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Abstract 

The potential explosion hazard of fuels is quantified by methods in which the explosive 
potential of a flammable fuel-air mixture is expressed as an equivalent explosive charge 
whose blast characteristics are known. In this paper, the two most current methods are 
described and demonstrated in a simple case study. TNT-equivalency methods have been 
widely used for this purpose for a long time now. Generally speaking, TNT-equivalency 
methods state a proportional relationship between the quantity of fuel available and the 
weight of a TNT charge expressing the cloud’s explosive potential. However, fundamental 
and practical objections are met if the TNT-equivalency concept is used for vapour cloud 
explosion hazard assessment. To some extent, these difficulties are remedied in an alternative 
approach, the multi-energy method. In the multi-energy method, a flammable fuel-air mix- 
ture is considered to be explosive only if it is in a partially confined, congested or obstructed 
area in the cloud. The explosive potential of the fuel-air mixture in the various partially 
confined, congested or obstructed regions can be expressed as a corresponding number of 
equivalent fuel-air charges. The multi-energy concept is shown to be a flexible concept 
which makes it possible to incorporate current experimental data and advanced computa- 
tional methods into the procedure of vapour cloud explosion hazard analysis. 

1. Introduction 

The long list of vapour cloud explosions from the past indicates that the 
presence of a quantity of fuel constitutes a potential explosion hazard. If 
a quantity of fuel is released, it will mix with air and a flammable vapour cloud 
may result. If the cloud meets an ignition source, the flammable mixture will be 
consumed by a combustion process which, under appropriate conditions, may 
develop an explosive intensity and heavy blast. Therefore, safety measures are 
desirable. 

Safe stand-off distances should be exercised between locations where large 
quantities of fuels are stored or handled and places where people live or work. 
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Control buildings at chemical plants or refineries and safety related structures 
of nuclear power plants, for instance, should be designed in such a way that 
they can withstand the destructive power of a vapour cloud explosion in their 
vicinity. 

To establish fair premium rates, underwriters need to know the property 
damage potential of a quantity of fuel. For all these purposes, blast modelling 
methods are required by which the explosive potential of a fuel-air cloud 
present in some given environment can be quantified_ Such methods express 
the explosive power of a vapour cloud as an equivalent explosive charge whose 
blast characteristics are known. TNT-equivalency methods, for instance, state 
a proportional relationship between the quantity of fuel in the cloud and the 
weight of an equivalent TNT-charge expressing its explosive power. Up to this 
day, TNT-equivalency methods are widely used for this purpose. However, 
TNT-equivalency methods are becoming progressively less satisfactory as the 
understanding of blast generation vapour cloud explosions increases. 

Methods which utilize an equivalent fuel-air charge to express the potential 
explosive power may overcome the imperfections of TNT-equivalency blast 
modelling to some extent. Such a charge can be characterized by, for instance, 
applying the multi-energy philosophy which reflects the current understand- 
ing of vapour cloud explosions. In addition, the multi-energy concept makes it 
possible to incorporate current experimental data and advanced computational 
fluid dynamics into the procedure of vapour cloud explosion hazard assessment. 

In this paper, both these most current methods are described and b+efly 
demonstrated in a simple case study - a vapour cloud explosion hazard assess- 
ment with regard to a storage site for liquefied hydrocarbons. 

1.1 Statement of the problem 
A view of the storage site is represented in Fig. 1. Three storage spheres 

containing liquefied propane are situated next to a large butane tank of 50 m 

Fig. 1. View of a storage site for liquefied hydrocarbons. 
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diameter and 30 m height. To diminish heat inflow from the soil, the butane 
tank is placed 1 m above the earth’s surface on a concrete pylon forest. In this 
environment a massive release of 20 tons of propane is anticipated. What blast 
effects can be expected if the propane forms a large flammable cloud blanketing 
the storage site and meets an ignition source? 

For a complete description of blast loading, the full pressure-time history of 
the blast wave should be specified at any location in a vapour cloud explosion’s 
environment. A blast model, on the other hand, defines a blast wave only in 
terms of the peak overpressure, the positive phase duration and the positive 
impulse, while the under-ambient pressure effects are neglected. These blast 
parameters are minimally required to calculate the behaviour of structures 
under blast loading or to assess explosion damage. Figure 2 plots idealized 
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Fig. 2. Ideal blast wave structure (P., = ambient pressure, Ap = peak overpressure, t + = posit- 
ive phase duration, i+ = positive impulse). 
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blast wave shapes and points out the parameters defining the blast load for 
structures. 

2. TNT-equivalency methods 

2.1 The basic concept 
For a long time now, the military has been interested in the destructive 

potential of high-explosives. Therefore, extensive experimental data on the 
relation between TNT and damage have been available for many years. Conse- 
quently, it is quite obvious that the explosive power of accidental explosions, 
deduced from the damage patterns observed, was expressed as equivalent 
TNT-charge weights. Because the quantification of the potential explosive 
power of fuels was a necessity long before the mechanisms of blast generation 
in vapour cloud explosions were understood, it is fully comprehensible that the 
TNT-equivalency concept was also utilized to make predictive estimates for 
vapour cloud explosion hazard assessment. 

Basically, the use of TNT-equivalency methods for blast predictive purposes 
is very simple. The available combustion energy in a vapour cloud is converted 
into an equivalent charge weight of TNT according to: 

W TNT = ae WfQf /QTNT 

where o[, denotes the TNT-equivalency, W,,, the equivalent weight of TNT, W, 
the total weight of fuel in cloud, Qr the heat of combustion of fuel, and &TNT the 
heat of explosion of TNT (4.12-4.69 MJ/kg). 

If the equivalent charge weight is known, the corresponding blast character- 
istics can be read from Fig. 3, which represents experimental TNT-blast data, 
an excerpt from the military technical manual TM 5-1300. Strictly speaking, 
the problem of vapour cloud explosion blast modelling is reduced to the 
determination of an appropriate value for the TNT-equivalency. 

2.2 Blast modeEEing 
Over the years many companies and authorities each developed their very 

own approach with regard to the use of the TNT-equivalency concept in vapour 
cloud explosion hazard assessment. Because all these methods differ only in 
details, only one of them is described here. 

Within the framework of safety studies of nuclear power plants, where 
special importance was attached to the assessment of dangers which could 
arise from nearby industrial activities, in references [2-41 a statistical analysis 
is performed on more than 120 damage points of 23 accidents. A wide distribu- 
tion of TNT equivalencies (0.02%-15.9%) with a median value of 3% was 
observed. 97% of the cases was covered by a TNT equivalency lower than or 
equal to lo%, while the mean value observed was a TNT equivalency of 4%, 
covering 60% of the cases. 
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The value of 10% corresponds approximately to a TNT equivalent of 1 kg of 
TNT for every kg of hydrocarbon released and to 5 kg of TNT for every kg of 
hydrocarbon mixed with air between the flammability limits. The latter value 
can be used if the flammable portion of the cloud is determined by means of 
dispersion calculations. 

In addition, the analysis in references [3] and [4] showed that ignition delay 
and the presence of objects in the cloud are important factors in vapour cloud 
explosions and that blast effects are often asymmetric and directional. 

TNT equivalency methods for vapour cloud explosion modelling should only 
be used for the assessment of blast effects in the far-field where the overpres- 
sure level is less than 30 kPa. In the near-field their use can lead to the 
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Fig. 3. (a) Blast peak incident overpressure for a hemispherical TNT charge at sea level [l]. 
(b) Blast positive phase &ration for a hemispherical TNT charge at sea level [l]. (c) Blast 
positive incident impulse for a hemispherical TNT charge at sea level [l]. 
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Fig. 3. Continued. 

overdesign of structures. Note that a French Authority Safety Rule [5] recom- 
mends the 10% equivalency for safety calculations and that the French Chem- 
ical Industry [6] recommends the 4% equivalency, both based on the full 
amount of fuel released. 
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TABLE 1 

Comparison of blast characteristics modelled by both TNT-equivalency methods and the 
multi-energy method 

Overpressure TNT equivalency Multi-energy method 
&Pa) energy 

10% 4% 7330 MJ 

Distance Positive Distance Positive Distance Positive 
Cm) phase Cm) phase (m) phase 

duration duration duration 
(ms) (ms) (ms) 

30 165 100 120 74 57 40 
20 210 117 155 86 75 45 
10 355 138 260 102 120 50 

7 490 152 360 112 160 53 
5 680 163 500 120 210 55 

Application of the above recommendations to the case study on the liquefied 
hydrocarbons storage site results in the conclusion that the explosive potential 
of the 20 tons of propane can be expressed as: 
(a) a 20 ton charge of TNT with a confidence level of 97%; 
(b) an 8 ton charge of TNT with a confidence level of 60%. 
The blast characteristics in the form of blast overpressures and positive phase 
durations at various distances to the charges are summarized in Table 1 to- 
gether with the results of the multi-energy blast modelling. 

2.3 Discussion 
The basic assumption in TNT-equivalency methods - a relation between the 

amount of fuel available in the cloud and the TNT-charge weight expressing 
the cloud’s explosive potential - is most questionable. This is reflected by the 
wide range of TNT equivalencies found if a large number of vapour cloud 
explosion incidents, involving only fuels whose heats of combustion are of the 
same order of magnitude as hydrocarbons, is analysed [3, 4, 7,8]. 

Nevertheless, the TNT-equivalency concept makes it possible to model the 
blast effects of a vapour cloud explosion in a very simple and practical way. 
The great attractiveness of TNT-equivalency methods is the very direct, em- 
pirical relation between a charge weight of TNT and the attendant structural 
damage. Therefore, TNT equivalency is a useful tool if the property damage 
potential of vapour clouds is the major concern. 

Values for the TNT equivalency, recommended for use in vapour cloud 
explosion hazard assessment, are deduced by statistical analysis from the 
damage observed in a limited number of major vapour cloud explosion inci- 
dents. From the wide distribution of TNT equivalencies observed, character- 
istic values such as an average (4%) and an approximate upper limit (10%) 
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were recommended to be used for predictive purposes [3,4]. The average value 
of 4% is very near the TNT equivalency in the distribution where the majority 
of cases are found, i.e. a TNT equivalency of 4% corresponds to “an average 
major incident”. Undoubtedly, “an average major incident” represents a situ- 
ation where an accidental release of fuel is most likely such as, for instance, 
the site of a refinery or chemical plant or the site of a crowded marshalling yard 
during operations. Strictly speaking, by using an average value of the TNT 
equivalency, “average major incident conditions” are extrapolated to an ac- 
tual situation. Therefore, TNT-equivalency methods give a reasonable esti- 
mate of far-field blast effects only if the actual conditions correspond more or 
less to “average major incident conditions”. 

TNT blast is a poor model for gas explosion blast. While a TNT charge 
produces a shock wave of a very high amplitude and a short duration, a vapour 
cloud explosion produces a blast wave, often shockless, of lower amplitude 
and longer duration. If the blast modelling is the starting point for the compu- 
tation of structural response for, for instance, the design of blast resistant 
structures, TNT blast will be a less satisfactory model. Then the shape and the 
positive phase duration of the blast wave are important parameters which 
should be considered and the use of a more appropriate blast model is recom- 
mendable. 

A practical value for TNT equivalency is an average, based on a wide 
statistical distribution of TNT equivalencies found in practice, As a conse- 
quence, a predictive estimate with TNT equivalency on the basis of an 
average value for the TNT equivalency has a very limited statistical reliabil- 
ity. A more deterministic estimate of blast effects is possible if a parameter 
could be found which correlates with the process of blast generation in 
vapour cloud explosions. In the multi-energy method such a parameter is 
introduced. 

3. The multi-energy method 

3.1 The basic concept 
Presently, the belief is gaining ground that it is hardly possible to detonate 

an unconfined vapour cloud. The point is that the inhomogeneity of the 
fuel-air mixture, which is inherent to the process of atmospheric dispersion, 
prevents a possible detonation wave from propagating [9]- The heavy vapour 
cloud explosion on December 7, 19’70 at Port Hudson (MO), USA where a sub- 
stantial part of a large unconfined propane-air cloud detonated [lo], should be 
blamed on a highly exceptional coincidence of circumstances. Lingering in 
a shallow valley under calm atmospheric conditions, the dense propane-air 
mixture had the opportunity to homogenize sufficiently by molecular diffusion 
during an exceptionally long ignition delay [9]. Therefore, in a vast majority of 
cases, the assumption of deflagrative combustion is a sufficiently safe approach 
in a vapour cloud explosion hazard assessment. 
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Fig. 4. Positive feedback, the basic mechanisms of a deflagrative gas explosion. 

I I I 

turbulence 

For blast generation in deflagrative premixed combustion, turbulence 
generating (boundary) conditions are required. These boundary conditions 
trigger a positive feedback coupling in the process of flame propagation by 
which it develops more or less exponentially both in speed and pressure. 
A deflagrative gas explosion may be well defined as a process of combustion 
driven expansion flow in which the turbulent structure of the flow field is 
acting as an uncontrolled positive feedback (Fig. 4). 

The consequence is that a turbulence generating environment is required for 
the development of explosive blast generating combustion. This statement has 
important consequences for the concept of a vapour cloud explosion which 
underlies the method of blast modelling. This basic concept, called the multi- 
energy concept, states that blast is generated in vapour cloud explosions only 
where the flammable mixture is partially confined and/or obstructed while, on 
the other hand, the unconfined/unobstructed mixture hardly contributes [ 111. 
This concept is increasingly supported by both small-scale and large-scale 
experiments, including references [E-16]. So, contradictory to more conven- 
tional methods, in which a vapour cloud explosion is regarded as an entity, in 
the multi-energy concept a vapour cloud explosion is rather defined as a num- 
ber of sub-explosions corresponding with the various partially confined/ob- 
structed areas in the cloud. 

3.1.1 Application 
The space underneath the storage tank is the only location at the storage 

site where blast generating boundary conditions are found. For the space 
underneath the storage tank is an outstanding example of a combination of 
partial confinement by extended parallel planes and obstruction by the pylon 
forest which pre-eminently is a turbulence generating environment. On the 
other hand, the space underneath and in between the propane spheres is 
relatively open and unobstructed, Therefore, the multi-energy concept applied 
to this situation indicates that, if the entire storage site is blanketed in an 
extended flammable cloud, only the explosive combustion which develops 
underneath the storage tank is responsible for the blast produced upon igni- 
tion of the cloud. The blast effects produced by this gas explosion are mainly 
determined by the quantity of combustion energy present in the space under- 
neath the butane tank and the intensity of the combustion process. Both are 
primarily determined by the size, shape and nature of the partially confined 
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and obstructed space. The reactivity of the fuel-air mixture is a factor indeed, 
but of secondary influence. 

3.2 The blast model 
To bypass the imperfections of TNT blast as a model for gas explosion blast, 

in the multi-energy method fuel-air charge blast is used for this purpose. 
Figure 5 shows the peak overpressure as well as the positive phase duration of 
the blast wave, produced by a hemispherical fuel-air charge of radius RO at the 
earth’s surface, dependent on the distance to the blast centre in a Sachs-scaled 
representation. This blast model is generated by numerical simulation of 
spherical steady flame speed gas explosions. The heat of combustion of the 
fuel-air mixture was assumed to be 3.5 MJ/m3, which is representative for an 
average stoichiometric hydrocarbon-air mixture, 

The blast model reflects basic features of gas explosion blast. The initial 
blast strength is a variable expressed as a number ranging from 1 for insignifi- 
cant to 10 for detonative strength. The initial blast strength can be defined as 
a consistent set of blast parameters at the location of the charge radius RO. In 
addition, the model gives an indication for the blast wave shape. It is interest- 
ing to note that the detonative blast characteristics are in good agreement 
with experimental data according to [17]. 

0.2 - 5---, 

0.1 0.2 a.5 1 2 5 10 20 50 100 

ii, combustnn energy-scaled 
distance IR) 

$ 10 - 8311)5- 

“0 

2 5 
_ 1.-_________________._ 

2 ~_____________-.------- 
c 3 -_ 
a 2 

______~ 
4. -- 

-~______~--__--.- 
z-1 - a,+? 5 c._ ____--- 

01 02 05 1 2 5 10 20 50 100 

%I 
combustion_ewzrgy -scaled 
dlstonce IRI 

AP pd-_ ~+CCI A&z~;~~=-,~+_ 
PO c PO (E,P,J1/3 ;'= LE,:o,113 

PO = atmospheric pressure 
co = atmospheric sound speed 
E = amount of combustion energy 
R, = charge radius 
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The blast produced by the gas explosion underneath the storage tank can 
now be modelled by the blast from an equivalent hemispherical fuel-air charge 
which is characterized by a size and a strength. 

3.3 The charge size 
A safe and conservative estimate for the size of the charge can be made by 

assuming that the whole space underneath the tank is filled with a stoichiomet- 
ric mixture which wholly contributes to the blast. Consequently, the radius of 
the hemispherical charge is approximately 10 m which corresponds with an 
energy of 7330 MJ (heat of combustion=3.5 MJ/m3). 

3.4 The charge strength 
A reasonable estimate for the strength of the blast is a more difficult problem 

which can be overcome in a variety of ways depending on the accuracy 
required. 

3.4.1 Safe and conservative data 
A safe and conservative estimate for the strength of the charge for near-field 

blast effects is 10, i.e. the assumption of detonative combustion (see Fig. 5). For 
far-field blast effects, on the other hand, the assumption of any strength higher 
than or equal to number 6 is sufficient because far-field effects are independent 
of the charge strength whether the explosion was a strong deflagration (num- 
ber 6) or detonation (see Fig. 5). 

If such a safe and conservative approach results in unacceptably high 
overpressures, a more accurate estimate for the initial blast strength may be 
found by consulting the growing body of experimental data on gas explosions 
or by performing an experiment tailored for the situation in question. 

3.4.2 Experimental data 
Since more than a decade ago, an increasing amount of experimental data 

(both on laboratory and full scale) on gas explosions in partially con- 
fined/obstructed environments becomes available. Many parameters were var- 
ied such as: degree of confinement, geometry, obstacle parameters, fuel reactiv- 
ity and mixture composition. This growing body of experimental data offers the 
opportunity to compare actual situations with experimental data. It would be 
desirable to identify and collect these data, to structure a data base and to 
develop access to this information. It would be highly interesting, for instance, 
if these data could be parameterized, i.e. if the blast strength could be corre- 
lated to parameters such as: degree of confinement, obstacle configuration 
parameters and fuel reactivity. 

For a good interpretation of the mostly small-scale experiments, a good 
understanding of scale effects in gas explosions is a necessity. 

Experiments which could give a first indication of the overpressure to be 
expected from the gas explosion in the space underneath the butane tank are 
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reported by Van Wingerden [14]. A large number of obstacle configurations 
between parallel planes was investigated with regard to their blast generating 
capabilities. On the basis of these experimental data, a first estimate for the 
overpressure, generated underneath the butane tank, of 50 kPa to 200 kPa 
would be reasonable. 

In addition, a good understanding of scaling effects offers the possibility of 
physical modelling, i.e. the estimation of overpressures by an experiment in 
a scaled down version of the actual situation. 

3.4.3 Computationa data 
An approach which seems very promising for the near future is numerical 

simulation with advanced computational fluid dynamic computer codes such 
as FLACS [l&19] and REAGAS [20,21]. These codes are capable of simulating the 
basic mechanism of a gas explosion, the feedback coupling in the interaction of 
combustion, expansion flow and turbulence. Here, the REAGAS code is utilized 
to simulate the gas explosion in! the space underneath the storage tank. The 
mathematical model which underlies the REAGAS code can be summarized as 
follows: 
1. 

2. 

3. 

4. 

The gas dynamics is modelled as a gaseous fluid which expands as a conse- 
quence of heat addition. This is expressed in conservation equations for 
mass, momentum and energy. 
The energy addition is supplied by combustion which is modelled as a simple 
one-step conversion process of unburnt mixture into combustion products. 
This is expressed in a conservation equation for the mixture mass fraction 
with a negative source term for the combustion rate. 
The combustion rate, which is fully controlled by turbulent mixing of 
combustion products with unburnt mixture, is modelled by the 
Bray-Libby-Moss Unified Probability Function model [22]. 
The feedback in the interaction is closed by a k--E model for turbulence 
which consists of conservation equations for the turbulent kinetic energy 
k and its dissipation rate E. 

The pylon forest underneath the butane storage tank was simplified into 
a two-dimensional obstacle environment, represented in a 130 x 65-node grid. 
The obstacles are placed in 11 concentric circles according to the pylon lay out 
(Fig. 6(a)). It is likely that the vapour cloud will meet an ignition source 
somewhere at the storage site outside the partially confined area. Then the 
combustion process in the obstacle configuration will be initiated from its 
edge. The present concept of the REAGAS code, however, cannot cope with 
edge-ignition. In an attempt to approximate an edge-ignited explosion the 
combustion process was initiated halfway between centre and edge. The re- 
sults are represented in Figs. 6(a) and 6(b). Figure 6(a) shows the temperature 
distribution in the flow field at a few points of time during the development of 
the gas explosion. The temperature distribution is visualized by a pattern of 
isotherms, one for each change in temperature of 150 K. The temperature is, of 
course, a good indicator for the combustion process, The sequence of pictures 
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shows a behaviour which is characteristic for gas explosions, namely, a 
slow start followed by a more or less exponential development in speed and 
pressure once the feedback coupling in the process of flame propagation is 
triggered. 

This behaviour can be readily recognized in the overpressure transients 
sampled at various locations in the axis of symmetry (Fig. 6(a)). The computa- 
tions show that an overpressure of more than 70 kPa is observed in lo‘cation 
4 (Fig. 6(a)) where the combustion process attains its highest intensity. Higher 
overpressures are to be expected if the combustion process would be initiated 
closer to the edge. 

Fig. 6. (a) REAGAS simulation of a gas e plosion developing in a concrete pylon forest 
underneath the butane storage tank. T 4 erature distribution visualized by an isotherm 
pattern, one isotherm for each change ih temperature of 150K. (II) Pressure transients 
sampled at four locations indicated in Fig. 6(a). 
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Fig. 6. Continued. 

As a consequence, a maximum overpressure of approximately 100 kPa, gen- 
erated by the gas explosion underneath the tank, is considered realistic. The 
overpressure corresponds to a blast strength of number 7 of the fuel-air charge 
blast model (Fig. 5). 

3.5 Far-field blast effects 
With the vapour cloud’s explosive potential expressed as an equivalent 

fuel-air charge of a radius R, = 10 m (E= 7330 MJ) and a strength of number 7, 
the potential blast effects of the vapour cloud explosion can be found by 
substitution of these data in the Sachs-scaled fuel-air charge blast model {Fig. 
5). Blast peak overpressures as well as durations of the blast wave’s positive 
phase at several distances to the charge centre are presented in Table 1 beside 
the results of the blast modelling calculations on the basis of TNT-equivalency 
(Section 2.2). 

The figures in the Table 1 show that, relative to the multi-energy method, the 
vapour cloud’s explosive potential is strongly overestimated by TNT-equival- 
ency methods. The problem is that conventional TNT-equivalency methods 
should not be used in situations such as in the present case study where the 
conditions at the storage site differ substantially from so-called “average 
major incident conditions”, on which the used values for the TNT-equivalency 
were based (Section 2.3). 

3.6 Near-field blast effects 
After all, the representation of blast effects by means of a spherical model 

results in a highly idealized picture which may hold only for the far-field, at best. 
Blast effects produced by a partially confined space of such a large aspect ratio 
(length/height) as in the present situation are largely determined by the size of 
the opening through which the generated overpressure is vented from the 
confinement into free space. In addition, the partial copfinement by extended 
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parallel planes induces a preferential direction in the combustion process. The 
consequence is that the near-field blast effects are highly directional, a well- 
known effect in the vapour cloud explosion literature. In addition, near-field 
blast effects are largely influenced by the interaction with nearby structures and 
objects. For the gas explosion in question, the near-field blast wave propagation 
is largely influenced by the presence of the butane storage tank itself. 

These effects can be approximated by numerical simulation. In this paper, 
these effects are simulated with the BLAST code [23]. This code is capable of 
computing blast effects by the solution of the Euler equations in a two-dimen- 
sional space. The Euler equations describe the conservation of mass, mo- 
mentum and energy for inviscid flow of a perfect gas. Flux-corrected transport 
[24] is used to capture and preserve shock phenomena. 

For the problem in question, the code is initialized with a perfect gas in the 
space underneath the storage tank, pressurized up to a pressure and temper- 
ature so that a 100 kPa overpressure blast wave is formed on the burst. The 
computation is performed in a cylindrical grid consisting of 300 x 300 nodes. 
The results are represented in Figs. 7(a) and 7(b). The pressure distribution in 
the flow field at a few consecutive points of time is represented in Fig. 7(a). The 

(a) 

Fig. 7. (a) BLAST simulation of the near-field blast produced by the gas explosion underneath 
the butane storage tank. Pressure field visualized by an isobar pattern, one isobar for each 
change in pressure of 2.5 kPa. (b) Blast overpressures sampled at various locations in the 
vicinity of the gas explosion. The locations are indicated in Fig. 7(a). 
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Fig. 7. Continued. 

pressure distribution is visualized by a pattern of isobars, one for each change 
in pressure of 2.5 kPa. Shock phenomena are present where isobars accumu- 
late. In addition, the overpressures sampled at various locations at the earth’s 
surface as well as at the tank’s wall and roof are represented in Fig. 7(b). 
Figures 7(a) and 7(b) show some features which are very characteristic of blast 
from gas explosions. 
1. 
2. 

3. 

The blast wave shows a very pointed negative phase. 
At the rim of the vent opening, a vortex structure is generated. Such a flow 
phenomenon is characterized by a substantial pressure dip in its centre. 
The formation of a secondary wave. Blast is the result of fast expansion of 
combustion products. Because of the inertia of the expanding fluid, the 

Fig. 8. (a) BLAST simulation of the blast wave reflection by a complex of two buildings. 
Pressure field visualized by an isobar pattern, one isobar for each change in pressure of 
0.5 kPa. (b) Overpressures sampled in various locations in the buildings. Locations are given 
in Fig. 8(a). 
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Fig, 8. Continued. 

combustion products overexpand, while generating under-ambient pres- 

5 
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sures in the blast centre. Consequently, the flow reverses which results in 
recompression of the fluid in the blast centre. The subsequent expansion 
produces a secondary wave. 

These phenomena come alive in the sequence of pictures in Fig. 7(a) and can be 
traced in the overpressure samples in Fig. 7(b). 

3.7 Blast loading 
Numerical simulation of blast may reveal all details of the blast loading 

endured by any object of any shape at any distance from the explosion. To 
demonstrate this, in Figs, 8(a) and 8(b) the results are presented of a BLAST [23] 
simulation in a 350 x 150-node grid of a blast wave of 10 kPa overpressure and 
60 ms duration falling in at two buildings located close behind one another. It 
is to be expected that the blast loading at these buildings will be considerably 
influenced by one another’s presence. 

In Fig. 8(a) the pressure field is represented which develops as a consequence 
of the blast wave reflection at the configuration. At some consecutive points of 
time the pressure distribution is visualized by means of an isobar pattern, one 
isobar for each increase in pressure of 0.5 kPa. The pictures give a clear view of 
how the blast loading is the result of a combination of wave reflection and 
lateral rarefaction of reflected overpressures. In particular, they show how in 
between the two buildings a complicated wave pattern develops, a consequence 
of various reflections and wave interactions_ The overpressures sampled at 
three different locations in each building are graphically represented in Fig. 
S(b). In the overpressure transients, the complicated wave pattern can be 
readily recognized. 
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The overpressure build-up in transient number 3, for instance, sampled at the 
back wall of the first building shows a sequence of four shock phenomena 
which can be traced in the plots. The first corresponds with the passage of the 
shock of the infalling blast wave, diffracted around the building. The second 
corresponds with the same wave, after reflection by the ground. 

The third corresponds with the infalling shock wave, reflected directly from 
the front of the second building. This shock phenomenon is immediately 
followed by a fourth which is the result of reflection by the second building and 
the ground. 

The computation shows that the blast load at the front of the second building 
is considerably less than the reflected overpressure of the undisturbed blast 
wave endured by the front of the first building. In this way the effects of blast 
load reduction by sheltering effects can be quantified. Such calculations can 
provide the data required for the determination of the behaviour of structures 
under blast loading. 

4. Conclusion 

The two most current methods for vapour cloud explosion blast modelling 
are described and demonstrated in a simple case study. It shows that TNT- 
equivalency methods are easy to use. Because of the direct empirical relation 
between TNT and structural damage, they are particularly attractive if the 
vapour cloud’s property damage potential is the major concern. They should 
only be used to determine far-field blast effects. TNT-equivalency methods, 
however, are unsatisfactory is several respects_ In particular, they fail when 
the actual conditions to be modelled differ substantially from so-called “aver- 
age major incident conditions”, i.e. the conditions the used values for the 
TNT-equivalency were based on. 

The multi-energy method is an alternative. Contradictory to TNT-equiva- 
lency, in the multi-energy concept, the fuel-air mixture is considered to be 
explosive only in partially confined, congested or obstructed areas of the cloud. 
In the multi-energy method, an extra parameter - the initial blast strength 
- is introduced which may be difficult to determine. However, even if the blast 
strength is conservatively estimated, the multi-energy method gives a more 
appropriate prediction of the explosive potential of a vapour cloud than 
TNT-equivalency methods. It should be emphasized that the multi-energy 
concept holds only if the possibility of unconfined vapour cloud detonation can 
be ruled out. 

The multi-energy framework is a flexible concept which makes it possible to 
incorporate current experimental data and advanced computational tech- 
niques into the procedure of vapour cloud explosion blast modelling. In par- 
ticular, the application of computational fluid dynamic codes such as REAGAS 
and BLAST are shown to contribute to a more and more sophisticated approach 
in vapour cloud explosion hazard analysis. Although the computational results 
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presented were obtained with two-dimensional methods, three-dimensional 
methods are fully operational. 

In the near future, substantial progress in vapour cloud explosion blast 
modelling can be made by: 
1. 

2. 

3. 

The development of a data base containing data on both vapour cloud 
explosion incidents and gas explosion experiments (small- and full-scale). 
A further development of software for the computational simulation of the 
process of turbulent premixed combustion in gas explosions and blast ef- 
fects. 
The multi-energy concept applies only if the possibility of unconfined deto- 
nation can be ruled out. Therefore, the confidence in the multi-energy 
method for vapour cloud explosion blast modelling will increase substan- 
tially if the conditions under which the possibility of unconfined vapour 
cloud detonation should be considered, are further specified. 
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