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Abstract
Magnox and its corrosion products are a major constituent of some legacy nuclear waste storage silos which generate hydrogen.  An experimental  study investigates the likelihood of ignition of hydrogen/air when large mass projectiles impact rusty surfaces with Magnox contamination.  Ignition is observed with 50kg projectiles impacting a 45º Magnox-smeared rusty anvil plate with KE as low as 40J. Theoretical calculations relating to the angled impacts reveal that they involve substantial tangential energy losses associated with frictional heating of the impact surfaces. It is shown that these energy losses are particularly dependent on the shape of the projectile since projectile geometry determines the radius of gyration and the relationship of centre of gravity to the impact point. In conclusion, the projectile shape is likely to be of greater importance than the mass (i.e. for a given impact energy) because of its direct bearing on the magnitude of the tangential energy loss.
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1.  Introduction
A key fact, reported recently in a UK National Audit Office Report [1], is the estimated undiscounted total cost of the UK’s clean-up of nuclear waste up to 2020 will be £120 billion, of which the Sellafield site accounts for £91 billion. Among the most hazardous facilities at Sellafield are two ponds and two silos that contain large amounts of nuclear waste materials. The nuclear waste facility/silo holds waste sludge that is produced from the corrosion of Magnox and other material from legacy nuclear and reactor operations. A bi-product of the corrosion is hydrogen gas which (in addition to that produced by radiolysis of water) can collect in pockets in the sludge and so pose a potential combustion risk if disturbed during decommissioning operations [2]. Depending on the conditions of the stored waste and its pH, a passive layer is likely to be formed on the Magnox swarf during initial corrosion protecting it from being completely corroded.  If, however, this protective layer is fractured (“breakaway”) by mechanical disturbance during removal of the waste [3], then the exposed uncorroded Magnox will increase the possibility of combustion owing to its pyrophoric nature in air [4]. This involves highly exothermic reaction with both oxygen and nitrogen: 


Mg + ½O2  →     MgO   ΔH = – 598kJ/mol



(1)



3Mg + N2  →  Mg3N2    ΔH = – 461kJ/mol



(2)

Although bulk magnesium and its alloys do not ignite in air at temperatures below 500ºC [5], a thermite reaction involving iron oxides (rust) can possibly be initiated at temperatures as low as around 450°C. These reactions will result in greater enthalpy than burning magnesium in air. E.g.
3Mg + Fe2O3  → 3MgO + 2Fe   ΔH = – 981 kJ/mol


(3)
The intensely exothermic reaction resulting from magnesium pyrophoric/thermite reactions  will generate temperatures considerably in excess of  2000K with burning products spraying out in liquid form to produce a highly incendiary ignition source for flammable gas mixtures: such temperatures will greatly exceed the autoignition temperature (560°C [6]) and the temperature necessary for ignition of  hydrogen in air mixtures from hot surfaces (e.g. 900°C [7]). A comprehensive discussion of the possible mechanism of ignition of hydrogen atmospheres by magnesium pyrophoric and thermite reaction has been given elsewhere by Averill et al. [4].  
A particular scenario of concern in decommissioning is that operations to empty a silo will disturb and release a pocket of hydrogen gas that can then rise up through the covering water depth until it reaches the air ullage space of the silo with the possibility of ignition. As noted previously by Holborn et al. [8], within certain UK legacy storage silos there are particular challenges with large mass stainless steel swarf bins and other containers (weighing up to tens or several hundred kilograms) submerged within the sludge beds. During decommissioning operations, these bins could possibly be projected upwards into the ullage space under buoyancy forces introduced by trapped hydrogen gas consequently resulting in large kinetic energy impacts. Understanding the likelihood of ignition is necessary to ensure that explosion prevention and protection measures are proportional to the risk.  
The work reported here has important implications for industry, both in the context of nuclear decommissioning and the wider hydrogen economy since light alloys such as magnesium and aluminium are commonly found in many types of machinery and equipment. Impacts involving such metals are likely to pose a significant ignition risk should a flammable atmosphere be present in their vicinity. This is recognised within European process industries where the design and use of equipment within potentially flammable atmospheres is covered by the respective ATEX
 directives [9, 10]: although, historically (pre-ATEX) purely mechanical equipment did not require certification. As discussed by Kramer [11], guidance on design was often a result of a combination of best practice and criteria established from experiments replicating the conditions under consideration – i.e. predominantly mining and gas/petrochemical. It was relatively rare for equipment to be certified for hydrogen, this being carried out on a case by case basis reflecting the lack of practical experience and relevant research. 
It is important to note that different impact scenarios with similar kinetic energies prior to impact can produce vastly different ignition likelihoods: this can be readily seen from the literature including comprehensive reviews by Powell [12, 13]. Similarly, it should be noted that an impact event can lead to ignition of a flammable gas mixture through either small hot/burning particles ejected from or a hot spot/molten bead formed at the point of impact. The ignition from small particles has been a subject of significant research interest [14-18].  Equally, the ignition from stationary hot surfaces has also been extensively studied/modelled [19-24]. As noted above, in the case of magnesium and other light alloys, particles burn at very high temperatures and even very small particles are likely to be effective ignition sources for hydrogen air mixtures (a 20µg particle of burning aluminium has been shown sufficient to ignite methane/air mixtures [25]). However, in the context of mechanical impact ignition, relatively few workers have attempted to analyse quantitatively and model the mechanics and frictional heat generation forming such transient hot surfaces or particles.
Since the introduction of the ATEX directives efforts have been made to produce standards to enable compliance. At the time of writing, with regards to mechanical impact, the standard [26] can be viewed as rudimentary and to essentially provide bounding worst case criteria. The criteria for impact ignition appear to have been derived predominantly using experimental data from glancing, constrained impacts (as opposed to freely falling impacts) where the amount of energy ultimately transferred to the flammable gas mixture is maximised [27, 28].  In fact, the current standards would prohibit possible impacts entirely between light alloys and ferritic steel and (for velocities > 1m/s) limit the initial impact energy for non-ignition to < 20J for impacting clean steel surfaces, even in areas where flammable atmospheres are very rarely present. Application of these standards could potentially lead to unnecessary design restrictions/safety measures where impacts are in reality greatly less in magnitude than that optimal for ignition. Further research and model development is required to facilitate better quantification of the ignition risk for a wider range of potential impact scenarios. It is, for example, important to investigate whether the impact kinetic energy necessary for ignition will become significantly greater in the absence of a sliding (tangential) energy component.  An understanding of the kind of mechanical impact which will result in ignition is particularly important for the emerging hydrogen economy where hydrogen will be increasing used in new scenarios within the general population, rather than traditional process plant.
Although there have been a number of recent studies carried out to investigate the surface temperatures generated and the likelihood of igniting hydrogen/air mixtures by sliding mechanical stimuli [4, 7, 29-31] and low mass impact [32-35], little attention has been given to the effect of large mass impacts inducing combustion. In a study by Jones et.al. [32], a wide variety of impact surfaces was tested in an investigation of the impact ignition of hydrogen-air mixtures with a 7kg projectile (L/d = 4.2) striking a heavy 45° anvil. Whilst ignitions were not recorded with clean hard or soft metal surfaces with impact KE exceeding 0.5 kJ,  ignition readily occurred at lower impact energies when Al or Mg particles were present on the surface (even when in the form of wet sludge). With both impact surfaces formed of austenitic stainless steel and coated with dry magnesium particles, an ignition probability of 0.27 was determined for impact energy of 81J: for comparison, it can be noted that in the clean metal condition, no ignitions were observed at KE 526J 
There is an important proviso to be borne in mind when considering ignition probabilities established from the fraction of ignitions from a relatively small number of tests: undue emphasis or weight cannot be placed upon apparent zero ignition probabilities. To establish a genuine and reliable value of a probability very closely approaching zero or one would involve a very large number of tests. Finding from the results of a few tests (under similar conditions) that no ignition occurs, can only suggest that the likelihood of ignition may be low: on the other hand, one or more ignitions occurring during the course of similar tests could be taken as a good indicator of the possibility of ignition or of significant ignition likelihood.
Proximating the decommissioning impact scenario described above, it is the purpose of this study to examine the conditions under which the ignition of hydrogen /air mixture could occur with higher mass (14-50kg) stainless steel projectile surfaces impacting Magnox contaminated rusted steel surfaces. To accomplish this, a large scale impact apparatus was constructed with a 400L combustion chamber.      
2.0
High mass impact apparatus and experimental methodology
An overall view of the high mass impact apparatus is given by the schematic diagram shown in Fig. 1. The combustion chamber was made from welded angle iron sections, drilled and tapped at intervals to allow different function panels to be attached. The permanently fixed front panel, with its large vent area sealed with tape and thin cling film, was found experimentally to give a static vent pressure of approximately 0.03 bar. Taking into account the dimensions of the chamber and vent, this should restrict the maximum pressure in the chamber on ignition of a stoichiometric hydrogen/air mixture to less than 0.1- 0.2 bar [36]. 
Essentially the drop weight support consisted of a large scaffold frame with four uprights supporting two cross members. For extra stability the rear uprights and cross member were attached to the laboratory wall. An electrical hoist (Ferm PRN 125-250) capable of lifting steady loads of 125 kg to four metres was used to raise the projectile to the drop position. Strong energise-to-release magnets under remote control were incorporated into the load release mechanism (Flints – London Type 71) with a safety locking device that was only removed when the projectile was stationary in the drop position (Fig. 2). The maximum load on the hook arm was rated at 1250 N which, allowing for impulse forces generated during the careful lifting (jerking) operation, was sufficient to safely raise projectiles up to 50kg.
Bright steel billets were machined so as to produce the required projectile sizes and to allow similar diameter 303S test heads with 6mm radius circumferential edges to be tightly bolted on. After attaching a heavy duty hook ring, the projectiles could be hoisted up to the drop position ready for release. On release, a projectile would fall within the safety constraint of three vertical steel guide rods to enter the combustion chamber through a slightly larger opening with a rapid operated cover plate seal. It would then impact a solid steel 45° or horizontal anvil which had a bolted on heavily rusted steel plate smeared with Magnox. The extent to which the plates were smeared and covered with the Magnox metal was difficult to control in practice to produce fully consistent results but the categorisation given in reference [4] was used as a guide to classify these as light to heavy density designations. In all cases impacts occurred with test head edges which were undamaged and with areas of the anvil test plates not previously indented. After impact, the projectile fell onto a heavily dampened 10 mm thick steel base panel. 
To facilitate comparison with earlier ignition studies, a gas mixture containing 12% hydrogen was used in the experiments. It is however, noteworthy that in a previous ignition study [32] variation of hydrogen concentration between 10 and 30% in air was not found to be significant since the initiation of the thermite/ pyrophoric reaction appears to largely determine whether or not ignition will occur. After introducing the required amount of hydrogen into the test chamber to obtain a concentration of 12%, its concentration was confirmed through a sample drawn into the hydrogen/air (MSA Auer Ex-Meter 11P) meter, the projectile was then released from the hoist to strike the anvil test plate to test for ignition. For each test, just prior to releasing the projectile, the concentration of hydrogen was confirmed to be12±1%. High speed digital imaging (Olympus I- speed camera with 1000 FPS and shutter speed of 1/2000s) was used in the course of each experiment, to determine whether any sparking occurred or not and to give an indication of the impact contact duration.
    [image: image1.png]Safety release

Efectrical Farst

solenaid

Projectile with S5
impact head

Grounded steel
guide rods for
projectile

o s e

400 litre steel
chamber with vent

sagus
=





Fig. 1. Schematic view of the apparatus for the high-mass impact energy ignition experiments.
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Fig. 2. Release mechanism with safety bar in place (14kg projectile L/d = 2.2). 
3.0
Experiments carried out with large projectiles (up to 50kg) impacting 45° anvil with Magnox/rust thermite mixtures
In total, more than 130 ignition tests were carried out with projectiles of mass 7 - 50kg being dropped at heights to give impact energies ranging from 25 to 500 Joules. To first determine the possibility or likelihood of ignition occurring with normal impact, a series of 20 high speed video imaging experiments was carried out with projectiles of mass 7kg (L/d) = 4.2 ),  14kg (L/d = 2.2) and 28kg (L/d = 2.5)  dropped in turn onto a horizontal rusty anvil plate smeared with medium density Magnox. The impacting surface on the projectiles were the flat ground area of stainless steel bolt heads standing proud of the projectile head. With impact velocities of between 4 to 6 m/s approximately corresponding to a range of impact energy from 60 to 500 Joules experienced with each projectile mass, no evidence was obtained from high speed digital imaging that any sparking occurred in any individual test. For a base comparison with 45°anvil impacts involving thermite reaction, a series of 10 tests (impact energy  250-470J) was carried out with a 14kg (L/d =2.2) projectile. In these tests, where a clean 303S stainless steel surface impacted a (rust and Magnox free) mild steel 45°anvil plate, no indication of sparking or a hot spot was observed to suggest the possibility that ignition could occur.

The major set of experiments was carried out with a 14kg projectile (length to diameter (L/d) = 2.2) and a 50kg projectile with L/d = 2.4 dropped with impact energies up to 330 Joules onto a 45°- anvil plate (rusted with Magnox smear). The ignition probability (Pig) results obtained are shown in Table 1. For each impact kinetic energy, 11 individual ignition tests were performed to enable a frequency and indicative probability of ignition  to be obtained. Also recorded in this Table, are the number of tests from which evidence was seen from high speed digital video of the occurrence of some sparking. From these results, it seems clear that the likelihood of ignition is higher at similar impact energy for the larger mass projectile. It is also evident that sparks due to the thermite reaction seem to occur more easily with the larger projectile. A sequence of high-speed digital images showing sparking and ignition of the 12% H2/air mixture with 50kg projectile impacting at 40 Joules is shown in Fig. 3. The impact contact duration for the 50kg impacts was noted, from the high speed digital imaging, to be considerably longer than for 14kg impacts. At an impact energy of 40J, the contact time for the 50kg projectile exceeded 8 -10ms approximately double that of the 14kg projectile impacting with the same energy. 
A further series of experiments was conducted with 14 kg projectiles to examine the effect of reducing the L/d ratio. A projectile was made from a larger diameter billet than in previous experiments to give an L/d ratio of 1.29. As before, the stainless steel test head plate was machined with a 6mm edge radius. The rusted anvil plates were smeared with a medium/heavy density Magnox layer and five tests conducted for each condition. It can be seen from the results given in Table 2 that no sparking or ignition occurred when the L/d  ratio of the projectile was decreased from 2.2 to 1.29. 
	Table 1. Ignition probability (frequency) for large mass projectiles impacting a 45° steel

Anvil-plate with (light density) Magnox/rust thermite surface. Stainless steel (303S) projectile plate. 12% H2/air. 11 tests for each condition.

	Projectile (kg)
	L/d 
	 Impact KE (J)
	Tests with sparks
	No of ignitions
	Pig

	14   
	2.2
	83
	3
	1
	0.09

	14   
	2.2
	110
	5
	3
	0.27

	14   
	2.2
	140
	8
	4
	0.36

	14   
	2.2
	220
	10
	9
	0.82

	14   
	2.2
	330
	11
	11
	1.0

	50   
	2.4
	25
	0
	0
	0

	50   
	2.4
	40
	3
	2
	0.18

	50   
	2.4
	60
	10
	8
	0.73

	50   
	2.4
	140
	11
	10
	0.91


	Table 2. Ignition probability (frequency) for 14kg projectiles with differing L/d ratio impacting 45° steel anvil-plate with heavily smeared Magnox/rust surface. 12% H2/air. 5 tests for each condition

	L/d ratio 
	 Impact KE (J)
	No of tests with sparks
	Pig

	     2.2
	68
	1
	0.2

	     2.2
	98
	3
	0.6

	     1.29
	98
	0
	0
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Fig. 3. Sequence of high speed digital images showing sparking and ignition of 12% H2/air with 50 kg projectile (L/d = 2.4) impacting at 40 Joules. The times shown are relative to impact at 0 seconds.
4.0 Discussion
The ignition test results obtained with 14kg and 50 kg projectiles impacting a 45°anvil are consistent with those using a 7kg projectile in an earlier study [32]. In this earlier study it was found that impacts between stainless steel plates with magnesium particles on the surface could result in ignition at KE between 81J (Pig = 0.27) and 234J (Pig = 1.0). It can be seen from Eqs. 1-3, that the exothermic energy output from the Mg pyrophoric reactions (Eqs 1,2) is considerable, being around half that of the Mg/rust thermite reaction
An understanding of the effect of projectile geometry, impact velocity and the impact coefficients on the frictional energy loss and likelihood of ignition can be gained by considering a stereo-mechanical analysis of the impact process. If both the translational velocities before impact vn,t  and after impact Vn,t as well as angular velocity
 Ω are known then the normal (Eln) and tangential (Elt)  energy losses (associated with friction) can be expressed simply as a function of the distance of the impact point from the centre of gravity of the projectile
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The influence of the projectile geometry is manifested by variation of the radius of gyration (k) and dc and dd which are distances from the centre of gravity as defined in Fig. 4.
For the 45º anvil impacts   
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And for horizontal impact dc = 0 and dd = L/2
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Fig. 4.  Impact between falling projectile and anvil.  α = π /4.
In a comprehensive study of the energy losses during drop weight mechanical impacts, Averill et al. [37] derived equations for calculating these energy losses (providing the impact coefficients are already known or can be estimated) directly from the more readily obtained initial impact velocity. 
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and
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where
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The remaining kinetic energy (Er) retained by the projectile after impact is given by the sum of the translational and rotational components 
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The dc and dd values for the 50kg and 14kg projectiles with different L/d employed in this study are given in Table 3 together with the respective radius of gyration about the x axis:
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	Table 3. kx , dc and dd  values with respect to L/d ratio and α = π/4


	m (kg)
	L/d
	L (m)
	d (m)
	 kx (m)
	dc (m)
	dd (m)

	14
	1.3
	0.155
	0.12
	0.1295
	0.01236
	0.0972

	14
	2.2
	0.22
	0.1
	0.0944
	0.0424
	0.1131

	50
	2.4
	0.36
	0.15
	0.1167
	0.07425
	0.1803


Considering first, the results of the ignition tests with projectiles dropped onto a horizontal surface. Even with impact energy losses up to 500 Joules, compression of the Magnox/rust mixture did not initiate a thermite reaction and sparking. The impact energy in this case is equal to the sum of the normal energy loss as indicated by Eq. 8 (with Φ = 0) and the retained energy after the initial impact (Eq. 11 with Ω = Vt = 0). This is shown in normalised form vs the restitution coefficient in Fig. 5. This supports the notion that the thermite reaction is very unlikely to be initiated through purely normal energy loss: with normal energy loss, heat arising from the energy loss would be dissipated into the bulk of the impacting materials through deformation rather than at the surface as would be the case with tangential energy loss. Other studies [4, 7 and 35] point to the importance in the ignition process of frictional heating occurring at the surface through sliding friction associated with tangential energy loss.
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Fig. 5.   Normal energy loss (Eln) on horizontal impact: n.b. Elt = 0
With impacts on angled surfaces, there will be both normal and tangential energy losses.
Tangential energy losses for impacts of varying shaped projectiles with a 45º anvil are shown in Fig. 6. For these energy loss calculations (Eqts. 9 and 10), a range of realistic values of the impact coefficients were assumed and kept constant for change in L/d ratio. The stationary friction coefficient for a stainless steel tip sliding over a thick rusty surface was found in an earlier study [4] to be in the region of 0.6 to 0.65 suggesting approximate dynamic friction coefficients of 0.55 to 0.6. With the addition of smeared Magnox deposits on the surface this range of values would be expected to be somewhat reduced. In recognition of this, an impulse ratio (µ) of 0.2 to 0.5 and restitution coefficient (e) of 0.2 - 0.6 were assumed for the purpose of comparing energy loss values at different L/d ratios.
. From Fig. 6, it is seen that over this wide range of possible impact coefficients the tangential energy loss is a very significant proportion of the impact energy on 45º anvil surfaces. This is particularly the case for L/d ratios that exceed 2 as do both the 14kg and 50kg projectiles used to obtain the experimental results reported in Table 1. These results show that ignitions occurred with the 14 kg projectile when the impact energy exceeded 80J and at impact energies greater than 40J with the 50kg projectile. It is significant to note that in an earlier study [32], it was found that ignitions could occur at similar impact energy with 7 kg projectiles (L/d =4.2) when Magnox was impacted between hard surfaces on a 45º anvil. 
The importance of the geometry (L/d ratio) of the projectiles in initiating thermite sparking and ignition is further evident from the experimental results given in Table 2. No ignition or sparking was observed in the tests with the squat shaped (L/d =1.29) projectile where the tangential energy losses in accordance with the calculations shown in Fig. 6 will be very much smaller than with the (L/d = 2.2) projectile.
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Fig 6.  Calculated tangential energy loss for impacts with α = π/4.  em = -1.
Whilst the theoretical calculation expressed in equations 9 and 10 indicate that tangential energy losses will be directly proportional to the projectile mass, there are many complexities with high mass projectile impact which could further effect the likelihood of ignition occurring. The nature of larger mass impacts in terms of contact duration, deformation damage and the resultant normal, tangential and rotational velocities, will differ considerably from those with lower mass and have an influence on the likelihood of ignition occurring. Although the impact energy losses will increase proportionate to the mass of the projectile, heavier impacts will result in greater indentation damage to the materials with the exposure of differing hot impact area and longer impact durations. The conditions under which ignition of hydrogen in air atmospheres occurs by a thermite reaction source has been extensively discussed in a previous study [4]. The mechanism involves the frictional heat generated during mechanical interaction raising the temperature beyond a threshold value where the heat losses from a thermite cluster to the ambient surroundings will be exceeded by the energy produced by its reaction (4 to 5 J/ mg of reactants). Thus, if the frictional heat generated through the tangential energy loss on impact causes the temperature to rise above a critical value, then the temperature will rise in an accelerated manner resulting in ignition. Clearly, this process will be influenced by the duration of an impact and the extent of the contact area.    
Finally, a word of caution regarding mechanical ignition tests of the nature carried out in this study: it is important to recognize the difficulty in controlling test conditions sufficiently to be fully precise about ignition probabilities obtained under seemingly similar circumstances. This follows, particularly because of variation in the extent of surface rusting and distribution of the Magnox smeared layer and the possibility of other surface contaminants modify the impact coefficients. Notwithstanding this proviso, it has been shown in this work that mechanical impacts with heavy projectiles onto Magnox contaminated surfaces can result in ignition even with low impact energy (40J). The manner in which the impact energy is partioned into normal and tangential components seems to be crucial and evidence has been obtained confirming that it is the tangential energy loss on mechanical impact which is associated with the initiation of the thermite reaction. In this regard, the results obtained in this study suggest that the shape of the projectile is of greater importance than the mass (i.e. for a given impact energy) because of its direct bearing on the magnitude of the tangential energy loss. Ongoing studies are being undertaken to further the understanding of ignition processes through mechanical impact.
Conclusions
An experimental programme has been carried out with a large number of tests to investigate the likelihood of ignition of hydrogen in air atmospheres when large mass projectiles impact rusty surfaces with Magnox contamination. Whilst impacts on horizontal surfaces involving solely normal energy losses at kinetic energies up to 500J did not to result in ignition, ignition was observed with 14 and 50 kg projectiles impacting a 45º rusty anvil plate with smeared-on Magnox alloy at impact energies >80J and >40J respectively. Theoretical calculations relating to the 45º angled impacts revealed that these impacts involved substantial tangential energy losses that can be associated with frictional heating of the impact surfaces. It has been further demonstrated that tangential energy losses are particularly dependent on the shape of the projectile since its geometry determines the radius of gyration and the relationship of the centre of gravity to the impact point. Notwithstanding the complexities which can arise from impacts with larger mass projectiles (e.g. greater material deformation with increased impact area and longer contact duration), it is concluded that that the shape of the projectile is likely to be of greater importance than the mass (i.e. for a given impact energy) because of its direct bearing on the magnitude of the tangential energy loss.
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Notation
d
diameter of projectile
dc dd
distance from centre of gravity just before impact (defined in Fig. 4)

e
kinematic coefficient of normal restitution

em
coefficient of moment restitution

I
mass moment of inertia before impact

k
radius of gyration 
L
length of projectile
m
mass of projectile

El
kinetic energy loss

Er
retained kinetic energy
α
impact angle (defined in Fig. 4)

µ
ratio of tangential to normal impulse component (friction coefficient with sliding)
v
velocity just before impact

V
velocity just after impact

(
angular velocity after impact

Φ
defined by Eq. 10
n
subscript - coordinate normal to surface
t
subscript - coordinate tangential to surface
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� Appareils destinés à être utilisés en ATmosphères EXplosives


� The angular velocity before impact is taken as zero. It is also taken as zero after impact on horizontal surfaces.


� Impact calculations (c.f. [37]) indicate that an impulse ratio exceeding 0.65 over a wide range of restitution (e = 0.2 to 0.8) would be associated with the projectile jamming or sticking to the surface of the anvil plate rather than sliding over it.
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