectangular 40 4
7 1 A 18 Rectangular 25 1 3 Copper Deposits
8 1 A 2 Rectangular 2 7 3
9 1 A 20 Rectangular 12 5 4
10 1 A 19 Rectangular 13 7 3 20 28
11 1 A 2 Square 7 6 2
12 1 A 12,12 | Rectangular 2712 | 95 | 32 Copper Deposits
13 1 A 11 Rectangular 11 5 2
1 1 A 9 Rectangular 13 4 2
15 1 A 2 Rectangular 30 1 4
16 1 A 6 Square 7 6 2 Copper Deposits
17 1 A 3 Square 4 5 2
19 1 B 44 Rectangular | 0.4 17 | 33 | 33
20 1 8 16 Rectangular 16 19 5 3 Copper Deposits
2 1 B 17 Square 20 15 14 4
2 1 8 43 Rectangular 24 23 8 3 s 08
23 1 B 30 Square 04 8 8 3
2 1 B 5 Rectangular | Negligible | 7 5 3





image64.png
2 1 8 8 Rectangular 06 1 4 3

2 1 B fP) Rectangular 10 18 4 2

27 2 A 21,21,26 | Rectangular 22 16,148 | 567 | 232

28 2 A 9 Rectangular 7.2 50 15 3 Copper Deposits

2 2 A 19 Square 2.4 20 17 3 Copper Deposits

30 2 A 8 Rectangular 06 10 5 3 Copper Deposits

31 2 A 6 Rectangular 12 17 7 3

2 2 A 4 Rectangular 06 10 5 3 a6 20
33 2 A 10 Rectangular 18 19 9 3 Copper Deposits

34 2 A 16,16 Square 18 1312 | 69 | 33

35 2 A 16 V-Shaped 6.2 30 21 3 Copper Deposits

36 2 A 4 Rectangular 04 9 5 3

37 2 A 11 Rectangular 12 16 7 3

EINP

39 2 B 28 Not Found

40 2 B 25 Square 038 9 8 3

a1 2 B

) 2 B | 8 | Rectangular 10 18 5 3

43 2 B

44 2 B

45 2 B 6 L-Shaped 02 7 6 2 Copper Deposits

6 2 [} 16 Rectangular 52 2 1 3 16.0 16
a7 2 B 7 Rectangular 26 2 9 3

48 2 B 2 Rectangular 22 27 8 2 Copper Deposits

49 2 B 4 Rectangular 04 10 5 3

50 2 B 9 Square | Negligible 4 3 2

51 2 B 6 Square | Negligible 6 4 2

52 [ 2 [ o |G

53 2 B 4 Square | Negligible 6 3 2

54 3 A 36 Rectangular 32 18 13 3 336 24





image65.png
55 3 A 13 Rectangular 22 22 7 3
56 3 A 16 Rectangular 22 33 12 3

58 3 A 10 LShaped 38 26 20 3 Copper Deposits

59 3 A 10 Rectangular 10 15 7 3

60 3 A 11 Rectangular 34 33 1 3

61 3 A 15 Rectangular 6.0 40 14 3 Copper Deposits

62 3 A 12 Rectangular 20 18 9 3 Copper Deposits

63 3 A |16,1616,16 | Rectangular 40 |301266

64 3 A 7 Rectangular 04 13 4 2

65 3 A 3 Rectangular 0.2 7 4 2

66 3 B 24 Rectangular 0.8 11 7 3

67 3 8 24 Rectangular 0.6 9 7 2

68 3 B 12 Rectangular 34 28 10 3 Copper Deposits

69 3 B 11 Rectangular 22 19 10 3 Copper Deposits

70 3 8 12 Rectangular 20 15 10 3 . 21
71 3 B 9 Rectangular 24 26 7 3 Copper Deposits

72 3 B 14,14 | Rectangular 14 111 | 7,7 | 22

73 3 8 6 Not Found

74 3 8 B Square 0.4 6 s 2

75 3 B 6 Rectangular 0.8 16 6 3

76 4 A a Square Negligible 7 5 3

77 4 A 21,33 | Rectangular 116 4521 | 1412 | 43 Copper Deposits

78 4 A 13 Rectangular 18 20 7 3

79 4 A 7 Rectangular 0.8 14 B 3 350 2
81 4 A 4 Square Negligible 5 3 2

82 4 A 23,2323 | Rectangular 38 13,1714 | 87,7 | 333

83 4 A 9 Rectangular 36 26 1 3





image66.png
84 4 A 9 Rectangular | 18 20 5 3
85 4 A 13 LShaped 38 2 P

86 4 A 8 Rectangular | 08 15 7 3 Copper Deposits

87 4 A 5 Rectangular 0.2 9 5 3

88 4 A 5 Not Found

89 4 A 3 Square 02 8 4 3

% 4 B 6 Rectangular | 04 13 6 3

91 4 B 5 Rectangular 0.2 12 5 3

o2 [ o [ o NSRS

93 4 B 7 Square 02 6 5 3

94 a4 B 21,21 Rectangular 82 15,35 8,13 34

95 a4 B 17 Rectangular 22 18 9 3

% 4 8 | NotFound | 350 32
97 4 B 12 V-shaped 24 2 6 | 3

o8 [ o [ o NGRS

9 4 B 5 Rectangular | 02 9 5 3

100 a4 B 14 Rectangular 14.4 55 11 a4

101 | 4 B 5 Square | Negligible 5 3

02 | 4 B 4 Square | Negligible 3 3
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Firing 3

Fragment Size Total | Average
Frag. |Stand EndSheet | Fragment | Fragment Fragment
Row Remarks Mass
Number | no. Number (80) | Geometry | Mass (g) T Depth G | Masser
Length(mm) | O | et Pack (g)
1 1 | A [179103232| Square 42 |912,11,6115 8875105 | 23,4223 | Copper Deposits
2 1| A 39 Rectangular | 46 29 12 3
3 1 A 1414 Rif;:i‘;':" 7.0 379 124 32 Copper Deposits.
4 1| A 2 Rectangular | 60 % 14 4
5 1| A 15 Rectangular | 538 3 14 3
6 1] A 19 Rectangular | 16 7 13 3 50 bs
3 1| A 4 Not Found
) 1 | A | 12122425 | Rectangular | 46 1682712 | 106167 | 3233
1 1| A 4 Rectangular | 02 12 4 3
12 1 A 2 Rectangular 0.2 10 4 3
13 1| A 32 Rectangular | 2.8 2 2 3
14 1 B 4 Not Found
15 1 B s Rectangular | 02 13 6 3 CopperDeposits | -
16 1 B 30 Rectangualr | 42 25 14 3
17 1 B 10 Rectangular | 02 B 2 2
18 2 [ A 7 Rectangular | 10 15 3 3 Copper Deposits
19 2 | A 9 Rectangular | 10 16 7 3 aa 26
20 2 | A 17,18 Rectangular | 838 16,30 10,15 23
21 2 | A 13 Rectangular | 68 36 16 3 Copper Deposits
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22 2 A 10 Rectangular 42 33 15 3

23 2 A 10 Rectangular 22 21 13 6 Copper Deposits.

24 2 A 7 Rectangular 06 13 6 2

25 2 A 19 Rectangular 14 15 9 3 Copper Deposits.

2 2 A 9 Rectangular 04 1 5 2 Copper Deposits.

27 2 A 6 Square | Negligible 5 5 3 Copper Deposits.

28 2 A 10 Rectangular 36 27 14 3

29 2 A 3 Rectangular 0.2 1 3 2

31 2 A 2 Rectangular 04 12 5 3

32 2 B 16,17 Square 36 14,10 13,7 33

33 2 B 5 Square | Negligible 4 3 2

34 2 B 15 Rectangular 8.4 35 17 3 i 22
35 2 B 3 Rectangular | Negligible 7 4 3

37 3 A 20,26 Rectangular 64 25,26 9,12 33

38 3 A 7 Rectangular 1.0 17 10 2

39 3 A 17 Rectangular 42 33 7 3

40 3 A 9 Rectangular 42 a1 12 3 Copper Deposits.

a1 3 A 16 Rectangular 3.0 22 8 2 o o0
22 3 A 4 Rectangluar 06 16 5 2

23 3 A 32 Rectangluar 12 1 9 3

2 3 A 10 Rectangluar 5.0 28 20 2

a5 3 A 17 Square 08 1 7 3

Cam— |

47 3 A 3 Rectangular 04 10 5 2

28 3 B8 14 Rectangular 6.0 28 18 3

49 3 B 5 Square 04 7 7 2

50 3 B 23,23 Rectangular 238 16,17 6,7 32 202 25
51 3 B 15 Rectangular 5.6 27 18 3
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52 3 B 6 Rectangular 06 12 5 3 Copper Deposits.
53 3 B 15,16 Rectangular 0.6

54 4 A 12 Rectangular 32 22 14 3

56 4 A | 19232526 | Rectangular a4 16,13,147 | 114145 | 3232

57 4 A 8 Rectangular 12 20 9 2

58 4 A 16 Rectangular 2.0 19 10 2

59 4 A 5 Square 04 7 7 2 Copper Deposits | 25.4 17
60 4 A 10 Rectangular 36 32 13 3

61 4 A 21 Rectangular 14 14 7 3

62 4 A 3 Rectangular 0.2 1 4 3

63 4 A 3 Rectangular 1.0 2 5 2

64 4 A 14 Rectangular 24 17 11 3

65 4 A 15 Rectangular 12 7,12 57 23

66 4 B Square 7.2 2513 20,15 32

67 4 B

68 4 B

69 4 B Not Found

70 4 B Rectangular 0.6 13 6 3 Copper Deposits 228 £
7 4 B 11 Rectangular 7.2 40 16 3

72 4 B 21 Square 04 9 6 3

73 4 B 29 Rectangular 34 23 17 3
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Firing 4

Averaj
Frag. |Stand Endsheet | Fragment | _1O% RS Jrotel Fragmeg:t
Row Fragment Remarks. Mass
Number | no. Number (80) | Geometry | ‘'™ ® Depth ® Mass Per
Length (mm) | Width (mm) | (P Pack (g)
1 1| A 9 Square 10 10 8 ) Medium
Broken into five
2 1 | A [17,202323,36 | Rectangular | 114 | 2416,14,523 | 16,149,413 | 7,3,33,5 | frags, four large, 1
small
3 1 A 14 Rectangular 2.6 21 10 4 Large
a 1 A 4 Rectangular 02 9 4 3 Medium 286 24
5 1 A 9 Rectangular 5.6 33 11 4 Large
6 1 A 9 V-Shape 3.2 24 17 5 Large
7 1 A 3 Rectangular 0.4 12 5 3 Medium
8 1 A 4 Rectangular 0.4 13 6 4 Medium
9 1| 8 7 Square 04 7 s 3 Small
10 1| e 10 Rectangular | 0.6 10 7 3 Small
11 1 B 7 Rectangular 1.2 16 9 3 Medium
2 1| e 7 Rectangular | Negligible 9 4 2 Small
13 1| e s Rectangular | Negligible 7 3 2 Small
14 1 B 12 Rectangular 1.6 13 15 4 Medium
15 1 B 15,15 Rectangular | 5.0 30,15 10,10 52 EER LB, || 20
Copper deposits
17 1 B 27 Rectangular 38 27 11 3 Large
18 1 B 23 U-Shape 96 21 17 3 Large, Copper
deposits
19 1| e s Rectangular | Negligible 7 3 2 Small
20 1 | B 2 Rectangular | Negligible 9 3 3 Small
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21 1| 8 28,28 Rectangular | 1.2 11,10 76 32 Medium
2 2 A 22,22 Rectangular |  10.2 3624 1411 33 e G,
two large
23 2 | A 13 Rectangular | 1.2 2 7 2 Medium
2 2 | A 6 Square__| Negligible 6 7 2 Small
broken into two,
25 2 | A 3232 Rectangular | 7.4 26,25 13,13 35 e 26 27
27 2 | A 5 Rectangular | 0.8 19 7 3 Medium
28 2 | A 6 Rectangular | 0.6 15 4 2 Medium
29 2 | A 4 Rectangular | Negligible 8 3 2 Medium
31 2 B 6 Square 04 7 7 2 Eelonel
deposits
2 2 | 8 3 Rectangular | Negligible s 2 1 Small
3 2 B 12 Rectangular 12 16 6 2 (H eIty G
deposits
35 2 B 19 Rectangular 38 21 9 4 e lCoprey
deposits
36 2 | 8 1 Rectangular | 6.2 30 17 5 Targe
37 2 | 8 13 Rectangular | 2.8 18 12 4 Medium e 24
38 2 B 11 Rectangular 2.4 19 13 2 Medium
39 2 B 20 Rectangular 1.0 17 10 3 medium
broken into two,
40 2 B 24,24 Square 5.4 20,19 13,9 4,4 two Medium,
Copper deposits
41 2 B 13 Rectangular 1.6 17 11 4
a3 2 B 3 Rectangular | Negligible 7 3 2 Sl @

deposits
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44 2 B 23 Rectangular 4.4 31 8 4 Large
46 2 B 14 Rectangular 0.8 12 7 3 Medium
Brokjen into four,
48 3 A 15,15,23,26 | Rectangular 8.0 38,19,15,15 | 15,58,10 | 54,33 | 4large, Copper
deposits
49 3 A 12 Rectangular 40 31 15 4 e ErEr
deposits
broken into two
50 3 | A 17,26 Rectangular | 838 24,26 2015 3,3 | large frags, Copper
Bty 308 24
51 3 | A 6 Square | Negligible 7 5 2 Small
52 3 A 10 square 18 14 1 a Me"(‘,‘;’:‘;g:’s”’“
53 3 | A 4 Rectangular | Negligible 7 3 2 Small
54 3 A 5 Rectangular 0.4 11 4 3 Medium
55 3 A 4 Rectangular 0.4 10 4 3 Medium
56 3 A 3 Rectangular 0.4 11 5 3 Medium
57 3 B 13 Rectangular 0.8 12 6 2 Medium
58 3 B 9 Square 0.2 5 5 2 Small
60 3 B 6 Rectangular | 0.4 12 5 2 edim et
Frag bag
61 3 B
I - - n2| 30
63 3 B 14 Rectangular 72 37 16 4 Large, Copper
deposits
64 3 B 8 Rectangular 1.6 15 11 3 Medium
65 3 B 14 Rectangular 3.2 21 11 4 Medium
66 3 B 21 Rectangular 4.4 27 17 5 Large
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67 a A 15 Rectangular 32 2 8 4 (E eIt e
deposits
68 4 A 15 Square 16 25 15 4 Iz, g
deposits
70 a A 1313 Rectangular 38 20,16 10,5 43 N DED
medium frags
71 4 A 11 Rectangular 3.2 27 11 4 Large
Broken into two
72 a A 4,2527,29 | Rectangular 56 24,17,8 11,157 362 | medumfrag one
small Copper
deposits
73 5 Rectangular | Negligible 7 3 2 Small
i 384 23
74 a 8 Rectangular 14 17 8 3 (H eIl e
deposits
75 a A 9 Rectangular 22 17 13 3 (H eIl e
deposits
Medium, Copper
76 4 7 Square 04 s 6 2 e
78 a 1 Rectangular 8.2 20 18 4 e ErEr
deposits
79 a A 8 Square 0.2 8 7 3 (E eIt e
deposits
80 4 A 5 Rectangular 0.4 14 5 3 Medium
81 4 A 3 Rectangular 0.4 10 5 3 Medium
82 2 | A 3 Rectangular | 04 2 5 3 Medium
83 4 B 7 Rectangular 1.0 16 6 3 Medium
84 4 B 7 Rectangular 1.0 16 8 3 Medium 5.6 19
85 4 B 3 Rectangular | Negligible 10 4 2 Small





