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Abstract
The physical properties of a blast wave produced by a stoichiometric propane/oxygen explosion have been determined using a spherical-piston-path method suggested by Taylor (1946). The blast wave produce by an expanding spherical piston can be calculated using a suitable numerical code, such as the random choice method (RCM).  For several decades, this technique has been used successfully to determine the physical properties of blast waves produced by various explosives, using piston-path trajectories determined by high-speed photogrammetry of smoke tracers initiated close to the charges immediately before detonation.
The trajectory of the primary shock produced by the explosion of a nominal 20 tn hemispherical propane/oxygen charge was analysed by Dewey (2005) to provide the physical properties immediately behind the shock, but gave no information about the time-resolved properties in the rest of the wave. Smoke tracers were deployed on this test, but a technical failure precluded the determination of time-resolved particle trajectories that could be used to provide a suitable piston path. 
The primary shock trajectory was obtained from an extensive array of Air Blast Time-of-Arrival Detectors (ABTOADs).  A generic piston-path trajectory was used in a RCM code to calculate a shock trajectory that could be compared to the measured trajectory.  The piston path was adjusted iteratively until an optimum match between the observed and calculated shock trajectory was obtained.  This piston path was then used to determine the hydrostatic pressure, density and particle velocity as functions of radius and time throughout the flow field from a scale radius of approximately 2 m/kg1/3 to 20 m/kg1/3.  From the three physical properties, above, other properties such as dynamic pressure, temperature and energy density can be calculated.  A user friendly interface is being developed to display these blast properties as functions of time and radius for any user selected charge mass and atmosphere.
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The Piston Path Method
[bookmark: _GoBack]It was shown by G. I. Taylor (1946) that any centered blast wave can be produced by a spherical piston which moves with an appropriate radius-time trajectory, referred to here as the piston-path. The appropriate piston path for an experimental explosion can be determined by high-speed photogrammetry of an array of smoke tracers deployed close to the charge just before detonation.  Ideally, the piston path would be that of the contact surface between the detonation products and the ambient atmosphere, but due to Rayleigh-Taylor and Richtmyer-Meshkov instabilities, such a contact surface does not exist. Instead, there is an extensive region of turbulent mixing of the detonation products and the ambient atmosphere.  However, a stable piston path can be found from high-speed photography of a smoke tracer initiated immediately adjacent to the turbulent region.  The trajectory of this tracer provides the radius-time history of a spherical piston that can be used in a hydro-code to calculate the physical properties of a blast wave identical to that produced by the explosion.  This technique has been used extensively to determine the physical properties of blast waves from various explosive sources (e.g. Dewey, 1964, 1971; Dewey & McMillin, 1991, 1995).  
The piston-path-method can be used with any suitable hydro-code.  The one most frequently employed for centred explosions, which are pseudo-one-dimensional spherically symmetric, is the random-choice-method (Saito & Glass, 1984).  This is a simple first-order code, but because the calculated physical properties are randomly assigned to a point in each calculation cell, the round-off errors do not accumulated as the calculation proceeds to larger radii as occurs with other first-order methods.  However, the randomness introduces some “noise” in the calculated physical properties, similar to the noise in signals from electronic transducers.  The calculation characterizes all the physical properties of a blast wave in the radius-time plane.
This paper describes the use of the piston-path random-choice method (PP-RCM) to characterize the physical properties of the blast wave produced by the explosion of a stoichiometric propane/oxygen mixture with a TNT equivalence of 20 t, without using a measured piston path.
Analysis of the Propane/Oxygen Explosion 
[image: ]
Figure 1.  38 m diameter hemispherical Mylar big filled with a stoichiometric mixture of propane and oxygen with an energy equivalence of 20 t TNT.  The striped poles are gun barrels mounting “lollipop” pressure gauges.  The black and white stripes are 30 cm wide and served as fiducial markers for the high-speed cameras.
In 1966 a 38 m diameter hemispherical Mylar bag filled with a stoichiometric mixture of propane and oxygen with an energy equivalence of 20 t TNT was detonated at Suffield, Alberta, Canada. The experiment was known in Canada as FE567-2a and in the USA as operation DISTANT PLAIN 2a. The charge is shown in figure 1, shortly before detonation, and in figure 2 shortly after detonation. Very few useful data were obtained from this experiment. Wind had blown the centre of the charge about 3 m from its intended position. No reliable pressure transducer signals were obtained because the gauges were of the lollipop or pancake variety, which were very sensitive to any misalignment from the charge centre.  In addition, the intense thermal flux from the explosion had major effects on the transducer signals. High speed photography of the refractive image of the primary shock front and of an array of smoke tracers was used, but there was a failure of the timing signals to all of the cameras so that the resulting data could not be analysed. Because of these problems and the danger involved in preparing such experiments no further large scale gaseous explosions were attempted. Any measurements that were obtained are included in Anderson (1970).
[image: ]
Figure 2.  The gas bag explosion shortly after detonation.  The smoke trails on the left were to have been used for a particle trajectory analysis of the blast wave.  On the right the primary shock can be seen advancing in front of striped panels which were 15 m high. 
The measurements included the times of arrival of the primary shock at an array of air blast time of arrival detectors (ABTOADS), whose positions were known relative to the displaced centre of the charge.  The signals from each of these positions were recorded via a single cable to a single recording channel. These data were analysed by Dewey (2005) to determine the physical properties immediately behind the primary shock, and to calculate the TNT equivalence of the blast wave as a function of the distance from the charge centre. However, the analysis provided no information about the physical properties of the blast wave not adjacent to the shock front, i.e. no time-histories or impulses. This paper describes an attempt to make such an analysis using the piston-path random-choice method (PP-RCM).

Previous applications of PP-RCM used an initial piston path obtained from high-speed photography of a smoke tracer initiated close to the charge immediately before detonation. In the case of the propane oxygen explosion such a smoke tracer trajectory was not available because of the failure of the timing signals to the cameras photographing the array of smoke tracers, seen in figure 2. An arbitrary piston path trajectory, defined by 15 nodes, was therefore used initially in the analysis. The primary shock trajectory calculated by the analysis was compared to that measured by the ABTOADS, and each node on the piston path was adjusted iteratively until the best possible match was obtained between the calculated and the observed primary shock trajectory, shown in figure 3. That piston path was then used to calculate the hydrostatic pressure, the density and the particle velocity in each calculation cell throughout the radius-time plane. From these three physical properties other properties such as temperature and dynamic pressure were calculated using simple thermodynamic relationships. All the physical properties of the blast wave have therefore been mapped from a scaled radius of 2 m/kg1/3 to 20 m/kg1/3, and for a range of times spanning the positive durations of the blast wave within those distances. 


Figure 3.  The data points are the times-of-arrival of the primary shock measured by the ABTOADS, scaled to a 1 kg charge at NTP.  The red curve shows the times-of-arrival calculated by the PP-RCM after iteratively adjusting the piston path trajectory.
Results
Examples of time histories of some physical properties are illustrated in figures 4 to 6. The “noise” generated by the random choice method can be seen in these time histories. 


Figure 4.  Overpressure versus time at a scaled radius of 2.5 m/kg1/3.  The points are the data calculated by the PP-RCM.  The curve is the least squares fit to the modified Friedlander equation (1).


Figure 5.  Overdensity versus time at a scaled radius of 10 m/kg1/3.  The points are the data calculated by the PP-RCM.  The “noise” generated by the RCM can be seen.  The curve is the least squares fit to the modified Friedlander equation (1).



Figure 6.  Particle velocity, relative to the ambient sound speed, versus time at a scaled radius of 20 m/kg1/3.  The points are the data calculated by the PP-RCM.  The curve is the least squares fit to the modified Friedlander equation (1).
The curves through the data points are least squares fits of the data to the modified Friedlander equation (1) (Friedlander, 1946, Dewey, 2010), 
	
	
	(1)



where P is a physical property of the blast wave, such as pressure, density or particle velocity; PS the value of that property immediately behind the shock; α the exponential coefficient; t the time after arrival of the primary shock, and t+ the positive duration.  PS, α and t+ are the three coefficients determined by the least-squares fit.  The excellence of the fits shown in figures 4 to 6 are typical of those for the three calculated properties, overpressure, overdensity and particle velocity, throughout  the range of distances from 2 m/kg1/3 to 20 m/kg1/3.
Unlike blast waves from most solid explosives, no region in the radius-time plane could be found in which the time histories were well described by the unmodified Friedlander equation, viz.
	
	
	(2)



where PS and t+ are the two fitted coefficients.
The fits of the data created by the PP-RCM to the modified Friedlander equation are being used to compactly archive the large calculated database so that time histories of any of the physical properties can be easily generated via a user interface. 
The modified Friedlander equation can be integrated over the positive duration, viz.
	
	,
	(3)



to give the impulses of hydrostatic and dynamic pressures, and the sums of properties such as energy density and available work.  The hydrostatic overpressure impulse as a function of radius is plotted in figure 7.


Figure 7.  Log-log plot of hydrostatic overpressure impulse versus scaled radius.
Conclusions
The analysis presented above has shown that it is possible to fully characterize all the physical properties of a blast wave using the piston path method and a measurement of the primary shock radius-time trajectory.  The shock trajectory can be measured using an array of detectors as simple as the earphones used with mobile devices.  The signals from the detectors can be transmitted via a single cable and recorded on a device such as the RAM or hard drive of a laptop computer.  A spherical piston path can be generated to match the measured and calculated primary shock trajectories, and used with any suitable hydro-code to calculate the physical properties of the blast wave produced by the piston.  Hemispherical or spherical charges should be used.  Attempts to employ this technique with cylindrical charges with a 1:1 diameter to length ratio so far have not been successful (Kleine, Dewey et al, 2003).
For the propane/oxygen explosion described here, the piston path was defined by 15 nodes.  The primary shock trajectory calculated by the code, based on the random choice method, was compared to the measured trajectory.  The first node was placed on the shock trajectory.  The subsequent nodes were adjusted iteratively until an optimum match was obtained between the measured and calculated shock trajectories.  The hydrostatic pressure, density and particle velocity of each calculation cell for the optimum piston path were stored throughout the radius time plane.  From these three properties the other physical properties such as dynamic pressure, temperature, sound speed and energy density were calculated using simple thermo-dynamic relationships.
A study of the time histories of overpressure, overdensity and particle velocity in the blast wave from the propane/oxygen explosion showed that, unlike the blast waves produced by solid explosives (Dewey, 2010), at no radius was the time history well described by the Friedlander equation (2).  However, throughout the range from 2 m/kg1/3 to 20 m/kg1/3 all the time histories were well described by the modified Friedlander equation (1). By least-squares fitting the time histories to the modified Friedlander equation and storing the three fitted coefficients, the size of the stored database could be reduced by many orders of magnitude.  (1) can be integrated to provide impulses and summations of  physical properties over the positive phase.
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