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Executive Summary
Chapter DM describes the fundamental physical processes involved in deflagrations 

and detonations. The chapter also discusses factors that are of importance in relation 

to severity of a deflagration or detonation. Finally a number of means of mitigating 

these energetic events are described.

The common denominator of deflagrations and detonations is that it involves 

combustion of a premixed flammable vapour cloud. Potential ignition sources have 

been covered in great detail in another chapter and will therefore not be discussed 

further here.

Deflagration: The initial burning velocity is the laminar burning velocity of the mixture 

at its present composition, temperature and pressure. The flame undergoes transition 

from laminar to turbulent combustion due to thermal-diffusive effects and 

hydrodynamic instabilities at a later stage during the flame development. Moreover, a 

pressure wave is also generated, which is travelling outwards at the speed of sound

(at ≈340 m s-1 in air at normal temperature and pressure) and thus precedes the 

combustion front. This is a sonic process, that is to say that the burning velocity is less 

than or equal to the speed of sound in unburnt mixture. The ratio of resultant pressure 

over initial pressure is around 8.

Flame acceleration: The flame speed is also affected by obstacles that it encounters 

on its travel through its surroundings. Large amount of energy is generated through 

shear as the flow passes round the obstacles, which further enhances the flame 

speed through a positive feedback loop.

Deflagration-to-Detonation Transition: The flow can undergo Deflagration-to-

Detonation Transition, or DDT, once the flame has been accelerated up to a speed of 

around 800 m s-1. A very much higher pressure can be generated at the point at which 

DDT occurs (possibly as high as 30 times the initial pressure or even higher).

Detonation: In detonations the flame speed is much greater than the speed of sound 

in the air and could be in excess of 2,000 m s-1. A shock wave is travelling at great 

speed through the unburnt mixture and compresses the mixture, thus raising its 

temperature to such a degree that combustion occurs just behind the shock front. The 

ratio of resultant pressure over initial pressure is around 16-20. The minimum ignition 

energy required to cause a detonation is many orders of magnitude greater than that 

required to cause a deflagration in a flammable vapour cloud at the same conditions.

The two main means by which a detonation is initiated is through i) shock focusing, or 

ii) direct initiation. A large amount of ignition energy is required to be imparted on the 

flow for direct initiation to occur. It is also important to note that a flame might undergo

DDT and become a detonation, but it is not certain that it will be self-sustaining, that is 
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to say it might revert back to a deflagration as the flame speed decreases. Figure 1

shows an important difference between deflagrations and detonations: in 

deflagrations, the flame front is travelling at much lower speed initially (at the laminar 

burning velocity), whereas in the detonation the flame front is travelling at essentially 

the same speed and follows right behind the shock front.

a) b)  

Figure 1 One important difference between a deflagration and a detonation; a) 

deflagration—the pressure wave is travelling at much greater speed than the flame 

front, b) detonation—the flame front is travelling at the same speed and right behind 

the shock front (close-up of the detonation)

1 Basics of deflagrations and detonations

This chapter will discuss the differences between deflagrations and detonations and 

what are the physical processes involved in these phenomena. The harmful effects of 

overpressures will also be covered. Finally mitigation by venting is discussed.

A flammable mixture, that is to say fuel and an oxidiser, usually oxygen as part of air, 

must be present in the correct proportions, to be in the flammable range. Combustion 

cannot take place if there is not enough oxygen/oxidiser or not enough fuel.

Deflagrations are characterised by flame speeds that are subsonic (with the sonic 

speed is that in air at normal temperature and atmospheric pressure). The flame front 

is preceded by a sound wave, which is travelling through the air at sonic speed. The 

minimum ignition energy (MIE) varies from fuel to fuel, but also on the fuel 

concentration. Hydrogen has the lowest MIE of all fuels. The lowest MIE is found for 

mixtures that are close to stoichiometric. The pressure-time curve shows a relatively 

slow pressure build-up (positive phase) followed by negative phase, where the 

pressure is below the ambient.
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Detonations are characterised by flame speeds well in excess of the sonic velocity, of 

the order of 2,000 m s-1. In detonations the flammable mixture ahead of the shock 

front is compressed, and thus preheated, so the flame front is travelling just behind the 

shock wave. The overpressure generated by a detonation is considerably higher than 

that generated by a deflagration. The minimum ignition energy (MIE) varies from fuel 

to fuel, but also on the fuel concentration. Hydrogen has among the lowest MIE of all 

fuels. The lowest MIE is found for mixtures that are close to stoichiometric. The MIE 

for a detonation are many orders of magnitude greater than for deflagration. Certain 

conditions have to be satisfied for a detonation to be self-sustaining. In detonations 

there is sharp gradient in pressure-time curve.

Transition from deflagration to detonation (DDT) can occur when the flame has 

attained a sufficiently high velocity, somewhere in the region of 900 m s-1, or due to 

hot spots being created through shock focusing. The pressure during the DDT can be 

very high, much higher than in either a deflagration or a detonation.

1.1 Introduction
A fuel-air mixture must have a concentration that lies between the Lower Flammable 

Limit (LFL) and the Upper Flammable Limit (UFL) in order to be ignited. The 

flammable range is fuel dependent. Elevated temperature and/or elevated pressure 

extend the flammable range (Breitung et al, 2000).

The hydrogen flammable range is often taken to be between 4 % v/v and 75 % v/v in 

air. The UFL in oxygen is 95 % v/v. The exact flammability limits can be determined 

through experiments. However, the limits are dependent on the experimental setup, 

for example whether the flame is propagating upwards or downwards. Experiments 

have shown that it is difficult to ignite mixtures at the lower flammable limit of 4 % v/v. 

At a fuel concentration of 5 % v/v a flame kernel is formed, but it cannot be sustained. 

Only when the fuel concentration reaches about 5.5 % v/v can the flame be sustained, 

but it is very buoyant (Djebaïli-Chaumeix, 2009).  The laminar burning velocity is 

highly dependent on the stoichiometry, that is to say the fuel concentration, and can 

vary from of the order of 0.01 m s-1 for very lean mixtures to around 3 m s-1 (for 40.1 % 

v/v mixture). The flammable range is widened if the temperature of the fuel-air mixture 

is elevated (Hawksworth, 2007) as shown in Table 1. The temperature dependence of 

LFL can be expressed as (Zabetakis, 1967):

•••• = ••••(300•) • •.••
•••

(• • 300), Equation 1

where CLFL (300 K) is the LFL at T = 300 K, ∆Hc is the heat of combustion and T is the 

temperature in K. The flammability range narrows as the pressure is elevated, as 

shown in Table 2 (Hawksworth, 2007).
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Table 1: Effect of elevated temperature on the lower and upper flammability limits at 

atmospheric pressure (DIN 51469-1)

Temperature

[°C]

LFL

[% v/v]

UFL

[% v/v]

Limiting Air 

Concentration

[% v/v]

Limiting Oxygen 

Concentration

[% v/v]

20 4.1 75.6 20.4 4.3

100 3.4 77.6 19.1 4.0

200 2.9 81.3 15.0 3.2

300 2.0 83.9 10.9 2.3

400 1.4 87.6 6.2 1.3

Table 2: Effect of elevated pressure on the lower and upper flammability limits at 200C 

(Hawksworth, 2007)  

Pressure

[bar]

LFL

[% v/v]

UFL

[% v/v]

Limiting Air 

Concentration

[% v/v]

Limiting Oxygen 

Concentration

[% v/v]

1 4.3 78.5 21.5 4.5

10 3.9 72.4 27.6 5.8

100 5.8 74.1 25.9 5.4

There is a slight discrepancy between the values at 20 °C and atmospheric pressure, 

which stems from differences in the testing protocols.

The minimum ignition energy (MIE) required to initiate a deflagration of a hydrogen/air 

mixture is around 0.017 mJ for a mixture at atmospheric temperature and pressure 

(International Standardisation Organisation, 2004). The MIE is highly dependent on 

the stoichiometry and can vary from 10 mJ to 0.15 mJ for mixtures of 4 % v/v and 

10 % v/v, respectively (Swain, 2004). This is more than an order of magnitude lower 

than commonly used hydrocarbons such as methane.

References:

• Breitung, W., Chan, C. K., Dorofeev, S. B., Eder, A., Gelfand, B. E., Heitsch, M., 

Klein, R., Malliakos, A., Shepherd, J. E., Studer, E., and Thibault, P. (2000). 
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• Swain, M. (2004). URI:  

http://www.hydrogen.energy.gov/pdfs/review04/scs_p2_swain_04.pdf. Accessed 

on 28 May 2012.

• Zabetakis, M. G. (1967). Safety with cryogenic fluids. Plenum Press, New York, 

USA.

1.2 Deflagration
Assume a flammable hydrogen-air mixture in quiescent conditions; a flame kernel is 

formed when the mixture is ignited. Initially, the flame grows spherically outwards at 

the laminar burning velocity and its surface is smooth. However, the combustion does 

not remain uniform on the flame surface. The flame will exhibit a wrinkled structure 

and is associated with the thermal expansion of the gas and thermal-diffusive effects, 

where the former is particularly important in large-scale flames. Flame surface 

wrinkling is caused by thermal-diffusive effects and the Darrieus-Landau instability, 

which is due to the thermal expansion of the gas, Matalon (2007). Darrieus (1938) and 

Landau (1944) independently showed that planar deflagrations are unconditionally 

unstable. The Darrieus-Landau theory assumes an infinitely thin reaction zone. The 

growth rate of the instability can be expressed as

• = •••••• Equation 2

with

••• = •••••••••••
••• , Equation 3

where Sl is the laminar burning velocity, k is the transverse wave number and σ is a 

thermal expansion factor which is defined as 

• • ••
••

, Equation 4

where ρl and ρb are the densities of unburnt and burnt gases, respectively. Hence σ is 

greater than unity for exothermic reactions and it means that the instability will grow 

for all wave numbers.

The Darrieus-Landau theory has been extended to include diffusional effects. In real 

flames it is assumed that heat conduction, species diffusion and viscous dissipation 

occur in sheet separating burnt gas from the combustible mixture. It has been shown 
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that the flame speed, the normal velocity of the unburnt gas relative to the sheet, 

depends on the Markstein length, Ml and the flame stretch, K:

•• = •••••. Equation 5

The Markstein length, a measure of flame thickness, can be expressed as

•• = • •
••• • •(•)

•
•

• •• + •••••••••
•(•••) • •(•)

• •• ••••
•••• •••

• • •• , Equation 6

where β is the Zel’dovich number, Leeff is the effective Lewis number1 and λ is the 

thermal conductivity of the mixture. The Zel’dovich number is a function of the 

activation energy of the reaction. The Lewis number is the ratio of diffusivity of heat of 

the mixture to the mass diffusivity of the limiting species. The Markstein length is the 

only parameter that depends on the composition of the mixture. For hydrocarbon 

mixtures, the parameter is often positive and increases when the composition goes 

from lean to rich. In the case of hydrogen-air mixtures, the Markstein length decreases 

as the composition goes from rich to lean. The Markstein length can be less than zero 

for very lean mixtures (Matalon, 2007).

There are a number of premixed combusting regimes based on velocity and length 

scale ratios. These regimes can conveniently be shown in a diagram, of which there 

are a number of different versions (see for example: Borghi, 1985; Peters, 1986; 

Abdel-Gayed and Bradley (1989); Poinsot et al, 1990).

Figure 2 shows the five combustion regimes (Peters, 2000). The x-axis is the length 

scale ratio (length to flame thickness) and the velocity ratio (fluctuating velocity to the 

laminar burning velocity) is plotted on the y-axis. The length and velocity ratios along 

with the Reynolds2 and Karlovitz3 numbers places the flame in a particular regime, 

which can be found in the graph.

  

1 Le =  •
••••••••,•

= •••••
•••••,•

, where ρ is the density, Cp is the specific heat capacity at constant 

pressure, and •••••,• and ••••• are the diffusivities of species”j” and heat respectively

2 Reynolds number (non-dimensional number) is the ratio of inertial to viscous forces 

3 Karlovitz number (non-dimensional number) is the ratio of chemical reaction time scale to the 

Kolmogorov time scale
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Figure 2 Premixed turbulent combustion regimes (Peters, 2000)

1.2.1 Overpressure dynamics and deflagration pressure 
decay in the far field

1.2.1.1 Spherically expanding flames

We assume a centrally ignited combustible mixture. The flame initially grows 

spherically outwards. Bechtold and Matalon (1987) discussed the formation of a 

cellular structure of the flame surface, which is due to thermal-diffusional instability, 

they stated that one would expect the flame to be stabilised when the mass diffusivity 

of the limiting species exceeds the heat conduction. However, there were 

experimental evidence that the spherical flames exhibited cellular structure even when 

the light component was in excess in the mixture, that is to say when Le > 1. The 

authors described an experiment in which the spherical flame surface became cellular 

and the flame speed accelerated when the flame had reached a certain radius. It was 

speculated that this behaviour could be attributed to a hydrodynamic instability. A 

critical Peclet number, Pecrit, which represents the ratio of convective to thermal-

diffusive effects, was determined from the experiments (Bechtold and Matalon, 1987). 

The Peclet number was defined as

Pe = •• ••

• •
••••

•
= ••

••
, Equation 7

where R̂ is the flame radius and LD is the flame thickness. The critical Peclet number 

indicated how much the flame has expanded in relation to its thickness.
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Figure 3 shows the behaviour of propane-air and hydrogen-air flames at different 

stoichiometry and pressure (Matalon, 2007). In Figure 3, one can clearly see the 

cellular structure. In the case of hydrogen, the flame surface becomes cellular for a 

lean hydrogen-air mixture. A rich hydrogen flame also becomes cellular, but only when 

the initial pressure has been increased significantly. The propane-air flame becomes 

cellular at much higher initial pressure and a later stage of the flame development.

The perturbed flame front is expressed as 

• = •(•)[1 + •(•)••(•, •)], Equation 8

where A(t) is the amplitude of the disturbance, Sn is the spherical surface harmonics, 

n is an integer and θ  and φ are the two phase angles. The growth rate of the instability 

can be written as

•
•

••
•• =  •

•
••
•• ••••• • ••

• •••• + •••••• • 1•••• + Pr •••••, Equation 9

where R is the propagation speed,  Pr is the Prandtl number4, which is defined as the 

ratio of viscous diffusivity to thermal diffusivity, and 1
~
β , 2

~
β and 3

~
β are constants that 

only depend on σ and n. The initially large curvature stabilises the flame. Molecular 

diffusion also tends to stabilise the flame as it dampens out the short wavelength 

disturbances.

  

4 Pr =  •
• = •••

• , where υ is kinematic viscosity, α is the thermal diffusivity, Cp is the specific heat 

capacity at constant pressure, µ is the dynamic viscosity and λ is the thermal conductivity
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Figure 3: Behaviour of hydrogen-air and propane-air flames of different stoichiometry 

and pressure (Matalon, 2007)

The burning rate is proportional to the flame surface area. Hence the burning rate 

increases as the flame surface area increased due to the wrinkling. A transition from 

laminar to turbulent combustion occurs when the instabilities exceed a threshold. The 

burning velocity of a turbulent flame is considerably greater than the laminar one. The 

turbulent burning velocity can be expressed as

•• =  ••
••
••

, Equation 10

where ST is the turbulent burning velocity, Sl is the laminar burning velocity, AT is the 

surface area of the turbulent flame and Al is the surface area of the laminar flame. 

Gouldin (1987) showed that 

••
••

• Re• •• , Equation 11

where Re is the Reynolds number, if the Kolmogorov length scale is used as the inner 

cut-off. The Kolmogorov length scale represents the length scale where the viscous 

effects become dominant and it is defined as 

•• = •••

• •
• ••

, Equation 12

where ν is the kinematic viscosity and ε is the diffusion rate of turbulent kinetic energy. 

The combustion wave travels outwards at the laminar burning velocity, around 

0.4 m s-1 for hydrocarbons like methane and propane, through the unburned mixture.
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Extensive number of experiments in spherical vessels has been performed to 

investigate burning velocities, minimum ignition energy and effect of initial level of 

turbulence on the combustion. A high initial turbulence intensity in the vessel results in 

a more rapid pressure rise than in a low turbulence intensity mixture, but the same 

over pressure is reached in both cases (Bradley and co-workers).

A homogeneous hydrogen-air mixture at LFL concentration cannot be ignited. A 

hydrogen-air mixture with 5.5 % v/v concentration can be ignited, but the flame 

extinguishes shortly thereafter. A hydrogen concentration of around 5.5 % v/v is 

required to sustain combustion, but the flame is very buoyant, making it very difficult to 

measure the burning velocity.

The Darrieus-Landau instability arises from density difference between the burnt and 

unburnt gases, behind and ahead of the flame front respectively. Figure 4 shows how 

the flame kernel changes shape with time (Marley et al, 2008).

Figure 4: Flame emission images of early kernel-vortex interaction at different times

(Marley et al, 2008)
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1.2.1.2 Factors influencing the severity of deflagrations

1.2.1.2.1 Mixture composition

The composition of a hydrogen-oxidizer mixture greatly affects the severity of a 

deflagration. The laminar burning velocity and minimum ignition energy exhibit their 

maximum and minimum values, respectively for a mixture which is just to the rich side 

of stoichiometric mixture.

1.2.1.2.2 Mixture uniformity

It is clear that the concentration of fuel in a vapour cloud will vary from rich or very rich 

in the centre of the cloud to almost zero near the edges of the cloud. Ignition and 

combustion of the fuel can only take place in the parts of the cloud where the fuel 

concentration is in the flammable range. However, assuming that ignition has 
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occurred, the travelling combustion wave pushes unburnt gases ahead of itself. This 

will lead to dilution of the fuel concentration (at least for unconfined or partially 

confined clouds) and thus gas in other parts of the cloud could then combust when the 

concentration is in the flammable range. Ignition can still occur in a region of a cloud 

where the mean fuel concentration is outside the flammable range. This seeming 

contradiction is due to the fact that there are likely to be pockets within the cloud 

where the fuel concentration is in the flammable range. The non-uniformity is caused 

by fluid motion in the cloud during the dispersion process. The laminar burning velocity 

is highly dependent on the fuel concentration. One can then envisage that a 

combustion wave could accelerate if it encounters a pocket of gas with a fuel 

concentration near the stoichiometric. 

1.2.1.2.3 Degree of confinement

Confinement affects the strength of a deflagration. Confinement is taken to be walls 

and ceiling. The confinement restricts the combustion wave to certain direction. The 

velocity of the flow at the surface of the wall is zero. Hence there is a sharp velocity 

gradient in near-wall region. The shear induced feeds the turbulence in the flame and 

subsequently enhances the combustion.

1.2.1.2.4 Effect of obstacles on explosion overpressure

Obstacles divert the advancing flow. In doing so, shear is generated, which enhances 

the combustion. One can observe experimentally how the flame accelerates as it flows 

past obstacles. Figure 5 shows how the turbulence generated by the obstacles in a 

positive feedback loop, that is to say that an increase in the turbulence levels 

enhances the combustion which in turn results in a further increase in the turbulence 

levels and so on.

Figure 5: Positive Feedback due to the interaction of the flame with obstacles

Combustion in a 
premixed gas cloud

Expansion Flow interaction 
with obstacles

Increased pressure

Turbulence 
enhances the 
combustion

Turbulence 
generation
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The effect on obstacle size is for the overpressure to increase as the diameter of the 

obstacles decreases (Takahashi and Watanabe, 2010). It is not clear if the blockage 

ratio was kept the same as the obstacle size was reduced. A higher overpressure 

would be generated when the deflagration wave travels through a region of many 

small diameter objects than in a region with a small number of large objects for the 

same blockage ratio.

References:

• Takahashi, K., and Watanabe, K. (2010). Advanced Numerical Simulation of Gas 

Explosions for Assessing the Safety of Oil and Gas Plant, Numerical Simulations -

Examples and Applications in Computational Fluid Dynamics, Prof. Lutz 

Angermann (Ed.), ISBN: 978-953-307-153-4, InTech, Available from: 

http://www.intechopen.com/books/numerical-simulations-examples-and-

applications-in-computational-fluid-dynamics/advanced-numerical-simulation-of-

gas-explosions-for-assessing-the-safety-of-oil-and-gas-plants, accessed on 2012-

04-20.

1.2.1.3 Jet deflagrations

It has been shown that an explosion in a box which vents into a larger enclosure can 

give rise to high overpressures. The rig of this type of experiment is referred to as 

bang box geometry, Pfahl and Shepherd (1999) carried out experiments in the HyJet 

facility, which consists of a driver vessel where the ignition is initiated and a receiver 

vessel. In the study, a 20 % H2 and 80 % air mixture was used. Pfahl and Shepherd 

(1999) used nozzles of different diameters (25 mm, 64 mm and 92 mm). The 

experiments established critical threshold values for the Zel’dovich number for each 

nozzle diameter and fuel-air mixture for which jet initiation of detonation occurred.

Experimental data of jet initiation of detonation of hydrogen-air and hydrogen-oxygen–

diluent mixtures indicate the d/λ criterion is not applicable to jet initiation scenarios due 

to the fact that the initiation limits were 2 < d/λ < 7 while other experiments suggested 

a much higher ratio, d/λ > 11 (Krok, 1997). Krok (1997) also found that shock focusing 

plays an important role by promoting strong secondary explosions which might or 

might not lead to detonation.

References:

• Krok, J. C. (1997). Jet Initiation of Deflagration and Detonation. PhD Thesis, 

Explosion Dynamics Laboratory, California Institute of Technology, USA.
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1.2.1.4 Deflagration in different environments

1.2.1.4.1 Open atmosphere

Deflagrations occurring in unconfined and uncongested regions are not expected to 

generate very high overpressures. On the face of it, it is therefore surprising that the 

explosion at Buncefield in December 2005 caused such great damage over such large 

area, where much of it was largely unconfined and uncongested. There was forensic 

evidence to suggest that the overpressure would have exceeded 200 kPa (2 bar) over 

a large area. It is not clear what mechanism was the main driver. One of the theories 

is that the flame accelerated as it passed through the hedges (and undergrowth) lining 

the lanes leading to flame acceleration and subsequent detonation. A second 

possibility is that the explosion exhibited a pulsing behaviour. The damage to buildings 

and equipment and closed circuit TV footage do not completely support either of the 

two theories and research in to the explosion mechanism is on-going.

1.2.1.4.2 Closed vessel

Deflagrations in closed vessels exhibit quite different behaviour compared to 

deflagrations in confined or congested environments. Experiments in a closed vessel 

that was essentially empty performed under the auspices of OECD/NEA showed that 

the combustion travelled at a maximum speed of about 2.5 m s-1 for lean hydrogen-air 

mixtures. The maximum overpressure in some of the experiments was around 

550 kPa (5.5 bar) from an initial pressure of 150 kPa (1.5 bar). Obstacles, that is to 

say congestion, leads to flame acceleration due to the shear induced in the flow as it 

moves around the obstacles. In a closed vessel the pressure is practically uniform due 

to the pressure wave travelling at the speed of sound, while the typical vessel length 

might be of the order 10 m.

1.2.1.4.3 Connected vessels – pressure piling effect

The maximum ratio of final overpressure to initial pressure is of the order of eight for a 

hydrocarbon. Thus one would not expect an overpressure exceeding 8 bar for a 

deflagration if the initial fuel-air mixture was at ambient pressure, thus the maximum 

pressure ratio is about 8. Much higher overpressure can be achieved in connected 

vessels where pressure increase due to an explosion in one vessel leads to pre-
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compression of the fuel air in a connected vessel. One could still expect a pressure

ratio of 8, so a pre-compression to 200 kPa (2 bar) for example could lead to an 

overpressure of 1.6 MPa (16 bar). This is referred to as pressure piling.

1.2.1.4.4 Tunnels

In tunnels, the confinement of the deflagration wave forces it to travel down the length 

of the tunnel. The roughness of the tunnel walls and any obstacles, for example 

vehicles, light fittings and ventilation ducts and fans, can greatly increase the 

turbulence of the flow with a subsequent increase in the burning velocity and 

overpressure. Any ventilation in the tunnel would increase the turbulence of the fuel-

air mixture. The effect of higher initial level of turbulence is to lead to a more rapid 

pressure rise.

1.2.1.5 Flame acceleration criteria and fast deflagrations

In deflagrations the combustion wave might approach the speed of sound under the 

right conditions, for example in a sufficiently confined and congested environment. In 

geometries with a large amount of obstacles and of sufficient length the burning 

velocity can increase considerably, exceeding the speed of sound in the unburnt 

mixture. There is not a clearly defined typical flame acceleration velocity, but one can 

assume that the flame speed will be of the order of 700 m s-1 (Lee et al, 1984). 

Experiments showed that the flow would reach a quasi-detonation state when the 

flame speed is of the order of 800 m s-1 (Lee et al, 1984).

In smooth tubes, the Landau-Darrieus instability leads to a perturbation of the flame, 

but the magnitude of the perturbation is limited (Ciccarelli and Dorofeev, 2008). The 

surface roughness of the tube plays an important part in bringing about flame 

acceleration. The flame acceleration is influenced by the mixture stoichiometry, the 

fuel composition and diameter of the tube (Silvestrini et al, 2008).  The velocity profile 

is expected to steepen, until a shock wave is formed. There is also a interaction with 

the boundary layer near the wall, which the combustion rate increases in that region 

leading to the formation a tulip shaped flame (Ciccarelli and Dorofeev, 2008; 

Kuznetsov et al, 2005), see Figure 6.

There is a sudden increase in the flame speed, from about 200 m s-1 to 500 m s-1, for 

a 13 % v/v H2 mixture (Lee et al, 1984). This is due to competition between two OH 

branching reactions, where the more rapid OH branching reaction (H + O2 → OH + O) 
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becomes rate determining at the temperature which corresponds to the flame 

temperature for a 13 % v/v H2 flame.

Figure 6: Formation of a tulip-shaped flame in a smooth tube containing a hydrogen-

air mixture (Kuznetsov et al, 2005)

The propagation of the flame can be limited by buoyancy (Breitung et al, 2000). 

Shepherd (Chapter 3 in Breitung et al, 2000) quoted a critical Froude number, 

Frcrit = 0.11, and flame acceleration would not be possible if the flow Froude number is 

less than this critical value. Product expansion, dependent on the mixture reactivity, 

and physical scale, can provide the right conditions for flame acceleration to occur. 

The uncertainty in the critical expansion rate, σ = Tb/Tu, is relative large (σ = 3.5-4.0), 

which suggests that other parameters may also influence the behaviour, but it remains 

the most reliable criterion to use (Breitung et al, 2000).
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1.2.1.6 Vented deflagrations - internal and external combustion and interactions

Relief panels are commonly used to protect structures and equipment from extensive 

damage due to explosion generated overpressure. The relief panels will be designed 

to release at a specified pressure and exert a level of inertia so there is a time delay 

before the panel has been removed. Experiments have shown that expanding burnt 

gases push the combustible fuel-air mixture out of the vessel/enclosure. This ejected 

mixture then combusts in the open atmosphere. Part of the pressure wave then travels 

back into the vessel. The overpressure measured in the vessel is then made up a 

contribution from the initial explosion and the external explosion, where the latter can 

be the major contributing event (Molkov et al, 2006).
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1.2.1.7 Deflagration-to-detonation transition (DDT)

A flame that has accelerated up to and exceeded a critical threshold velocity might 

undergo a transition from deflagration to detonation. The theoretical understanding of 

DDT is probably still incomplete(?). Experiments have shown that there is a significant 

increase in pressure at the point where DDT occurs in large diameter pipes 

(Bjerketved et al, 1999).

A run-up distance to DDT can be calculated using

••
• = •

• ••
• ln •• •

••• + •, Equation 13

where κ (κ = 0.4), K (K = 5.5) and C (C = 0.2) are constants which are independent of 

the mixture composition, and D is the diameter of the tube and h the height of the 

obstacle, and γ can be expressed as



19

© HyFacts 2012/13

• = • ••
•(•••)•••

••
••

• ••
•

• (•••• •• )•
, Equation 14

where Sl is the laminar burning velocity, δ = ν/Sl is the flame thickness, ν is the 

kinematic viscosity and n and m are two unknown parameters, whose values must be 

determined from experiments.

A flame that undergoes DDT does not necessarily develop in to a self-sustaining 

detonation wave. The detonation wave might not be sustained if the physical 

dimension of the geometry is too small, for example if the pipe diameter is too small. 

Furthermore, the presence of obstacles may be required for the detonation wave to be 

sustained for leaner mixtures. Lee et al (1984) showed that detonations in hydrogen-

air mixtures with 17 % v/v H2 would be sustained even in an empty tube, while the 

flame speed would decelerate for leaner mixtures. Lee et al also noted that the flame 

speed for 25 % v/v H2 mixture was considerably lower than the Chapman-Jouguet 

value, 1500 m s-1 compared to 1861 m s-1. This was attributed to the pressure loss 

due to the presence of obstacles.
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1.2.2 Basics of detonation
A detonation wave is a supersonic combustion wave. Much of the initial work on 

understanding detonations was conducted by Chapman (Chapman, 1899) and 

Jouguet (Jouguet, 1905, and Jouguet, 1906). Their approach considered the 

detonation waves to be one-dimensional steady phenomena. It was furthermore 

assumed that the reaction zone was infinitesimally thin. The wave propagation speed 

was found to be independent of the chemical reactions, but is governed by the gas 

dynamics (Ciccarelli and Dorofeev, 2008).

Figure 7 shows the detonation propagating in a channel. The shock wave and flame 

front is moving to the right through the unburnt mixture, compressing the flammable 

mixture without any significant chemical change taking place.
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Figure 7 Detonation propagating in a channel

A set of differential equations govern the flow:

•••• = ••••, Equation 15

••••• + •• = ••••
• + •• , Equation 16

••
•••

• + •••• + •• = ••
••

•

• + •••• + •• , Equation 17

where ρ is the density, u is the velocity, P is the pressure, and E is the enthalpy. 

•••• = ••••, Equation 15 is 

the conservation of mass, ••••• + •• = ••••
• + •• , Equation 16 is 

the conservation of momentum and••
•••

• + •••• + •• = ••
••

•

• + •••• + •• ,
Equation 17 is 

the conservation of energy.

The Chapman-Jouguet (CJ) theory accurately predicted the propagation speed. The 

propagation speed, D, of a stable detonation wave is given by

• =  •• + ••, Equation 18

where u1 is the speed  and a1 is the speed of sound in the gas behind the shock front. 

The speed of the detonation wave depends on the stoichiometry of the hydrogen-air

mixture but can be between 1,600 m s-1 and 2,000 m s-1, or even higher speeds.

Experiments have indicated that the highest detonation velocities (in excess of 

2,100 m s-1) are generated by hydrogen-air mixtures nead the Upper Detonability Limit 

(Lewis and von Elbe, 1961).  The detonation velocity in hydrogen-oxygen mixtures is 

in excess of 2,800 m s-1.This is considerably faster than the deflagration waves 

associated with explosions, which could at most reach the speed sound (≈340 m s-1 in 

air at normal temperature). The resultant detonation pressure is also considerably 

higher than in an explosion, somewhere in the region of 1,000-1,500 kPa (10-15 bar), 

depending on the equivalence ratio, as compared to around 800 kPa (8 bar) for a 

mixture initially at atmospheric pressure and temperature.

The CJ theory could not provide any information on the characteristic length scale of a 

detonation wave since it was based on the assumption that the reaction zone was 

infinitesimally thin. Work independently by Zel’dovich (Zel’dovich, 1940), 
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von Neumann (von Neumann, 1942) and Döring (Döring, 1943), commonly referred to 

as the ZND model, showed that the shock wave is followed by a finite length reaction 

zone (Ciccarelli and Dorofeev, 2000). The thickness of the reaction zone is 

determined by the chemical reaction rate (van Wingerden et al, 1999). The ZND 

model still considers the detonation wave to be one-dimensional. More recent 

experimental and theoretical work suggest that two- and three-dimensional 

interactions are also important.

The minimum ignition energy (MIE) required to initiate a detonation of a hydrogen-air 

mixture is around 1.0x107 mJ, which is about nine orders of magnitude greater than for 

MIE for a deflagration. Table 3 shows the MIE required for a deflagration or detonation 

of mixtures of air and hydrogen and three commonly used hydrocarbons.

Table 3 Minimum ignition energy for deflagration and detonation of hydrogen-air and 

some common hydrocarbon-air mixtures

Fuel Minimum Ignition Energy

Deflagration Detonation

[mJ] [mJ]

Hydrogen 0.017 1.0x107

Methane 0.25 2.3x1011

Propane 0.28 2.5x109

Ethyne 0.007 1.29x109

The lower and upper detonability limits are around (LDL) 18 % v/v and (UDL) 

59.3 % v/v for a stoichiometric mixture of hydrogen and air at atmospheric 

temperature and pressure. The limits have been established through experiments, 

where the choice of measurement technique and experimental setup influences the 

measured limits. The values given above are often quoted in the open literature. 

However, experiments in the Russian RUT facility suggest that the LDL could be as 

low as 11-12 % v/v in certain circumstances, (Breitung et al, 2000).

There are two main mechanisms for the onset of a detonation. These are:

• Detonation initiated by

o Instabilities near the flame front

o Flame interaction with a pressure wave, another flame or a wall

o Re-ignition of a previously quenched pocket of combustible gas
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• Detonation due to shock reflection or focussing—requires a large amount of 

energy possibly through an external source for example a high explosive charge 

or exploding wire.

Detonation is the formation of the detonation shock waves which are subsequently 

maintained by chemical reaction (Lewis and von Elbe, 1961). In deflagrations, the 

sound wave travels at the speed of sound while the flame front travels at much lower 

speed initially. In the case of a detonation, the shock wave is closely followed by the 

flame front and moves at supersonic velocity. The compression of the combustible gas 

ahead of the shock wave raises the temperature of reactants thus leading to rapid 

combustion.

The detonation cell size, λ, is a measure of the reactivity of the fuel-air mixture. A 

detonation wave is a complex 3D structure giving rise to characteristic pattern which is 

reminiscent of a fish scale pattern, which is caused by instabilities, that is to say 

transverse waves interacting with the leading wave. The detonation cell size is a 

measure of the reactiveness of the fuel-air mixture, the initial temperature and 

pressure and the sensitivity of the fuel-air mixture to detonation. Highly reactive 

mixtures like acetylene-air and hydrogen air mixtures have very small cell sizes of the 

order of 1 mm, whereas lean mixtures of say methane-air might exhibit cell sizes of 

the order of 1 m. The detonation cell size can be used to calculate the smallest 

diameter pipe in which detonation wave can be self-sustained. It is not possible for a 

detonation to propagate in a pipe with a diameter smaller than the critical diameter. 

The detonation cell size increases with an increase in the temperature of the initial 

stoichiometric hydrogen-air-steam mixture, when the steam concentration is zero 

(Ciccarelli et al, 1994). However, the detonation cell size behaviour is very different as 

the steam concentration is increased see Figure 8. Figure 9 shows how the detonation 

cell size varies with the hydrogen concentration in a hydrogen-air mixture at an initial 

temperature of 300 K and pressure of 0.1 MPa (Ciccarelli et al, 1994).
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Figure 8 Detonation cell size as function of initial temperature and steam 

concentration in stoichiometric H2-Air-H2O mixture (Ciccarelli et al, 1994)

Figure 9 Effect of hydrogen concentration on the detonation cell size in a hydrogen-air 

mixture initially at 300 K and 0.1 MPa (Ciccarelli et al, 1994)

Four criteria for onset of detonation can be formulated (Shepherd, in Breitung et al,

2000):

• Minimum tube diameter (d > λ)— the critical diameter for a detonation in a 

circular pipe is dcrit ≈ λ/π (Shepherd, Chapter 3 in Breitung et al, 2000)

• Minimum scale requirement for onset of detonations—the formation of a 

detonation wave depends on three factors:

o Location distribution of mixture properties (auto-ignition delay)
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o A wave must survive moving from a sensitised region into an 

unperturbed mixture

o The wave should be adjusted for the chemical length scale of the 

mixture

• L/λ correlation (7λ)—the minimum physical dimension of an enclosure 

should exceed 7λ. The definition of L for practical applications is not trivial, 

especially if the geometry involves connected rooms. 

• Comparison of d>λ and L/λ comparison—both these criteria are based on 

the relationship between the physical dimensions of the enclosure and the 

detonation cell size, the characteristic chemical length scale of the 

mixture. Hence it is important that a reliable value of the detonation cell 

size is used for the particular mixture and initial conditions. It may be 

necessary to carry out experiments if the likely conditions are very 

different from those published in the literature.

Clearly not all pipes are going to be round. They could have square, rectangular or 

triangular cross section. It has been shown that the hydraulic diameter can be used 

when assessing whether onset of detonation is feasible (Jost and Wagner, 1973). The 

only proviso is that one of the sides in a rectangular channel is greater than a lower 

threshold. 

A phenomenon termed auto-ignition was observed in experiments in a large tube 

which was closed at both ends (Seamans and Wolfhard, 1961). The auto-ignition 

occurred in experiments where the mixture stoichiometry fell between those that 

resulted in a deflagration and those that resulted in a detonation. 

Seamans and Wolfhard (1961) identified three events leading to auto-ignition:

• Double shock with a weak shock travelling down the tube, then being reflected 

back upstream, once again reflected downstream and merging.

• Double shock of greater strength where the first shock wave has travelled 

down to the downstream closed end and being reflected back upstream where 

it interacted with the second wave travelling down the tube.

• Single strong shock leading to auto-ignition.

Diluents, for example water vapour and argon, even at low concentrations can inhibit a 

stable detonation (Lewis and von Elbe, 1961). In the case of water vapour, 

experiments has shown that a stable detonation can be sustained in a hydrogen-air-

steam mixture, where the H2O concentration was 0.005 % v/v, whereas this is not the 

case if the water concentration is increased to 0.05 % v/v (Lewis and von Elbe, 1961). 
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The mechanism by which the water vapour inhibits the detonation is by participating in 

a three-body reaction with a hydrogen radical and an oxygen molecule5, thus reducing 

the number of hydrogen which can combust. Furthermore, computations of the 

temperature at the shock front in a number of hydrogen-air-diluent mixtures have 

shown that there is critical temperature (T ≈1100 K) below which detonation cannot be 

sustained (Lewis and von Elbe, 1961).This is almost certainly due to this being the 

threshold temperature where the radical generating reaction rates are sufficiently high.
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1.2.2.1 Flame Acceleration

Early experimental work on detonation used smooth tubes. The detonation was then 

brought on by flame acceleration (Ciccarelli and Dorofeev, 2008). The introduction of 

plates in the tube led to significant flame acceleration; in a methane-air mixture the 

flame velocity increased from 10 m s-1 in an empty tube to 400 m s-1 in a tube with 

orifice plates spaced one tube diameter apart (Chapman and Wheeler, 1926). 

However, the flow in Chapman and Wheeler’s tube did not undergo DDT due to the 

diameter of the tube (Ciccarelli and Dorofeev, 2008). 

The rate of flame acceleration decreases for decreasing hydrogen concentration. 

Similarly the rate of flame acceleration decreases for increasing initial mixture 

temperature (Ciccarelli et al, 1998).Two important parameters governing flame 

acceleration are i) the density ratio between unburnt and burnt gas and ii) the speed of 

sound in the gas ahead of the shock front (Ciccarelli et al, 1998).
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1.2.2.2 Overpressure dynamics and deflagration pressure decay in the far field

In deflagrations the generated overpressure will decay quite rapidly once the wave 

reaches the edge of the cloud, since there is no further fuel to combust and thus 

sustain the combustion. In detonation the pressure will also decay, but detonation 

waves do not decay as rapidly as deflagration waves.

1.2.2.3 Parameters of detonation waves: velocity, temperature, pressure

The velocity of detonation wave can be calculated numerically. The velocity can be of 

the order of 2,000 m s-1 or higher for hydrogen-air mixtures. The pressure ratio for 

detonations are in the range 18-20, thus the pressure could rise to almost 2 MPa 

(20 bar) from an initial pressure of 0.1 MPa (1 bar).

1.2.2.4 Criteria for the onset of detonations

1.2.2.4.1 Potential for strong flame acceleration

The important parameters that govern flame acceleration are the Zel’dovich number, 

the Markstein number and the expansion ratio, the latter defined as Tb/Tu. Flame 

Acceleration in a smooth pipe is possible, but the fuel must be highly reactive and a 

much longer pipe is required. DDT was almost reached in a smooth pipe, but only at 

L/d of 94 (Steen and Schampel, 1983). Obstacles in a pipe will increase the likelihood 

of Flame Acceleration and subsequent DDT; DDT was almost reached in obstacle-

laden pipe with L/d = 4 (Hjertager et al, 1983). Steen and Schampel (1983) produced 

graphs showing how the run-up distance changed with pipe diameter for propane-air 

and ethylene-air mixtures.
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on Loss Prevention and Safety Promotion in the Process Industries, 

Pergamon Press, London, United Kingdom.

1.2.2.4.2 Run-up distance

The run-up distance, referred to as L/d, depends on the fuel type and on the geometry 

in which it is measured. Typical run-up distances are in the region of L/d = 10–60, but 

the run-up distance can be much shorter for highly reactive fuels, for example L/d  λ 3 

for acetylene (James, 2003). Figure 10 shows how the run-up distance varies both 

with the initial temperature and the hydrogen concentration in a hydrogen-air mixture

(Ciccarelli et al, 1998).

Figure 10 Run-up distance as function of the initial mixture temperature 

and fuel concentration (Ciccarelli et al, 1998)

1.2.2.4.3 Critical tube diameter for the onset of detonation

The critical tube diameter of smooth pipe for detonation wave propagation is of the 

order of λ/π, where is the detonation cell size (or width) (Breitung et al. 2000; James, 

2003). However, the detonation cell width might not be known with great accuracy so 

this criterion should be used with caution.
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1.2.2.4.4 Dependence on initial pressure and temperature

The initial temperature has an effect on the detonation cell size (Roy et al, 2004), see 

Figure 11 and Figure 8.

Figure 11: Influence of temperature on the detonation cell size in a hydrogen-air 

mixture; 1) T = 135 K and 2) T = 295 K (Roy et al, 2004)
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1.2.2.5 Critical energy of direct initiation of spherical detonation

1.2.2.5.1 Hydrogen-air mixtures

Critical energy for direct initiation of detonation of a fuel-air mixture is highly 

dependent on the fuel composition and whether the oxidant is pure oxygen or air (Roy 

et al, 2004). Figure 12  shows the critical energy for direct initiation of a spherical 

detonation against the critical energy required for plane detonation initiation. It is 

possible to calculate the critical energy. It is important to use a detailed chemical 

kinetics scheme otherwise there is likely to be a large difference between calculated 

and measured critical energy (Roy et al, 2004).
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Figure 12: Critical energy for direct initiation of a spherical detonation (E3) against the 

critical energy for plane detonation initiation (E1) for hydrogen and different 

hydrocarbons (Roy et al, 2004); filled symbols represent fuel-oxygen mixtures and 

open symbols apply to fuel-air mixtures

1.2.2.5.2 Hydrogen-oxygen mixtures

Figure 12 shows the critical energy for direct initiation of a spherical detonation against 

the critical energy for plane detonation initiation for hydrogen-air and different 

hydrocarbon-air mixtures (Roy et al, 2004). The critical energy for direct initiation is 

considerably lower for fuel-oxygen mixtures than for fuel-air mixtures. 
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1.2.2.6 Detonation cell sizes for hydrogen-air and hydrogen-oxygen mixtures

1.2.2.6.1 Detonation cell size significance for safety assessment

The detonation cell size is dependent on the fuel reactivity and physical size. A 

detonation cannot propagate if the physical size of the pipe or channel is less than a 

critical size. The Maximum Experimental Safe Gap for hydrogen is less than 2.9·10-4 m 

(0.29 mm) (Lunn, 1982; James, 2003). 
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1.2.2.6.2 Effect of equivalence ratio, initial pressure and initial temperature

The minimum ignition energy is at a minimum for hydrogen-air mixtures with 

concentrations that are just to the rich side of stoichiometric. The detonation cell size 

also exhibits a minimum for mixtures with an equivalence ratio above unity (He, 2006; 

Stamps et al, 2006). Higher initial temperature leads to a widening of the flammability 

and detonability range (Stamps et al, 2006), but to lower detonation velocities 

(Moyle et al, 1960). Higher initial pressure leads to higher detonation velocities 

(Gealer and Churchill, 1960; Moyle et al, 1960). It was observed that hydrogen-air 

mixtures could detonate if the initial pressure exceeded 600 kPa (6 bar) (Seamans 

and Wolfhard, 1961). Detonation experiments involving stoichiometric or rich 

hydrogen-oxygen mixtures in a long tube (54 m) at below and above ambient pressure 

showed that detonation required a longer distance to become stabilised at lower-than 

ambient pressure (Bollinger, 1964). A slight increase in the detonation velocity was 

observed as the initial pressure was increased (Bollinger, 1964).
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1.2.2.7 Detonability limits

1.2.2.7.1 Detonability limits of hydrogen-air and hydrogen-oxygen mixtures

The detonability range of a hydrogen-air mixture is between 18.2 % v/v and 58.9 % v/v

(Lewis and von Elbe, 1961). The Lower Detonability Limit (LDL) is 15 % v/v and the 

Upper Detonability Limit (UDL) is 90 % v/v for a hydrogen-oxygen mixture (Lewis and 

von Elbe, 1961). The energy required to initiate a detonation is strongly fuel 

concentration dependent. Hydrogen-air mixtures at or near the stoichiometric 

concentration will require lower energy to detonate than mixtures with a fuel 

concentration near the LDL or the UDL. The physical size of the experimental rig and 

the experimental design have great influence on the measured LDL and UDL

(Breitung et al, 2000), where LDL could vary between 13.5 % and 19 % and the UDL 

varied between 61 % v/v and 70 % v/v. An increase in temperature from 293 K (20 °C) 

to 373 K (100 °C) of a hydrogen-air mixture leads to a widening of the detonability 

range, lowering the LDL from 11.6 % v/v to 9.4 % v/v and increasing the UDL from 

74.9 % v/v to 76.9 % v/v (Breitung et al, 2000).

1.2.2.7.2 Detonability limits of hydrogen-air mixtures diluted by CO2 and H2O

Diluents such as CO2 and H2O reduce the detonability range. In the case of H2-air-

H2O mixtures, the LDL is virtually unchanged as the water content increases for small 

diameter pipes, while the UDL decreases substantially (Breitung et al, 2000), see 

Figure 13a. In the case of H2-air-CO2 mixtures, the carbon dioxide greatly affects the 

detonability range (Breitung et al, 2000), see Figure 13b. Breitung et al. also 

demonstrated the significant effect the pipe diameter has on the measured detonability 

range, see Figure 13a.
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a)  

b)

Figure 13: Effect of addition of a diluent on the detonability range; a) H2-air-H2O 

mixtures, and b) H2-air-CO2 mixtures (Breitung et al, 2000)

1.2.2.7.3 Triangular diagram for detonability limits of hydrogen-oxygen-nitrogen 

mixtures

Figure 14 shows how the addition of nitrogen to a hydrogen-air mixture greatly 

reduces the upper detonation limit as the amount of nitrogen increases (Breitung et al, 

2000). The LFL and LDL are not affected to any significant degree.
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Figure 14: Effect of addition of nitrogen on the flammability and detonability limits of a 

hydrogen-air mixture
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1.3 Effects of blast waves and harm criteria

Blast Wave Effects

Blast waves are harmful in a number of ways. These can be classified as primary, 

secondary and tertiary effects (Center for Chemical Process Safety, 1994):

• Primary effects

o Damage to hearing

o Damage to lungs and other internal organs

• Secondary effect

o Injury due to flying debris, for example shards of glass

o Collapse of structures onto people leading to injury or death
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• Tertiary effects

o Whole-body displacement of a person.

Research on the effects of blast waves of humans was carried out by or on behalf of 

the military. A significant amount of research on the effects of blast waves on 

mammals has been carried out on animals other than humans due to the nature of the 

experiments making it unethical to perform the tests on humans. Smaller mammals, 

for example dogs and rabbits, are not necessarily good representatives for humans. 

However, work has been undertaken to relate experience from blast effects on smaller 

animals to humans (Bowen et al, 1968). The data is old, but is still being used 

extensively.

It is not just the overpressure that governs the harm, but also the impulse imparted on 

a person or object, where the person is located and what protection equipment he/she 

is wearing. The impulse is defined as the integral of the pressure with time. The 

pressure signature of a gas explosion is a positive pressure phase followed by a lower 

negative pressure phase with a much longer duration. A blast, such as from a high-

explosive charge, is characterised by a very high overpressure, but only for a short 

duration.

Damage to the eardrum, complete rupture is painful, but does not in itself lead to 

death. The magnitude of overpressure is more important than the actual duration in 

determining the damage to the eardrum (Center for Chemical Process Safety, 1994). 

The lungs are also susceptible to blast waves and can potentially be lethal; it is 

recognised as the main primary blast injury (Centers for Disease Control and 

Prevention, 2012).

Harm Criteria

One must be able to quantify the exposure in terms of intensity, duration and 

consequence of exposure to, say, a chemical species or overpressure in order to be 

able to establish the level of harm. Probit models are used to evaluate harm. A probit 

model is a statistical model which operates on a binary response variable6 through a 

probit link function and takes the following form

• = •• + •• ln{•}, Equation 19

where C1 and C2 are constants and V is the product of intensity or concentration of a 

harmful chemical raised to a power. In the case of thermal radiation, the parameter V

is defined as 

  

6 A binary response variable can only have two possible outcomes, say harm and no harm.
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• = •• •• •, Equation 20

where Q is the received radiation in kW m-2 and t is the time of exposure in s. The 

value of Y is in the range 2.67-8.09, which is equates to 1 % to 99.9 % fatality (Health 

and Safety Executive, 2010). The constants are highly dependent on the situation.

The probit model for explosions used by HSE is defined as

• = 5.13 + 1.37 ln •, Equation 21

where P is the gauge peak overpressure in bar (Health and Safety Executive, 2010). 

The constants in Eq. 3 have been derived from suitable experiments. The probit, Y, 

can then be turned into a cumulative distribution function curve using either tables 

(Finney, 1971) or by computational means, for example using R (a statistical analysis 

package) (CRAN, 2012), MATLAB or Excel. The cumulative distribution function is 

defined as

••••••(•) = •2•••••(2• • 1), Equation 22

where erf-1 is the inverse error function.

The fatality v. peak overpressure data used by HSE in the United Kingdom is listed in 

Table 4. Figure 15 shows probability of death as a function of peak overpressure. The 

curve in Figure 15 is for illustrative purposes only.

Table 4: Fatality as a function of peak overpressure

(Health and Safety Executive, 2000?)

Fatality
Peak overpressure

[Pa] [barg]

1 % 17,000 0.17

50 % 90,000 0.90

95 % 300,000 3.00

The HSE guidance also provides data on likelihood of a fatality as a result of whole-

body displacement and likelihood of injury due flying shards of glass, blunt injuries and 

fractures. Both Health and Safety Executive (2000) and La Chance et al (2009) 

provide a list of different probit models. There are significant differences between the 

different probit models. The choice of probit model to use is not clear-cut. There are 

significant uncertainties with some of the probit models (La Chance et al, 2009).
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Figure 15: Probability of death as a function of peak overpressure - an example

There is potential for an escalation of an incident, the so-called domino effect of an 

explosion (Cozzani and Salzano, 2004; Zhang and Jiang, 2008; Cozzani and Salzano, 

2004). These papers do not consider harm criteria directly, though an escalation could 

potentially cause harm to persons.

In the case of detonations, the overpressure is very high, up to 1.8-2.0 MPa (18-20 

bar), though the duration of the peak is short and the blast wave is travelling at up to 

1,500 m s-1 or higher. It is likely that significant damage is caused by a person being 

•=2••••12••1, Equation 22 , 

are not suitable to calculate the probit. However, it is likely that the person would 

suffer loss of live based on the probit data for high overpressure explosions.
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2 Prevention and Mitigation of Explosions

Explosion venting is a protective measure preventing unacceptable explosion 
(deflagration) pressure build-up inside confined spaces leading to enclosure 

destruction and formation of flying fragments. 

The vent can either be used:

• Both as a protective measure preventing unacceptable explosion 
pressure build-up inside confined spaces AND as a ventilation opening. 

In this case, the vent always stays open.

• Only as a protective measure preventing unacceptable explosion 
pressure build-up. In this case, the vent opens when the opening pressure of 

the vent is reached, because of the combustion of the flammable mixture. 

Such vent is considered in the system described in the section 2.2.

Figure 16: Mitigation measure: explosion venting

(Source: Air Liquide)

Strong blast effects from a deflagration are a result of the confinement and 

congestion, if present, leading to higher velocities and thus also higher overpressure

and subsequently the potential for greater level of destruction of equipment and 

buildings and harm to personnel. The blast effects from a gaseous deflagration in an 

H2 release

Flame/ 
Jet fire

Strong blast 
effects

Flash fire

Loss of 
leak 

tightness

Kinetic 
effects

Equipment 
failure

Escalation

Injury / 
casualty

Unconfined
explosive 

atmosphere

Confined 
explosive 

atmosphere

Blasteffects

Passive
ºFlow restriction

Active
ºDetection and Isolation
ºExcess f low valve

Passive
ºAvoid unnecessary 
confinement
ºNatural ventilation

Active
ºActive ventilation
ºDetection and active 
ventilation

Passive
ºExplosion 
venting

Passive
ºSeparation distance

Active
ºEmergency response

Passive
ºSeparation distance

Active
ºEmergency response

Passive
ºNo ignition sources

Active
ºDetection and power 
shut-down



40

© HyFacts 2012/13

unconfined environment are expected to be relatively minor, at least compared a 

deflagration in a confined and congested area.

2.1 Deflagration of unconfined hydrogen air mixtures –
summary and extension of hazardous effects 

Deflagration of unconfined hydrogen air mixtures: summary

Hydrogen air mixtures are flammable when the proportion of hydrogen in this mixture 

ranges from 4 to 78% by volume; these values are for a hydrogen-air mixture at 

293 K and 100 kPa (20 °C and 1 bar). 

The combustion is characterized by the speed at which the thermal flame front 
propagates. The speed of the flame front increases with increasing hydrogen 
concentrations up to 40 % in the flammable zone. Different factors may speed up the 

flame, such as the turbulence created by obstacles or fans. 

When a hydrogen air mixture is ignited, its temperature rises and an overpressure 
wave develops within the flammable zone. As showed in Figure 17, the maximum 

overpressure value strongly depends on the hydrogen concentration of in the mixture. 

This figure shows the maximal overpressure value which has been experimentally 

measured in an enclosure of a few cubic meters after the ignition of a hydrogen-air 

mixture. 

Figure 17: Influence of the hydrogen concentration in the mixture on the maximal 

overpressure value

Source: Air Liquide
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Note: the damage threshold for structures is of 150 mbar; but it could be also lower, 

possibly 50-100 mbar. The integrity of the structure is highly dependent on the method 

of construction, its age and its state of repair.

The pressure wave created by the ignition of the hydrogen air mixture propagates 
outside of the flammable zone, while its amplitude decreases. In the case of the 

unconfined explosion of a sphere from a mixture characterized by its constant flame 

speed, the maximum overpressure decreases as the ratio R/R0 (with R the distance 

from the ignition source and with R0 the initial radius of the sphere). 

Figure 18: Wave propagation during the unconfined explosion of a sphere from a 

mixture characterised by its constant flame speed Sf (Lannoy, 1991)

Caption:  R is the distance from the ignition source and R0 is the initial radius of the 

sphere

Note 1: the higher flame speed, the higher overpressure.

Note 2: 1 hPa = 100 Pa

Ignition of a flammable gas cloud (delayed ignition so that the cloud can form) can 

lead to either a deflagration (a.k.a. explosion) or detonation. Deflagration is a term 

describing subsonic combustion; the speed of the flame front is smaller than the 
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speed of sound in the burnt gases. In the case of detonation, the speed of the flame is 

supersonic and therefore generates a shock wave. Greater pressures are then 

generated by detonations, which are thus more destructive than deflagrations. 

A deflagration may become a detonation as the flame front is accelerated by 

turbulence (Deflagration to Detonation Transition). A detonation may also be initiated 

from the onset if ignition is performed with a high energy source (e.g. solid explosive).

The explosions occurring in unconfined environments are generally 
deflagrations since the ignition energies are most often small. One would also expect 

that over-pressures of unconfined deflagrations to be relatively low, unless there is 

very high level of congestion within the flammable cloud.

Extension of hazardous effects

Deflagrations of unconfined hydrogen air mixtures have overpressure and thermal 

effects. In the case of “small” deflagrations (i.e. when the hydrogen concentration and 

the ignition energy are low), thermal effects are generally more severe than 

overpressure effects. On the contrary, in the case of large powerful deflagrations, the 

extension of hazardous effects depends mostly on the value of the overpressure 
generated by the combustion of the flammable hydrogen air mixture. Different 

thresholds have been defined, depending on the severity of the overpressure effects. 

• Extension of overpressure effects 

In order to determine the severity of the overpressure effects, the overpressure value 

shall be calculated. One shall consider that hydrogen-air mixtures containing less than 

10 % v/v of hydrogen approximately contribute to the combustion only in a small 

extent. Hydrogen-air mixtures containing more than 10 % v/v of hydrogen 

approximately have a more significant contribution to the combustion. 

The overpressure value decreases with increasing distance to the ignition point. See 

section 0 for details on the deflagration pressure decay in the far field. 

• Extension of fire effects

The area where the combustion occurs is larger than the zone where the flammable 

mixture was.

Note: the impulse is also very important. A longer duration of low overpressure can 

cause more destruction than a higher overpressure but of short duration (Center for 

Chemical Process Safety, 1994).
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Vent panels are usually removed/opened at some set design pressure. However, the 

vents do not always as per design so that the overpressure is allowed to build up. 

Additionally, the vents also need to be sited so that the flame and the flammable cloud 

(being pushed out as the gas in the enclosure expands during the combustion) are not 

obstructed by equipment or buildings or put personnel in danger.
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• Center for Chemical Process Safety (1994). Guidelines for Evaluating the 
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American Institute of Chemical Engineers, New York, USA)

2.2 Vented deflagration phenomena – summary
A system with an explosion venting is characterized by its vent area Av and the 

pressure Pdesign above which the building structure fails. This pressure is defined by 

the design of the structure. 

In the following section, it is assumed that there is a homogeneous distribution of 
hydrogen in the enclosure before ignition of the flammable mixture. Once the 

flammable hydrogen-air mixture has been ignited, the flame front expands 
spherically, and then expands to an ellipsoid when it reaches the walls of the 
enclosure. In the case of a confined area, the gas cannot expand7: the unburned gas 

is compressed and the pressure starts to increase exponentially (phase (a) on the 

Figure 19). 

The pressure continues to increase due to combustion processes until it reaches the 
opening pressure P1 of the vent (see on the Figure 19).

  

7 When an explosion occurs in open space, the volume of gas expands.
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Figure 19: Time dependence of a vented explosion in a near-cubic vessel 

with an explosion relief opening at low pressure; P1: opening pressure of the vent, 

P2 pressure of the external explosion, P3: pressure associated with the maximum 

combustion rate in the enclosure, and P4: oscillatory pressure peak (Lautkaski, 1997)

At this time the unburned gas flammable mixture starts to flow out of the 
enclosure. The unburned gas then forms a turbulent cloud outside the vessel. If the 

volume production rate of burnt gases exceeds the volume rate of loss of unburnt and 

burnt gas through the vent, the pressure rises until the flame reaches the vent
(phase (c) on Figure 19). The flame joins the turbulent cloud which burns, generating 

an external explosion with a high pressure P2, see Figure 20. Highly destructive 
effects of the vented deflagration phenomenon may be caused by the 
combustion and by the propagation of the overpressure wave outside of the 
enclosure.

Figure 20: Development of external explosion 

(Lautkaski, R., 1997, “Understanding vented gas explosions”, Technical Research 

Centre of Finland)
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The combustion goes on within the enclosure, which still contains unburned 

flammable gas mixture. The pressure P3 is associated with the maximum rate of 

combustion within the room. It typically occurs when the flame front reaches the walls.

The external explosion due to the venting of unburnt gas can generate a pressure 

wave propagating back into the enclosure, contributing to an additional increase of the 

internal pressure. 

The flame front interacts with the enclosure; the excitation of acoustic resonances
in the gaseous combustion products within the room results in an oscillatory 
pressure peak P4.

Note 1: influence of the ignition location

The overpressure effects of the vented deflagration phenomenon depend on the 
location of the ignition. When the flammable mixture ignites at the back of the 

enclosure (on the side opposite to the vent), the pressure of the external explosion Pext

is higher than when the mixture ignites in the middle of the enclosure. On the other 

hand, the acoustic pressure Pac is smaller. Indeed, when the flammable mixture ignites 

at the back of the enclosure, a smaller amount of unburned gas is left in the enclosure 

after that the external explosion has happened.

When the flammable mixture ignites in a location close to the vent, there is almost no 

external explosion as the front flame propagates in the system and the unburnt gases 

are pushed out of the vessel. The only overpressure effect comes from the acoustic 

peak.

Note 2: size of the enclosure

Depending on the size of the enclosure, the most destructive pressure can be 
either the external pressure or the oscillatory pressure peak, see Figure 19. For 

small enclosures, the most destructive pressure occurs during the external explosion 

as the quantity of unburned gas still in the enclosure is smaller than in large 

enclosures.
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2.3 Review of vented deflagration configurations 

Different vented deflagration configurations exist; the location of vents and their size 

impact their effectiveness.

• The larger the vents, the better. 

• Vents shall be located where the maximal overpressure is expected. This 

is most often in the upper part of the room, because of the buoyancy of 

hydrogen. The vent shall be located so that nobody or no equipment would 
be reached by the hydrogen cloud.

• Vents always staying open shall be preferred over closed vents whose 
opening is triggered when the opening pressure is reached. Indeed, in 

the case of initially closed vents, overpressures higher than the opening 

pressure are reached in the enclosure. A competition between the combustion 

and the opening dynamics occur. Besides, the vent effectiveness is not 

maximal during its opening, as the free surface of the vent gradually 

increases. 


