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1.    INTRODUCTION

An explosion is a phenomenon resulting from the sudden release of energy giving rise to the production of shock or blast waves, and missiles, both of which can cause remote damage.  The ways in which energy can be suddenly released, and generally speaking the type of damage caused as a result, can be broadly divided into three categories.

a)   Detonation

Detonations are caused by high explosives, certain unstable solids and liquids, and much less frequently, the rapid oxidation of certain gases taking place in long, narrow ducts or pipes.  The detonation of a high explosive is caused by a very rapid reaction process taking place in the material which leads to an almost instantaneous rise in pressure at the source of the reaction.  This in turn sets up a shock wave which travels outwards at a speed greater than that of the speed of sound in air.  The shock wave causes shattering and crushing of objects nearby.  Similarly, local effects of heat are usually in evidence.

b)   Deflagration

Combustible gases, vapours and dusts mixed with air in the correct proportions will propagate a flame.  Typically, flames will travel at a speed of only a few metres per second ie. in the order of 100 times slower than the speed of sound in air.  A sudden increase in the number of molecules produced as products of combustion, and more particularly of heat giving rise to expansion of gases, leads to the generation of pressure.  When a deflagration occurs in a structure offering a degree of confinement, the pressure will rise until the weakest element or elements of that structure fails, thus relieving the pressure and allowing the product of the deflagration to vent to atmosphere or a neighbouring compartment.

Pressure generation can also occur due to deflagrations in the open air, but a pressure wave or blast wave of significant magnitude to cause damage to structures is unlikely to result unless the rate of combustion is sufficiently fast and the fuel involved is released in tonnage quantities.

c)   Hydraulic/Pneumatic Failure of Containers

Stored energy, f or example in steam reservoirs, pressurised air containers and chemical reactors containing a liquid under pressure, can be released suddenly in the event of failure of the container.  The rate of release of energy is slowest in the event of an hydraulic failure where liquid escapes at a temperature below its boiling point.  Higher rates of release of energy accompany the failure of structures containing compressed gases and superheated liquids.  Pressure rises can occur in the compartment in which the failed container is installed leading to disruption of the extremities of the compartment.  Blast waves capable of causing remote damage can also be set up by this process.

Clearly, incidents which lie in category (c) do not fall within the scope of this course.  Moreover, explosions involving high explosives and unstable materials liable to detonate is a detailed subject in its own right, and from the investigation point of view, is far less likely to be encountered than explosions in category (b) arising from a deflagration.

It is appropriate, therefore, to consider in more detail the phenomena of deflagrations, and to start by discussing a number of fundamental properties of materials susceptible to deflagration which can influence the course and effects of an explosion involving such materials.

2. SOME FUNDAMENTAL PROPERTIES OF COMBUSTIBLE GASES, VAPOURS AND DUSTS

2.1 FLAMMABILITY LIMITS

Mixtures of combustible gases, vapours and dusts in air are capable of propagating a flame only when the concentration of fuel in air lies within what is known as the 'flammable range'.  The flammable range of a fuel/air mixture is bounded by two well defined limits known as the "lower explosive limit" (LEL) and the "upper explosive limit" (UEL), although for dusts the UEL is ill-defined.  These limits are expressed as the percent concentration by volume of the fuel in air.  It follows that fuel/air mixtures whose composition lies below the LEL or above the UEL, will not propagate a flame under normal atmospheric conditions.  Fuel/air mixtures within the flammable range lying reasonably close to the LEL are generally referred to as 'lean' mixtures, whereas those lying relatively close to the UEL are referred to as 'rich' mixtures.  The typical flammability limits for some hydrocarbons in air are set out in Figure 1.

2.2 STOICHIOMETRIC MIXTURES

The concept of stoichiometric mixtures applies more particularly to fuels such as gases and vapours.  A stoichiometric mixture is one in which there is theoretically just sufficient oxygen to completely burn the fuel.  For stoichiometric mixtures, the percent concentration by volume of fuel in air usually lies closer to the LEL than to the UEL.

2.3 FLAME SPEED AND BURNING VELOCITY

The propagation of a flame through a fuel/air mixture takes the form of a thin reaction layer, usually spherical in shape, moving radially outwards from the point of ignition.  Constraints imposed by the compartment in which the deflagration is taking place and obstacles in the path of the expanding flame front will cause the spherical shape to distort.  The flame speed of a particular fuel/air mixture is the velocity at which the flame front moves with respect to a stationary observer.

The combustion process in the flame front gives rise to high temperatures which cause expansion of the gases moving behind the flame front.  This in turn pushes the flame front forward.  The flame speed is related to a fundamental property of fuel/air mixtures known as the 'burning velocity', which is the velocity with which the flame front moves relative to the unburnt mixture lying before it. The relationship between flame speed and burning velocity is given by

Sf = Sb (Tf / Ti)

where, 
Tf = the flame temperature (K)

Ti = the initial temperature of the fuel/air mixture (K)

The burning velocity varies with the type of fuel and is an important property of the fuel in that the rate of pressure rise in a totally or partially confined explosion increases with burning velocity.  The burning velocity of a fuel/air mixture increases as the fuel content increases from a composition close to the LEL, to reach a maximum on the gas rich side of a stoichiometric mixture, and then falls as the concentration of the mixture approaches the UEL.

The burning velocity of a particular fuel/air mixture is also susceptible to variations in temperature and pressure.  It is generally found that an increase in temperature will cause an increase in burning velocity, but an increase in pressure will decrease the burning velocity.  The burning velocity will also increase with the degree of turbulence.  Thus, the propagation of a flame in a compartment where turbulence can be induced by, for example, the presence of obstacles, will increase the rate of pressure rise within that compartment.

2.4 THE DEVELOPMENT OF PRESSURE WAVES

In the preceding paragraphs, reference was made to expansion of gases due to a rapid rise in temperature as being the principal reason for the generation of pressure, particularly in a confined explosion.  Pressure waves are transmitted in air at or above the speed of sound in air which is 334m/second at 20C.  Maximum flame speeds for methane and most commonly available hydrocarbon fuels, are very much slower than this, typically in . the region of 4m/second.  Thus, as a flame front moves through a fuel/air mixture and expansion of the gases causes the pressure to rise, the pressure information is transmitted omnidirectionally and can be assumed to be the same throughout the compartment at any instant in time, as long as the compartment is not too large.

Pressure rises in combustion chambers caused by the ignition of pockets of gas/air mixture are reported in reference 1. In a confined explosion where the confining structure is capable of withstanding the pressure generated by a deflagration, the maximum pressure generated by stoichiometric fuel/air mixtures can exceed 8 bar.  Most structures are neither designed to, nor capable of, withstanding such pressures.  Consequently, as the pressure in a compartment rises, the weakest elements fail and provide a vent for the products of combustion and the further combustion of unburnt fuel outside the compartment.  The variation of pressure with time in a vented explosion and the effects described above are illustrated in Figure 2. The fitting of suitably sized explosion relief panels to plant, such as ovens, in which the occurrence of an explosion is foreseeable, is a well established means by which damaging explosion pressures can be prevented from occurring inside the plant.  The method of sizing of explosion relief vents is well established and is described in some detail in references 2 to 6.

It is convenient at this stage to consider briefly the effects of a pressure pulse on structures and structural components.  A considerable amount of research and experimentation on this subject followed the Roman Point explosion in 19'68 (References 7-11).  Structural elements and components of a building have a natural period of vibration typically in the range 10-50 milliseconds(Reference 12).  The way in which a building component or structural element responds to a pressure pulse depends very much on the ratio of the duration of the imposed pressure load, td, to that of the natural period of vibration of the structure of component, Tn.  When td is greater than Tn the loading experienced by the building or structural element will effectively be the same as a static pressure of the same magnitude as the peak pressure generated by the explosion.  When td is less than Tn, the loading experienced by the building or structural element will effectively be the same as a static load, the magnitude of which will be less than the peak pressure generated by the explosion.  Exaggerated damage can occur when the natural period of vibration of a building or structural element is similar to the duration of the imposed pressure load (ie. td "' Tn) . The equivalent static overpressure can be up to a factor of 7r/2 greater than the peak pressure generated by the explosion.

Detailed research has been carried out on the effects of gaseous explosions in buildings on the failure of glass, the results of which are shown in Figures 3, 4 and 5 (references 13 and 14) . Similar research has established the effects of explosions on load bearing brick structures, both in, single and multiple compartments (see references 15, 16 and 17).  Some typical failure pressures of different wall constructions and other structural building elements under the conditions of a gas explosion are summarised in Figure 6 (reference 12).

A pressure wave or blast wave propagates away f rom the source of an explosion, and the magnitude of the blast wave is dependant upon the intensity of the explosion.  Blast waves are capable of causing damage remote from the source of the explosion by interaction with structures.  The magnitude of the peak pressure in a blast wave decays with increase in distance from its source.  The shape of a typical blast wave or pressure pulse is shown in Figure 7. Peak pressures in a blast wave required to cause specific damage effects are quite well established.  Blast waves and their interaction with building structures was the subject of a recent report produced by the overpressure working party of the Major Hazards Assessment panel (reference 18).  The strength of a structure alone is not enough to determine the vulnerability of that structure to damage, and it is necessary to take account of both pressure and impulse in respect of the blast wave.  Pressure - Impulse (P-I) diagrams of the type shown in Figure 8 can be constructed to define a degree of damage level expected for a specified structure.

3.   THE SCENE INVESTIGATION

A formal approach to the investigation of occurrences such as explosions is described in References (19 and 20) , and wherever possible it is recommended that this approach is adopted.  The outline plan of investigation suggested can be conveniently divided into three parts as follows.

(1) Carry out a preliminary examination of the scene of the incident without further disturbance, note remote damage on a plan and interview readily available witnesses, possibly leading to an initial view as to the likely area of origin of the explosion.

(2) Carry out a systematic and more detailed examination on the scene, involving disturbance where necessary, and obtain further witness evidence together with relevant documentary information so that a view may be formed as to the source or sources of fuel and the possible sources of ignition.

(3)
Test the view formed by the application of a theoretical analysis and calculations or simulation as appropriate and adjust the view to meet the conclusions of such tests.  Formulate a final view on the evidence as a whole.

3.1 PRELIMINARY INVESTIGATION

Before approaching the scene of an explosion, the investigator should ascertain as far as possible the general circumstances of the incident.  Inevitably the scene will have been disturbed to some extent by the Fire Brigade or some other party having the responsibility of attending the scene before an investigation is undertaken.  Rescue operations, the clearance of debris and further demolition carried out to make dangerous structures safer will disturb the scene, and it is therefore important for the investigator to commence the scene examination at the earliest possible opportunity.

The whole scene should be systematically photographed in colour, or recorded by video tape, including those areas which appear not to have been involved in the primary event.  This includes peripheral damage, such as broken windows, which are likely to be repaired quite soon after the incident.  Ideally, a dictated note should be made of the subject of each photograph, identified by its reel number and negative number, which will provide a useful commentary on the evidence.  In this way, the attention of the investigator is also caused to focus on the subject of the photograph in great detail and thereby describe evidence which might otherwise be missed.  Sketch plans, sketches and notes are essential as aid to memory.

Witnesses are fallible and their powers of observation and recollections may be deficient.  However, such problems can be reduced if the witness is taken to the position on the scene from which the subject of their observations were made. -The witnesses may also assist by providing information about the state of the scene prior to the incident, routine procedures and methods of operation of plant and machinery, and descriptions of the events from the outset.  Particular attention should be paid to the locations. of the gas service pipe and meter, the routing of consumer gas pipework and the disposition of appliances, the storage and use of bottled liquefied petroleum gas, and areas in which low flashpoint flammable liquids are stored or used.

In addition to identifying potential sources of fuel, it is also important to consider sources of ignition.  In this regard, consideration should be given to the existence of pilot flames, electrical appliances fitted with automatic switchgear eg, thermostats and contacts used for switching relatively high current consuming circuits and light switches.

3.2 SYSTEMATIC AND MORE DETAILED EXAMINATION OF THE SCENE

Generally speaking, the distribution of damage resulting from an explosion may provide a reliable indication as to where the explosion originated.  Structures and objects move away from the area in which the pressure was generated.    However, due account must be taken of the possibility that there were accumulations of a combustible fuel/air mixture in a number of inter-connecting compartments when the greatest pressure could be generated in a compartment other than the one in which the explosion originated owing to a phenomenon known as 'pressure piling'. Moreover, combustible dusts lying in various inter-connecting compartments of a building can become roused as they are disturbed by the propagation of an explosion from a neighbouring compartment, so that they too become involved in the combustion event, thereby creating widespread damage.

The main objective of an investigation will be to identify the nature of the fuel involved in the explosion.  In the first place, it is necessary to determine whether the explosion was caused by a detonation or the deflagration of a fuel/air mixture.  As mentioned earlier in Section 1(a), detonations give rise to extremely high rates of energy release accompanied by a very rapid rise in pressure at the source of the explosion giving rise to a shock wave which travels outwards.  The shock wave is characterised by an almost instantaneous rise to the peak pressure, the magnitude of which decays rapidly with increase in distance from the source of the explosion.  Shattering, crushing, splintering and burning of objects close to the source of the explosion will be in evidence, and the degree of such damage will decrease markedly on moving away from the focus of the explosion.

By contrast, a deflagration takes place very much more slowly, and at a rate where the pressure generated by the combustion wave at any instant in time would be equalised throughout the volume of the compartment in which the deflagration is taking place.  Walls,. partitions and ceilings may show evidence of significant movement if they do not fail as an effect of the pressure generated.  Evidence of large areas of blistering and scorching of painted and varnished surfaces, wallpaper, fabrics and items having a low thermal inertia eg. splinters and slivers of wood, are also typical effects of a deflagration.

Having eliminated the possibility that the explosion was caused by a detonation, it is then necessary to identify more precisely the type of fuel involved and the source of leak.  In the case of dust explosions, there is a prerequisite for the dust to be finely divided and of a flour-like composition, and to be sufficiently dispersed in air so as to form a dense cloud.  Such situations normally arise in industrial plant, such as cyclones used in dust extraction facilities, loading chutes and during the shaking of bag filters.  It should be evident from enquiries made during the preliminary stages of an investigation whether ignition of a dust cloud is a possible cause of the explosion.

Natural gas is lighter than air and therefore it tends to form gas/air mixtures between the source of leak and the ceiling of a compartment in which the leak is taking place.  Scorch and blister marks found predominantly at a high level therefore provide a useful indication that the fuel involved was natural gas.

Conversely, liquefied petroleum gases such as propane and butane, and vapours produced by evaporation from spillages of volatile flammable liquids such as gasoline, are heavier than air.  Mixing of the vapours with air by natural movement of gases within a compartment and by density differences will tend to cause the formation of flammable mixtures close to floor level, and therefore blistering or scorch marks found predominantly at a low level are more consistent with the involvement of heavier than air fuels.  However, due account must be taken of the buoyancy effects created by burning of such mixtures which tend to lift the flame and cause some high level blistering as well.

Explosions resulting from the evaporation of volatile components of fuels such as gasoline, are often followed by a fire involving initially the less volatile components of the fuel in the area where it was spilled.  The perpetrators of deliberately started fires who resort to the use of gasoline sometimes underestimate the possible consequences of delaying ignition, which can lead to the generation of pressure rises sufficient to cause serious structural damage to a building, and serious burn injuries to the person involved.

Isolated fires caused by explosions involving natural gas and liquefied petroleum gases may also occur where the original source of gas leak becomes ignited during the deflagration, or damage to an installation results in a fracture leading to an escape of gas which becomes ignited.  Solid materials having a very low thermal inertia and which can be raised to their auto ignition temperatures during the course of a deflagration may also be ignited and cause isolated areas of fire damage.  Such items include, for example, lampshades and pieces of paper.

Explosions caused by a deflagration during the course of a fire have been reported (reference 21) giving rise to the breakage of windows and the violent emission of flame.  Such incidents are the subject of a review (reference 22) and are thought to be caused by the formation of vapours and mists of combustible materials at a concentration above the upper explosive limit during the course of a smouldering fire.  When air is admitted to the compartment in which the fire is located, the fuel becomes diluted to the extent that a flammable mixture is formed which becomes ignited by the smouldering fire.

In some situations, a fire preceded by an explosion masks evidence created by the deflagration of the original fuel/air mixture.  An examination of fragments of window glass which have travelled some distance from the building in which the explosion occurred should assist in determining whether the fire or the explosion came first.  The generation of pressure within a compartment in which a deflagration takes place as the primary event invariably causes windows to break before the flame front reaches the window.  Moreover, momentary contact between window glass and a flame front propagating through a fuel/air mixture is usually insufficient to cause any significant soot or smoke deposition on the glass.  Thus, fragments of glass blown clear of a building which show no signs of soot or smoke deposition are usually a reliable indication that an explosion preceded the fire.

Conversely, smouldering fires invariably produce pyrolysis products, a proportion of which condense on smooth cool surfaces, such as windows and tiles, in the form of an oily brown film.  Such deposits or smoke found on one side of fragments of glass blown clear of a building demonstrate that the explosion was preceded by a fire.

Once the type of gas or vapour involved in the incident has been established, the task of identifying the source of fuel usually becomes more straightforward.  Leaks of natural gas from fractured or damaged pipes in a building usually ignite and continue to burn after an explosion.  As mentioned earlier, localised fire damage created in the vicinity of such leaks greatly assists in their location.  It may then be necessary to carry out a close visual and metallurgical examination of the suspect point of failure to determine whether the damage developed prior to the explosion or occurred as a consequence of the incident.

Fractures in buried gas mains or service pipes may lead to an escape of gas through the soil into an underfloor space of a building.  In that situation, it is to be expected that the floor structure will be damaged in a manner consistent with the development of an overpressure underneath, and there will be signs of scorching on the underside of floorboards.  Preferential routes for the leakage of natural gas into a basement are to be found where there are cable ducts and other service entry points.  The leakage of methane into properties in this way may also occur from the fermentation of sewage or from land-fill sites,' and this possibility should not be overlooked when conducting a scene examination.

Where the physical evidence is most consistent with the involvement of LPG, a careful search should be made for an appropriate cylinder or container along with any regulator, fixed or flexible piping, hose clips etc and an appliance.  Any such items uncovered in debris should be examined and photographed carefully in situ before they are removed for further examination.

3.3 SOURCE OF IGNITION

Having done all that is possible to identify the type of fuel involved and the source of leak, an attempt should be made to identify the source of ignition.  A source of ignition should be capable of releasing sufficient energy into the fuel/air mixture to initiate a combustion reaction which can propagate a flame independently away from the source of ignition.

In some situations an identification of the source of ignition can be quite straightforward. For example, pilot   lights or intermittently operating electrical contacts producing an electrical discharge are known to be present in an area where a flammable fuel/air mixture accumulated.  A consideration of whether

the gas involved was heavier or lighter than air, and was therefore likely to have formed fuel/air mixtures at a high or low level may assist in eliminating or implicating certain sources of ignition.

Gas-air mixtures can be caused to ignite when they are exposed to hot surfaces.  The phenomena is usually termed autoignition, and minimum autoignition temperatures of gases and vapours are usually measured in spherical or cylindrical reaction vessels which are sufficiently large to minimise the surface effects which may quench a combustion reaction, both chemically and thermally.  In reality, the geometry and surface areas of hot surfaces are likely to be very different from the aforementioned reaction vessels and it will be necessary for them to be raised to a significantly higher temperature than the minimum autoignition temperature quoted in the literature for a particular gas-air mixture, to cause it to ignite.

4.   THE FINAL STAGE OF THE INVESTIGATION

The final stage of the investigation involves the application of theoretical analysis and calculations to the results of the scene examination to assist in the formulation of a final view on the evidence as a whole.  The pressure generated at the source of the explosion can be estimated from a consideration of the extent and degree of failure of structural elements of the building, such as window glass, doors, partitions and brick walls (reference 12).  A lower limit on the overpressure developed can be estimated from an examination of window glass which did not fail in the explosion.

Measurements of the maximum distance of travel of glass fragments provides an independent method of estimating the explosion overpressure.  A second independent method of calculating the overpressure at the source of the explosion is based upon an observation of blast damage caused to building structures outside the building in which the explosion occurred.  The method of calculation depends upon the fact that the decrease in peak overpressure in the blast wave is inversely proportional to the distance from the source of the explosion (see references 5 and 12).

A consideration of the scorch and blister patterns in the building together with the calculated overpressure generated by the explosion can be useful in determining the likely concentration of gas present prior to the explosion.  It will be recalled that maximum overpressures are generated for gas-air mixtures exhibiting the highest rates of pressure rise.  Rates of pressure rise are in turn dependent upon the burning velocity which is at maximum when the fuel concentration lies on the rich side of the stoichiometric ratio.  It follows, therefore, that minimum heat effects and low explosion overpressures will be produced by lean fuel/air mixtures.

Conversely, extensive blistering and scorching accompanied by low overpressures will be produced by fuel rich mixtures.  Relatively high explosion overpressures accompanied by quite extensive heat damage will be produced by mixtures having a composition close to the stoichiometric ratio.

Having determined the explosion overpressure and the likely composition of the fuel/air mixture, it is possible to calculate the amount of fuel which leaked prior to the explosion.  By using the perfect mixing equation



Ct =
[100 Qg/(Qa + Qg)] [1-exp(-[Qa + Qg] t/v)]


where,
Ct =
the volume percent of gas in the gas-air




mixture after a time, t,



Qg =
the volume flow rate of the gas



Qa =
the flow rate of the ventilation air



t =
the time from the onset of the gas leakage

V=
the volume in which the gas leak is mixing

with air,

the time taken to reach the fuel concentration which was estimated to be present when the explosion occurred can be calculated.  Methods of calculating the rate at which gas is escaping from a broken pipe, are described in Reference 12.  Values of Qa used are related to the normal ventilation rates which for a typical dwelling would be between 0.5 and 3 room volume changes/hour.  Significantly higher ventilation rates should be used where ventilation grilles or other openings are known to be present in the exterior of the structure.  Due account should also be taken of atmospheric conditions and in particular, the effects of a wind blowing against a structure fitted with a ventilation grille.
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