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Abstract 

Experiments using animal, cadaver, or biofidelic physical models remain the foremost means to investigate injury biomechanics as well as validate computational simulations, therapies, countermeasures, or protection technologies.  However, blast injury research has seen a range of irregular and inconsistent experimental methods for simulating blast insult generating results which may be misleading, cannot be cross-correlated between laboratories, or referenced to any standard for exposure.  Although conventional laboratory shock tubes offer many advantages over field trials using actual explosive charges, these can only partially replicate blast conditions from explosive events even when carefully configured.  An advanced blast simulator apparatus is described based on a novel shock tube designed to intrinsically replicate all the key features of blast-wave flow conditions including the negative phase and secondary shock.  Variants of the blast simulator design, which is neither expensive nor complex, can be used from the ‘bench-top’ laboratory scale to that of a large facility capable of assessing whole-body response dynamics.  The implementation of blast simulation facilities under the Blast Injury Program at DRDC Suffield is described.  It is recommended that the blast injury research community converge on a consistent set of experimental procedures and reporting of blast test conditions. 

1.0
Introduction

From the beginning of concerted research into blast injury after WW-II, gas-dynamic shock tubes have been recognized as an important, if not the pre-eminent, tool for systematic experimental investigation of blast injury especially in conjunction with testing of animal models [eg, 1-6].  Particularly from the 1950s with the threat focus being nuclear weapons, shock tubes became the only viable means to routinely simulate long duration shock-wave conditions (>100ms) characteristic of nuclear blasts or high-yield explosive events such as from petrol-chemical or ammunition storage accidents.  As pointed out by Richmond [6] of the well-known Lovelace Foundation, “…it is well to emphasize that the air-driven shock tube has an unusual versatility and offers many other advantages…” including excellent repeatability and the allowance to apply extensive and advanced instrumentation including those to monitor pathophysiological processes.   

At the same time, these pioneering researchers from the 1950s were aware of the limitations of shock-tube simulation of high-explosive blast.  In [7], Clemedson describes his open-field and shock-tube experiments as generating shock waves “…of entirely different types and of different physical qualities.  Also the reactions induced on the animals differ in the two series of experiments and, therefore, it seems appropriate to treat the results separately.”   Richmond [8] remarked that the shock wave generated in the Lovelace shock tube “…is typically flat-topped. This is in contrast to the peaked waves from high explosives”.  However, the Lovelace group was careful to qualify their shock-tube results as applying to ‘fast-rising square-waves’.  Figure 1 shows representative records for static pressure as obtained by Richmond [9] and Clemedson [7] from their respective shock tube studies in comparison to actual blast.
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Figure 1: a) Measured static overpressure from a free-field blast showing the classical waveform with primary (S1), secondary (S2), tertiary (S3) shocks and a well-resolved negative phase 
(data courtesy of DRDC Suffield); b) typical ‘square’ waveform from a Lovelace shock 
tube (from [9], annotated by current authors); c) oscilloscope trace of shock-wave 
static pressure from Clemedson’s ‘detonation tube’ [7] showing repeated 
reverberations due to the closed-end configuration.
It is noteworthy that for the most part these early shock-tube experiments were designed with proper consideration of important technical matters such as blockage effects from the specimen within the tube, placement of specimens along the test section and away from the open end, and elimination of adverse longitudinal reflections within the tube.  In general, the biomedical scientists of that time understood the basics of blast-wave physics and the process by which blast interacts and loads specimens.  As shown through their papers, this understanding extended to the basic rules of blast ‘wave-length’ scaling, the important distinctions between static, dynamic, stagnation, and reflected pressures, and the extent to which these could be simulated using shock-tube technology.  

As with any simulation, the extent to which explosive blast-wave conditions need to be replicated by means of an apparatus such as a shock tube depends on the nature and sensitivity of the particular experiment being staged.  For example, Clemedson’s research was predominantly concerned with understanding the basic biomechanics of blast injury, particularly the process by which mechanical stress becomes imparted within a specimen at the cellular level from an external air-shock wave loading.  That is, although his work used animal models the objective was to understand the fundamental nature of the stress-wave ‘transfer function’ for any prescribed shock-wave for which it was not necessary to simulate all the distinctive features of explosive blast waveforms.  Very importantly, the objective of the experiments was not purported to assess the injury outcome from a blast-wave encounter; the experiment could be ‘turned off’ after a prescribed period of interest for which the records were relevant.  

In comparison, the predominant objective of laboratories such as the Lovelace Foundation (White, Bowen, Richmond, Fletcher, et al) was to analyze injury outcomes from blast exposures by means of animal testing in both shock-tube simulations and explosive field trials.  For shock-tube experiments, the animal response cannot be ‘turned off’ after a prescribed period of interest, and the specimen accumulates damage for its entire exposure within the apparatus.   Therefore, apart from the requirement to properly replicate the primary blast-wave conditions, it is necessary to deal with inherent anomalous artefacts of shock-tube testing.  Such considerations include effects of the boundary layer, area blockage presented by the specimen across the tube cross-section, waves reverberating the length of the tube, exposure to the heat and toxic gases of combustion products within explosively driven tubes, or exposure to exceedingly cold gases expanded from the driver for tubes driven by compressed gas. 

In the case of ‘blast lung’, the nature of the cellular disruption was overtly presented, consistent with observed symptoms and lethality, quantifiable (e.g., post-mortem lung mass as augmented by haemorrhage), and proven to be a common mechanism across species.  The biomechanical process behind the cellular damage was also resolved which allowed the Lovelace group to propose a ‘scaling rule’ of sorts between species.  Although White remarked [10]: 

“…that mammals are most sensitive to the shape, character, rate, and magnitude of the pressure rise and fall and the duration of the overall blast wave, as well as its components, has been noted in the text and deserves considerable emphasis….”,   

ultimately the Lovelace group concluded that critical injury to the lung was imparted if a certain ‘biologically effective’ overpressure (which could be imparted by various blast exposure scenarios) was applied for a critical period.  Such relatively coarse criteria made the required fidelity of blast simulations less stringent.  However, despite decades of research across many laboratories in several countries, the accuracy and applicability of the Lovelace “Bowen curves” for blast lethality [11] as interpreted from animal models to practical blast scenarios involving humans, particularly in vestments, remains argued.  

In the case of the experimental investigation of closed-head blast-induced neurotrauma using animal, cadaver (PMHS or ‘post-mortem human specimen’), or biofidelic physical models, the challenges of developing inter-species ‘scaling’ rules or specifying the required accuracy of a blast simulation far exceed those for blast lung.  Unlike blast lung, the location and nature of the impairment at the cellular scale remain unresolved, nor has a clearly substantiated hypothesis for the injury biomechanics been postulated.  It is not clear if the impairment necessarily entails overt cellular disruption and cell death as distinct from perhaps subtle interference with the electro-chemistry of the brain circuitry.  Further, since the critical biomechanics imparting the blast-induced stress at the cellular level and the consequent cognitive or functional deficits from that action have not been resolved, the sensitivity of current models to particular features of the blast simulation cannot be judged.  It is possible, like whiplash, the injury is unique or exaggerated by the particular physiology of higher primates which would not be revealed by other animal models.  Due to their size, shape, or particular skull/brain physiology certain animal species may have enhanced susceptibility or conversely enhanced resilience to blast neurotrauma compared to the human case.  Similarly, tissue degradations of PMHS models or particular materials or constructions of biofidelic models may cause the actual injury biomechanics to be missed or misrepresented.

The difficulties described above with respect to developing and interpreting experimental models for blast TBI are very greatly compounded if the blast insult applied in testing is misrepresented or widely inconsistent between laboratories.  Prior studies of primary blast injury to the thorax appear to have allowed relatively crude approximations of actual blast-wave conditions in shock-tube simulations.  However, the overt and distinctive cellular damage inflicted in that case along with a credible biomechanical explanation for the injury process allowed variant shock-wave profiles to be assessed for their ‘equivalent’ injury potential.  In contrast, blast-induced neurotrauma has not yet been unequivocally proven to exist as a distinct mode of brain injury having hallmarks distinguished from head-impact concussion or head acceleration injury, or for that matter having symptoms clearly separable from those of post-traumatic stress disorder considered a psychological affliction.  Therefore, the experimental study of blast TBI necessitates the application of a clearly defined and credible blast insult, ideally standardized or quantified to some level of specification, in order that the resolution of this important issue not be further confused by questions as to what insult is in fact being imparted.    

2.0
Blast wave physics   

The simulation of blast conditions by use of a test apparatus such as a gas-dynamic shock tube requires an understanding of actual blast-wave flows in comparison to those generated by shock tubes in order to identify the critical phenomena to replicate and recognize the limitations of the simulation.  The basic sequence of events for an idealized hemispherical blast from a charge on the ground is depicted in Fig. 2 showing an image sequence from the detonation of a carefully prepared 2000kg charge of high-explosive.  The length-scale of ‘fireball radius’ is a useful spatial guide to gauge relative distances in high-explosive (HE) blast events; the following regimes defined for ‘near’, ‘mid’, and ‘far’ fields have been adopted by the authors from [12] as convenient for discussion of blast-wave profiles, although other researchers use different criteria for particular interests.   
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Figure 2: Framing sequence from the detonation of an idealized hemispherical HE charge showing the early growth of the fireball and air shock-wave propagation.  The edge of the fireball of expanding detonation products is labeled ‘C’ denoting a gasdynamic contact surface; 
the primary and secondary shocks are denoted as S1 and S2 respectively.  The mid- 
to far-field propagation would develop after frame f), and generally applies to 
overpressures below 1MPa.  (Imagery courtesy of DRDC Suffield)
Objects exposed to incident blast overpressures higher than about 1MPa or ten atmospheres (~150psi) are typically within the extent of the maximum fireball expansion, considered here to be the ‘near-field’.  The near-field regime ultimately engulfed by the fireball involves complex and rapidly evolving flow conditions producing waveforms which are not self-similar as presumed with standard blast-scaling laws.  During this early phase of the blast generation there is rapid momentum exchange from the expanding products to ambient air with associated non-steady wave-dynamics.  The energy modes and energy partitions, such as between kinetic and internal energy, are changing abruptly not only in amplitude but in spatial distribution.  Figure 3a shows the spatial profiles for the near-field flow at a moment shortly after the primary shock has clearly separated from the fireball.  These near-field spatial profiles are highly transient; that is, in the moments following the ‘snapshot’ shown, the spatial energy distributions and global energy partitions will have shifted greatly.  In particular, the trajectory of the initially out-swept but inward-facing secondary shock has a strong effect on the near-field energy partitions.  For the air-shock component of the near-field flow it is necessary to account for ‘real’ gas effects vs ideal-gas assumptions due to the ionization and dissociation of the air.
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Figure 3: Spatial profiles of gasdynamic conditions for HE blast 
in the near-field (a), and far-field (b).  (adapted from Brode [14])
Therefore, at incident blast overpressure levels approaching 1MPa for an idealized bare HE charge, assessment of target interactions must consider near-field HE blast phenomenology, notably:
· impingement of detonation products;

· non-uniform wave-dynamics within the early expansion of the fireball, especially the outswept phase of the secondary shock when it is embedded in the outflow and a strong separator of flow conditions; and

· extremely high and irregular gradients in the flow such as for temperature and density in the shocked-air regime around the fireball.
In reality, near-field blast conditions from actual threats such as Improvised Explosive Devices (IEDs) are far more complicated and non-uniform being greatly affected by non-ideal explosive combustion, charge shape, initiation, orientation, casing, as well as overburden ejecta in the case of buried charges.  Rayleigh-Taylor instabilities and jetting of the fireball interface [13] generate strong non-uniformities in the flow.  In general, for cased charges either on the ground or buried, the near-field blast flow is greatly altered in that substantial kinetic energy is taken from the gas-dynamic flow by the casing fragmentation and ejecta.  Although soldiers can be subjected to near-field blast (within the fireball expansion and ejecta flow) and survive, consideration of simulators for this regime is beyond the context of this paper.   
The ‘mid-field’ refers to the zone beyond the fireball expansion yet still having strong non-uniform wave dynamics.  ‘Non-uniform’ refers in the spatial sense to oblique transverse waves developed due to charge shape, as well as energy re-partitioning due to the coupling of ejecta/fragmentation with the gas-dynamic flowfield and afterburning for example.  In the ‘far-field’ the wave-dynamics have equilibrated to a quasi-spherical decay although artefacts from the source energetics such as effects from afterburning will persist in the signatures.  Aspects of the physics which strongly affected the near-field blast flow are retained in the propagation; it is a common misconception that the blast from any source should converge to that of some equivalent spherical or point-source charge in the ‘far-field’.  Figure 4 from [15], recently re-confirmed by [16], shows that blast from cylindrical charges typical of most munitions never truly converges on the results for a spherical charge of equivalent mass.
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Figure 4: Ratio of peak overpressure as a function of distance for end-initiated cylindrical vs spherical TNT charges of equivalent mass from [15].  Throughout the domain plotted here, any particular blast record would have the appearance of being from a spherical charge although in fact that ‘equivalent’ charge is changing with distance.  Transverse wave systems are still equilibrating the non-uniform near-field flow created by the non-central initiation and charge shape. 

As shown in Fig. 3b, unlike the near-field the gas-dynamic profiles in the mid- to far field have similar form decaying monotonically in amplitude and extending in duration with increased distance.  Note that ‘negative’ flow velocity does indeed refer to flow reversal; that is, following the positive phase in flow velocity air will be drawn back towards the explosion source (ground zero or GZ).  Fine debris generated from the initial blast encounter with a target are often found closer to GZ than the original target location.  It is also noteworthy that the positive phase for flow velocity is typically 20% longer in duration than that for static pressure.  Although usually of low amplitude, the negative phases for both static pressure and flow velocity are longer in duration than their positive phases.  

Most mid- to far-field HE blast records will have the deceptive appearance of being from some ‘equivalent’ TNT spherical blast source as shown in Fig. 1a.  However, important non-uniform wave dynamics due to near-field effects and the explosive combustion are usually still strongly affecting the waveforms albeit in features such as the overpressure-time decay rate, negative phase, and secondary shock.  Even for the case of bare spherical charges of different explosive formulations, different ‘equivalency’ ratings are applied dependent on ‘peak pressure’ or ‘impulse’ criteria; in fact, even these ‘equivalencies’ change with distance.  Since the ‘TNT equivalency’ factor changes with the parameter of interest as well as with distance (especially for the usual case of the charge being non-spherical), the rationale of citing an ‘equivalency’ at all is questionable other than as a crude guide to source strength.  

The shape of the positive phase of the mid- to far-field blast records lends itself to empirical curve-fits typically having an exponential decay profile; such fits are used in software utilities such as ConWep [17] and underlie most databases describing free-field blast parameters based on ‘scaled TNT’ equivalency and spherical blast decay.  However, the simplified four-parameter curve-fit of the ‘modified Friedlander equation’ for static pressure (amplitude, duration, decay coefficient, and positive duration) does not allow the proper matching of the negative phase or accounting for secondary shock for example.  Although summary graphs of ‘negative phase impulse’ for scaled TNT blast are provided in a few references such as [18], a time-resolved working representation of negative phase remains lacking.  The lack of information for the negative phase is due not only to the difficulties of measurement and paucity of experimental data regarding this part of the record, but the generally lower priority it was afforded during the era of nuclear blast threat assessment.  For HE blast, the features of the negative phase are dominated by the family of negative characteristics (u-a) that are initially outswept in the fireball expansion, then ultimately reflect from the origin and pass out through the fireball.  Therefore, the negative phase is highly dependent on the gasdynamics within the fireball and details of the explosive combustion process especially afterburning, making the results difficult to scale between explosives.  

3.0
Conventional Shock Tubes and blast simulators
Although the first shock tubes were developed in the mid-1800s to explore the basic phenomena of wave propagation in gases, it was not until the 1950s and the advent of supersonic flight and the space programs that shock tubes and their ‘cousin’ blow-down supersonic wind-tunnels came into widespread use as the leading experimental research tool in compressible gas-dynamics.  A small international group of Defence laboratories undertook development of large specialized shock tubes for simulations of nuclear-scale blast waves primarily for testing of military equipment.  The MABS forum (originally ‘Military Applications of Blast Simulators’, now ‘Military Aspects of Blast and Shock’) has chronicled the development and applications of such blast simulators [19].  However, in general these early blast simulators were large variants of classical laboratory shock tubes although often explosively driven due to requirements to develop shock pressures for large test sections.  This approach was reasonably well-suited to the original interests to simulate the positive phase of long-duration nuclear blasts of moderate amplitude.  However, the wave dynamics and flow conditions developed within standard shock tubes does not ‘naturally’ replicate those of free-field explosive blasts as will be briefly reviewed here.   

As shown in Fig. 5, in its simplest form a standard laboratory shock tube is straight pipe which is separated into a ‘driver’ section charged with high-pressure gas and a low-pressure test or ‘driven’ section which is typically open to ambient air conditions.  The two sides are separated by a frangible diaphragm such as polyester plastic or thin metal foil.  Upon rupture of the diaphragm either by means of a puncturing device or simple over-pressurization, the high-pressure gas expands into the test section ‘driving’ a shock wave into the test section.  
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Figure 5: Sketch and photograph of a simple laboratory shock tube. 
Although this concept appears straightforward, the wave dynamics developed in a conventional shock tube are complex as depicted in Figs. 6-7.  The particular waveforms produced at a test station are dependent on the measurement location and details of the configuration such as the type of driver gas, its pressure and temperature, the relative lengths of the driver and driven sections, and the end conditions such as being open or closed.  Unless the driver gas is specially heated, its cooling upon expansion will cause a density and temperature discontinuity at its interface with the air it is ‘driving’ causing anomalous flow effects unlike explosive blast.  A typical record for static overpressure from a conventional shock tube is presented in Fig. 8 showing how the waveform develops as a composite of interacting wave systems.  
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Figure 6: Schematic depiction of the development of the gas-dynamic 
flow conditions within a constant-area shock tube.
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Figure 7: Wave diagram (x-t map) for a standard open-ended shock tube showing typical profiles for the key gasdynamic conditions at the test station denoted by the star.  Only with careful configuration of the shock tube and target placement can the positive phase 
conditions for blast be approximated. (after Zhang & Gottlieb [20])
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Figure 8: [Left] Typical ‘untailored’ record for static overpressure within a conventional shock 
tube.  [Right] An annotated copy of the same trace shows how the wave shape 
is developed as a composite of several interacting wave systems.  

It is possible by careful adjustment of driver length, driver gas, and measurement location to produce shock-wave conditions simulating those of the positive phase of free-field explosive blast as depicted in Fig. 1a.  However, the negative phase and recompression shock shown in Fig. 8 are artefacts of the rarefaction from the open end of the tube and are incorrect with respect to blast simulation:  the outflow velocity is increased rather than reversed, and the apparent ‘secondary shock’ propagates upstream, opposite to the proper downstream direction.  Therefore, unlike the negative phase of actual blast a specimen would be subjected to a surge of outflow ended by a shock striking from the back.  Shock tubes which are not fitted with a reflection-eliminator at their end will subject specimens to waves which reverberate the length of the tube as shown in Fig. 9.  
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Figure 9: Reverberant waves developed in a conventional shock tube without reflection elimination: 1 - primary ‘square’ wave; 2 - ‘inverted’ reflection of (1) from open end; 3 - reflection 
of (2) from closed end of driver; 4 - ‘inverted’ reflection of (3) from open end.

In practice, all diaphragm stations introduce some flow anomalies due to non-ideal diaphragm rupture.  In particular, metal or plastic diaphragms will usually deform plastically to a great extent often being nearly hemispherical upon rupture which is most often initiated at the centre.  Therefore, the driver gas initially jets through the central rupture, and a type of converging/diverging ‘de Laval’ nozzle flow develops often including embedded quasi-steady recompression shocks.  Serious waveform complications and flow losses are caused if remnants of the membrane remain attached at the wall and obstruct the outflow from the driver.   Flow separation very often develops at the torn edges of the diaphragm, and a turbulent wall boundary layer develops, thickens down the length of the tube, and can entirely engulf the tube cross-section behind the shock front.  A severe turbulent wall boundary layer will significantly affect the decay profile behind the shock as shown in Fig. 1b.  Apart from anomalous flow patterns being developed, non-ideal diaphragm rupture incurs significant flow losses and inefficient shock-wave generation at the test section. 

Combustion-based drivers appeared to offer advantages in that high driver pressures and volumes could be efficiently generated, no diaphragm system was required, and some manner of ‘blast-like’ pressure profile could be directly transmitted into the test section.  Combustion drivers initially entailed use of distributed high-explosive (such as spiraled detonation cord or ‘primacord’) or propellants being set within a heavy-walled small-diameter driver section (often a gun barrel) expanding into the wider-diameter test section.  However, this approach led to combustion products and residue being dispersed into the test section; also, due to the charge and driver configuration strong transverse waves were generated within the driver or upon expansion into the wider test section.  Furthermore, the operational aspects of safe handling, setting, and firing of the charges added to testing overhead costs and turn-around time.  Later, gaseous fuel-air or fuel-oxygen mixtures were used to entirely fill the driver to create a more uniform and clean driver outflow; the flow and firing of the explosive gases could be remotely controlled allowing efficient and safe operations.  However, due to the constant-area propagation even explosively driven simulators do not in fact replicate the characteristic profiles for spherical blast-wave decay including a negative phase.  Problems persisted with the contact surface of combustion products intruding into the test section at higher blast testing levels.  

The challenge of ‘wave tailoring’ concerns shaping the gasdynamic profiles (pressure, flow velocity and density) to match the smooth exponential-like decay of classical blast waveforms as well as eliminating anomalous transverse and longitudinal waves developed in the tube.  Therefore, wave-tailoring also concerns the driver method, since the contact surface between the driver and test-section gases will generally create a discontinuity in density and temperature.  Targets tested at higher blast levels will be exposed to the passage of this contact surface creating anomalous loadings unrepresentative of blast-wave profiles at that overpressure level.  For compressed-gas drivers it is possible to pre-heat the gas such that upon expansion into the test section the density matches that of the shocked air.  The early MABS proceedings also describe a range of methods for wave-tailoring by means of changes to the driver geometry including insertion of perforated plates, and various means of ‘choking’ or throttling the flow from the driver to extend durations.  

A fundamental wave-tailoring challenge concerns the problem of wave reflection from the open end of the tube which as shown previously creates a strong and anomalous upstream rarefaction followed by a shock recompression.  That upstream-travelling wave reflects from the closed end of the driver, and a chain of reverberations is developed.  If the facility space allows, extending the tube such that the open end is far removed from the test section will not eliminate but does diminish and delay the effect.  Both time-controlled closure devices and passive reflected-wave eliminators (RWE) have been installed at the venting end of blast simulators.  A passive RWE is a relatively crude but practical solution which partially blocks the shock-wave outflow such as by means of a grill or perforated plate; patterns of reflected shocks and rarefactions are created which tend to ‘cancel’ each other and diminish effects at the test section [21].

A key aspect of the current discussion concerns the matter of a ‘constant-area test section’.  For nuclear blast profiles, blast simulators of constant diameter were important to sustain the necessary long durations and maintain high shock pressures.  Although expansion sections were very often incorporated, these were to widen the test section in order to accommodate larger targets; hence the area expansion was followed by another section of constant-area duct of larger diameter.  The combination of expansive then compressive corners introduced transverse waves adversely affecting the shock-wave flow propagating down the tube.  In many designs an abrupt area change also exists at the diaphragm or valve station separating the driver and driven sections which also introduced anomalous transverse waves into the test section.  Transverse waves develop in shock tubes as a sensitive function of area changes.  The peak amplitude of a perturbation generated by a compressive or expansive corner can be estimated from rules for oblique shock reflection or Prandtl-Meyer expansions.  Applying the approximation that the wall boundary of a duct affects the flow as a stream function, the ‘scale’ of the perturbation generated by a change in wall profile relates to the second-derivative of area as a function of axial distance [22].   Therefore, abrupt area changes or more properly ‘rates of change of area’ such as corners or edges in the duct profile are especially problematic for developing adverse waves.  As described in [23], transverse waves decay as x-1/2 where x is axial distance; due to the cylindrical geometry transverse waves implode or amplify along the tube axis very often where targets are located.  Therefore, area changes should be avoided or be set well upstream of the target test section.  

4.0
A revised Blast Simulator Concept
As shown in Fig. 10, the flow conditions from an idealized blast can be assumed spherically symmetric.  Therefore, any solid angle cut from the flow field as subtended from the source as shown in Fig. 10 will replicate the basic physics of spherical blast decay with distance.  The distinctive blast-wave characteristics of exponential-like decay profile, negative phase, and secondary shock as depicted in Fig. 1a are direct artifacts of blast propagation in spherical geometry.  In fact, although strong transverse waves develop in the near field from cylindrical charges, the shock ray-paths evolve from cylindrical to a quasi-spherical expansion.  All blast wave flows expanding in x geometry, where x is distance from the origin and 1<<2, will have similar generic profiles as described in Fig. 1a with a significant negative phase and secondary shock and can be locally approximated by some ‘quasi-spherical’ waveform.  
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Figure 10: a) Blast flow conditions from an explosive charge are inherently best simulated using a shock tube having a constantly diverging test section.  b) – d) A source or ‘driver’ charge used in conical simulator of solid-angle α (highlighted in red in the sketch) will simulate the blast from a spherical charge 2/(1-cos(α/2))-fold the size.  For a conical simulator of 8.5° total angle, a driver energy of 14gms HE-equivalent will simulate the blast from a 10kg spherical HE charge.

Therefore, a shock-tube having a constantly diverging cross-section including the driver would best serve the purposes of a blast simulator.  A cone, or in fact any tube geometry whereby the cross-sectional area increases proportionately to the square of the axial distance (A ~ x2) will suffice.  For simulation of moderate blasts (<5atm), a duct having diverging area with hexagonal cross-section will have straight walls and is advantageous for fabrication and wall-mounting of diagnostics including optical windows.  The appropriate divergent-angle is governed by the target size to be accommodated in the test section as well as the required blast duration.  For very small angles, the wall boundary layer and heat transfer will affect waveforms and great lengths are required to accommodate targets of any significant cross-section.  For large angles, the size of the facility and corresponding driver charge, as well as the generation of a uniform blast front are problematic.  A divergent angle of 8.5° allows a driver charge at the apex of the simulator having the equivalency of only 14gms high-explosive (HE), comparable to that of a 10-gauge shotgun cartridge, to simulate the blast from a 10kg spherical charge.
The concept of a conical blast simulator was introduced by Filler [24,25] and large-scale versions were built at the (then) Naval Weapons Laboratory as well as the Naval Ordnance Laboratory.  In order to attain durations appropriate to nuclear blasts with minimal driver volume, the conical duct of the NOL simulator had a very shallow angle of 0.56°, or a slope of 1/100; the DASACON simulator at NWL was built to a remarkable 731m length to accommodate full-scale targets in its test section.  These designs are described in the early MABS proceedings [26-28].  However, very importantly, the driver sections for these simulators were gun barrels having (constant) circular cross-section, not having diverging area from an apex.  The use of heavy-wall gun barrels was necessitated by the resort to high-explosives as a pressure source; driver pressures were generated by cylindrical charges of high explosive which were spaced off from the walls due to the intense pressures of the HE detonation.  Although difficult to have predicted from the technology and knowledge at the time, the performance of these early conical blast simulators was greatly compromised by the cylindrical driver geometry and the use of ‘spaced-off’ cylindrical HE charges.  Serious problems such as complex wave dynamics within the cylindrical driver from the HE charge configuration, incomplete and inconsistent HE combustion due to the confinement, as well as severe turbulent boundary-layer growth from the driver/cone junction caused poor repeatability and non-uniform flow in the test section which could not be corrected.  The concept of an HE-driven conical blast simulator was not pursued for next-generation facilities such as the LBTS [29].     

However, perhaps surprisingly, the concept does not appear to have been re-visited with the simple but important revision of using a compressed-gas or gaseous explosive pressure source for the driver allowing practical use of the all-important divergent-area geometry for the driver.   Reference 12 demonstrated that the shock-wave from a simple ‘balloon’ of high-pressure gas can be made to replicate the waveform of an HE source for the blast regime of primary interest (<5atm).  For stronger blasts or larger test sections, a gaseous explosive generates driver pressures in the regime of 20-30atms yet does not necessitate use of a heavy-wall cylindrical driver.  To demonstrate the feasibility of a compressed-gas shock-tube variant of the HE conical blast simulator, the standard constant-area shock tube shown in Fig. 5 was revamped with a new driver section having diverging area from an apex.  As shown in Fig. 11, a more practical variant of the conical (axisymmetric) driver geometry was employed using a diverging section of hexagonal cross-section allowing its fabrication from welded straight-wall triangular segments.  The divergent-area driver is followed by a transition section to smoothly re-direct the flow into the constant-area test section without introducing transverse waves.  The ‘diverging hex’ geometry of the driver greatly facilitates the fabrication of the transition section to smoothly merge with the existing test section being a straight pipe of circular cross-section.    

An indirect benefit of reproducing the proper physics of the negative phase of blast is that the expanding driver gas does not intrude excessively into the test section as in the case of constant-area tubes.  That is, the contact surface follows its ‘natural’ x-t trajectory for spherical blast ultimately decelerating and withdrawing from its downstream intrusion.  In the case of air as a driver gas which has not been pre-heated, the density increase across the contact surface will usually be greater than that across the primary shock resulting in exaggerated dynamic pressure across this front.  Therefore, as a guide, for this and other reasons it is not recommended to have specimens within two driver lengths of the diaphragm.  The effect of the contact surface is greatly diminished by use of helium as the driver gas; helium also offers significant advantages in waveform tailoring as shown in Fig. 11.
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Figure 11: [Left] An upgraded conventional shock tube retro-fitted with a ‘hex-divergent’ driver, transition section, and end-wave-eliminator for single-pulse blast simulation as developed for the DRDC Suffield facility [photo courtesy of DRDC Suffield].  As distinct from a simple reflection eliminator, the end-wave eliminator includes an anechoic dump tank to mitigate noise and gas efflux into the laboratory space.  [Right] Sample records for static overpressure comparing waveforms for helium and air driver gases showing the correct simulation of the negative phase and secondary shock throughout the simulator.  The use of helium rather than air increases the amplitude, steepens the decay rate, reduces the negative phase, and advances the secondary shock in the signature for the same driver pressure.  The shockwave inherently replicates all the proper gas-dynamic profiles of a blast wave including those for density and flow velocity.

5.0
Advanced Blast Simulator

Notwithstanding the very good performance of the blast simulator described above, a more advanced concept for blast simulation has been developed which facilitates waveform tailoring and offers significant advantages with respect to the efficiency of blast generation as well as fabrication costs.  The new concept makes use of the observation that the underlying equations governing the physics of blast propagation in one-dimensional form include a single parameter to account for the area divergence of the flowfield.  Hence a simple coefficient ( = 0, 1, 2 allows the equations to be formulated for planar, cylindrical, and spherical geometries, the latter two inherently leading to the development of a negative phase and secondary shock [30].  For the same specific explosive energy, the strength of the negative phase and consequent secondary shock are most pronounced for the case of spherical blast.  The significance of this behaviour with respect to blast simulation is discussed below.   

During its very early development, the blast from realistic non-spherical charges involves different ‘local’ expansion geometries due to the charge shape.  For example, considering the blast propagating perpendicular to the axis of a finite cylindrical charge as shown in Fig. 4, the near-field decay rate behind the shock and the development of the negative phase and secondary shock are initially governed by the physics of cylindrical expansion.  Similarly, the blast emerging from the end of the charge would be quasi-planar, and the two flow-fields become bridged and merged by oblique shocks and rarefactions.  The merging flow patterns ultimately evolve into a ‘quasi-spherical’ flow, but even the far-field signature retains artefacts of the near-field development.  The early side-blast expansion including its negative phase and secondary shock cannot be retro-actively ‘converted’ to those of some ‘equivalent’ spherical charge even as the blast evolves to its far-field waveform.  Therefore, actual blast propagation in a particular direction or along a shock ‘ray path’ might evolve from quasi-cylindrical to quasi-spherical, and ‘fractal’ geometries such as ( = 1.5 are meaningful in describing an evolving blast-wave flow.  

The majority of blast threats are ground based, and often buried as in the case of most insurgent IEDs encountered in the Afghanistan and Iraq conflicts.  ‘Ground effects’ distort the physical expansion of the blast flow field; for example, buried charges will vent upwards throwing an ejecta cone of overburden and generate a strongly two-dimensional air-blast flow in the near-field.  Even in the case of an idealized hemispherical charge laid on a realistic ground surface, a uniform hemispherical blast is not developed matching that of a spherical charge of twice the size in air.  Not only is energy lost to the ground shock, cratering, and ejecta, but the air-blast waveform is invariably distorted including two-dimensional effects.  Buried or even surface-laid charges will also experience significant quenching of post-detonation explosive afterburning.  Although the entire waveform is affected in these cases, the positive phase can usually be approximated by some ‘equivalent’ diminished spherical charge at sufficient distance.  However, the details of the decay rate behind the shock and the features of the negative phase and secondary shock are strongly affected and difficult to quantify or scale. 

All of the above points to the value of a blast simulator which can be adjusted for features of decay rate behind the primary shock and especially the character of the negative phase and secondary shock.  For these reasons and others related to performance and efficiency in blast-wave generation, an ‘Advanced Blast Simulator’ or ABS has been developed.  Due to matters of sensitivity of intellectual property (IP), the details of the design cannot be presented here.  However, results from an operational working laboratory-scale version with 200mm square test section are shown in Fig. 12.  It can be seen the ABS waveforms closely match those of the revamped ‘diverging-hex’ blast simulator described in the Section 3 above, although by means of a more simplified design.
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Figure 12: Sample records of static overpressure from a laboratory model Advanced Blast Simulator having 200mm square test section showing wave-tailoring of the decay rate, negative phase, 
and secondary shock.  Perturbations on the records relate to gauge sensitivity 
to mechanical vibration and are not gasdynamic disturbances.

6.0
Conclusion   

A brief review of blast physics and blast-wave simulation has been presented with the perspective that experimental studies of blast injury must first and foremost replicate the relevant gasdynamic phenomena of blast insult conditions.  In the current investigation of blast-induced neurotrauma or ‘blast TBI’, the biomechanics of the injury process and the susceptibility of the brain to perhaps subtle features of blast-wave conditions are unresolved, nor have the ‘scaling rules’ or rational for interpreting results from animal models to the human case been established.  This backdrop is only further confused if incorrect and inconsistent experimental methods are used to impart simulated blasts.  It has been shown that conventional shock tubes are in fact quite limited in their capacity to simulate blast waveforms.  

A method for revamping a conventional constant-area shock tube to generate a single-pulse blast waveform has been demonstrated as developed for the DRDC Suffield research program.  Additionally, results have been presented from a new Advanced Blast Simulator which allows adjustment of the simulated blast-wave profiles including the negative phase and secondary shock.  Whatever method is employed for blast simulation it is recommended that some level of validation be demonstrated regarding its ability to replicate blast-wave flows, particularly the static and dynamic pressure components.  Ideally a standardized method of applying or at least reporting blast insult conditions should be considered by this research community similar to the accepted practice for test devices such as controlled cortical impact and fluid percussion.     
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