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ABSTRACT 
The unconfined release of high-pressure hydrogen can create a large flammable jet with the potential to 
generate significant damage.  To properly understand the separation distances necessary to protect the 

immediate surroundings, it is important to accurately assess the potential consequences.  In these events, 

the possibility for a detonation cannot be excluded, and would generally result in the worst case scenario, 
from the standpoint of damaging overpressure.  The strong concentration gradients created by a jet 

release, however, raises the question of what portion of the flammable cloud should be considered.  

Often all of the fuel within the limits of fast-flame acceleration, or even all of the fuel within the 
flammability range, is considered, which typically comprises the majority of the flammable cloud. 

In this work, prior detonation studies are reviewed to illustrate the inherently unstable nature of 

detonations, with a focus on the critical dimensions and concentration gradients that can support a 
propagating detonation wave.  These criteria are then applied to the flammable cloud concentration 

distributions generated by an unconfined jet release of hydrogen.  By evaluating these limits, it is found 

that the portion of the flammable cloud that is likely to participate is significantly reduced.  These results 

are compared with existing experimental data on the ignition of unconfined hydrogen releases, and the 
peak pressures that were measured are consistent with a detonation of a mass of fuel that is equivalent 
to the model prediction for the mass of fuel within the detonable limits.  This work demonstrates how 

the critical conditions for detonation propagation can be used to estimate the portion of a hydrogen 
release that could participates in a detonation and how these criteria can be readily incorporated into 

existing dispersion modelling approaches. 

1.0 Introduction 

When an unconfined release of high-pressure hydrogen occurs, it can create a large cloud of flammable 
material.  If ignited, these releases have the potential to generate damaging overpressures to the 

surrounding area.  In order to properly assess the separation distances needed to minimize the 

consequences of an accidental release of hydrogen, it is necessary to model the pressure that would be 
generated in such an event.  Given that hydrogen-air mixtures have a small detonation cell size over a 
wide range of concentrations, the potential for a detonation are significantly higher than that of typical 

hydrocarbon fuels, and cannot be excluded.  As a result, a detonation scenario is commonly used when 
considering the worst case event.  The strong concentration gradients and thin layer heights created by 

a jet release, however, raise questions on what portion of the flammable cloud should be considered. 

Throughout studies examining detonation physics [1, 2], there is considerable literature examining the 
stability of detonation waves.  These studies have identified critical conditions that must be satisfied in 

order to sustain the propagation of a detonation wave.  The critical conditions can be used to estimate 
limits for detonation propagation and provide insight into how strong concentration gradients, and a thin 

physical layer height, can significantly reduce the mass of fuel that would participate in a detonation. 

In this work, prior studies that have examined detonation propagation limits are reviewed to illustrate 

the inherently unstable nature of detonation waves.  These criteria are then applied to unconfined 
hydrogen jet releases, to demonstrate the implications of these limits on realistic releases and estimate 

the detonable portion of the flammable cloud.   
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2.0 Review of Detonation Propagation Limits 

2.1 Deflagrations and detonations 

Deflagrations and detonations represent two distinct propagation mechanisms through which a 
combustion wave consumes a flammable mixture.  When a flammable fuel-air mixture is ignited by a 

relatively weak source, such as an electric spark, the combustion wave typically propagates as a 

deflagration, which is characterized by a subsonic propagation velocity relative to the unburned mixture 
ahead of the flame.  In a deflagration, this propagation velocity, commonly referred to as the laminar 

burning velocity, is controlled by diffusion.  Diffusion of heat and radicals from the burned gas into the 
reactants.  While laminar burning velocities of stoichiometric fuel-air mixtures can vary significantly, 

they are generally on the order of 0.2 – 2 m/s.   

If a flammable fuel-air mixture is ignited by a strong ignition source, however, such as a high explosive, 

a detonation can be initiated in the mixture, which is characterized by a supersonic propagation velocity 

relative to the unburned mixture ahead of the flame.  The mechanism through which a detonation 
propagates is adiabatic ignition of the unburned mixture, as it is compressed and heated by a leading 

shock wave.  As a result, the detonation propagates as a complex of the leading shock wave and the 
trailing chemical reaction zone.  This mechanism results in extremely high fuel consumption rates, with 
typical detonation velocities on the order of 2,000 m/s for stoichiometric fuel-air mixtures.  The 

sensitivity of a combustible mixture to detonation is generally characterized by its detonation cell size, 

a measure of the scale of detonation instabilities, which will be outlined in the following section. 

2.2 Detonation instabilities and wave structure. 

Since the 1960s, it has been demonstrated by numerous investigators [3, 4, 5] that planar detonations 
are intrinsically unstable.  The instability develops through the formation of secondary waves, more 
commonly known as transverse waves, propagating perpendicular to the direction of detonation 

propagation.  If one were to track the trajectories of the intersection between the transverse waves with 
the main detonation front, also referred to as triple-points, it would form a diamond-shaped pattern, 

where the width of the cell, �, is called the detonation cell width, or more commonly the detonation cell 

size, as illustrated in Fig. 1.   

The detonation cell size is considered a material property of a given mixture and is determined 

experimentally by analyzing the cellular pattern generated on a soot foil, a foil that has been covered by 
a thin layer of carbon soot and placed within the detonation channel.  For fuel-air mixtures, the cellular 

structures that are generated are typically irregular in nature and some interpretation is needed to extract 
consistent cell sizes.  This results in a large source of uncertainty when quantifying the cell size, as these 

measurements can often vary by a factor of two between different groups. 

 
Figure 1.  Schematic of the propagation of a cellular detonation front, showing the trajectories of the 
triple points with consecutive positions of the main detonation front obtained from numerical 

simulations [6]. 
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The instability of propagating detonation waves create a situation where the leading shock and the 

chemical reaction zone are continuously decoupling.  In order for the sustained propagation of a 

detonation wave, collisions between the transverse waves provide a local ignition source that recouple 
the shock and chemical reaction.  As a result, these transverse waves are a crucial feature of a freely 
propagating detonation wave.  If, for example, the transverse waves were eliminated by an acoustically 

absorbing material on the channel walls, which provides no reflections, a previously propagating 

detonation will decay.  Therefore, the spacing between the transverse waves, i.e. the detonation cell size, 
is a critical parameter that determines the ability of a detonation to propagate, where mixtures with a 

tighter spacing of transverse waves, i.e. a small cell size, produce more stable detonations that are easier 
to initiate. 

The detonation cell size is a function of the chemical reaction rate in a detonation, where small cell sizes 

correspond to faster rates of chemical reaction.  Historically, a mixture’s sensitivity to detonation is 

usually characterized by the energy of the ignition source that is needed to directly initiate a detonation.  
The smaller the detonation cell size, the more sensitive the mixture, and less energy is needed to initiate 

detonation.  In addition, the sensitivity of the mixture is also important for DDT, where more sensitive 

mixtures can transition from deflagration to detonation more readily.  One of the most sensitive 

hydrocarbon fuel-air mixtures is acetylene-air (with a cell size � ≈ 5 mm in a stoichiometric mixture), 

and one of the least sensitive mixtures is methane-air (� = 35 cm) [7].  It is important to note that the 

cell size increases sharply for mixture compositions away from stoichiometry on both lean and rich side, 

as shown in Fig. 2.   

 

Figure 2.  Detonation cell size of fuel–air mixtures at atmospheric pressure, curves represent cell sizes 

estimated from the reaction zone width, l, with a coefficient, A,	anchored at stoichiometric conditions.  
[7] 
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2.3 Limits of detonation propagation 

The importance of the transverse waves to detonation propagation makes the detonation cell size, �, an 
important parameter for defining conditions where detonations are possible.  For a detonation 

propagating in a confined channel, its size should, at a minimum, be able to accommodate at least one 

transverse wave.  In a circular tube, the limiting tube diameter corresponds to the situation where one 

transverse wave rotates along the cylindrical surface of the tube, such that the limiting tube diameter 
� = �/. 

When a detonation propagates from a confined to unconfined space, e.g., when exiting from a tube to 

an unconfined combustible mixture, there is a minimum tube diameter that can support the transmission 
of the detonation to unconfined space, as shown in Fig. 3.  This diameter has been traditionally called 

the critical tube diameter, 
�.  This phenomenon was first reported by Zeldovich and coworkers in 1956 

[8] in a study of spherical detonation initiation.  Further studies [9, 10] concluded that the minimum tube 

diameter for most hydrocarbon-air mixtures is 
� = 13	�.  For square channels, this minimum diameter 

reduces to 
� = 11	�, and for sufficiently wide rectangular channels, the critical height for detonation 

transmission approaches a value of ℎ� = 3	�. 

  

Figure 3.  Open shutter images illustrating the critical tube diameter for detonation propagation.  [11] 

The critical diameter problem combines several important phenomena that limit detonation propagation, 
including the need for transverse waves, the detonation decay due to excess curvature, and the role of 

expansion waves.  For this reason, the value of 
� is often used as an alternative parameter to the cell 

size � for characterizing mixture sensitivity.   

When considering the potential for detonations in unconfined hydrogen jet releases, it is important to 

understand the limits for detonation propagation in a free charge of a combustible mixture.  A series of 

detailed experiments have investigated this problem, where novel experimental techniques were used to 
create conditions suitable for studying detonations in unconfined and semi-confined fuel-air mixtures.  

Some of these studies have examined the minimum diameter of a free cylindrical charge, 
� , for 

detonation propagation [11, 12, 13, 14].  In general, it was found that 
�  is about two to six times 
� 
(i.e.  
� ≈ 20	�	to	60	�) depending on the fuel and the diffusion layer at the boundary of the mixture 

[12].  Throughout these studies, it was found that any confinement of the charge decreases the critical 

diameter, while diffusion on the boundary was shown to increase 
�  by up to a factor of three [13].  If 

the free charge is located on the ground as a semi-cylinder, the ground acts as a plane of symmetry, and 

the critical height of the semi-cylindrical charge is estimated to be ℎ� > 10�.   

In addition to free unconfined gas clouds, the critical conditions for detonation initiation and propagation 
were also studied in heterogeneous fuel-air mixtures of gasoline and kerosene [15].  Semi-cylindrical 

clouds with volumes up to 1,500 m3 and heights up to 8 m were created using a special dispersion system 
for the liquid fuels.  The dispersion system was designed to create a uniform concentration distribution 

within the clouds, although concentration gradients were unavoidable at the cloud boundaries.  A high 

explosive charge was then used to directly initiate detonations within the cloud, and it was found that 

the minimum height of the gasoline cloud that could support detonation propagation was about 2.5 – 
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3 m in these tests.  The detonation cell size for the gasoline-air mixtures created in these experiments 

were later measured and found to be roughly 0.05 m [16].  For these tests, the critical diameter of the 

semi-cylindrical charge can be estimated as 
�~50�.  The increased critical height compared to previous 

studies, such as [10], can be attributed to the diffusion layer on the cloud boundary, suggesting that 
�~10� is a conservative estimate for the minimum cylindrical cloud height. 

High aspect ratio unconfined explosive gas layers have also been studied [11, 14].  In these studies, it 

was found that the critical height of the free layer is ℎ� ≈ 
�/2 ≈ 10�.  As the aspect ratio of the layer 

cross section approaches unity, the value of ℎ� approaches that of a free cylindrical charge, ℎ� ≈ 
� ≈20�.  If the cloud were located on the ground, this corresponds to a critical height of the free layer being 

within ℎ� ≈ 5 − 10�, depending on the aspect ratio of its cross section.  It should be noted, that these 

values are higher than those obtained in a recent study conducted in propane-air mixtures that estimated 

the critical height to be 3� [17].  In those experiments, however, the initial mixture was contained using 

a plastic film, and it is probable that the lower value of the critical height obtained was entirely due to 

the strong effect of confinement that has been demonstrated in the earlier studies [11, 12, 13, 14]. 

 

2.4 Non-uniform mixtures 

The limits for detonation propagation described above were all obtained for well mixed uniform gaseous 
mixtures.  For a cloud generated by the accidental release of a large quantity of flammable material, the 
fuel distribution will be highly non-uniform, and this fact imposes additional limitations on the potential 

for detonation propagation.  One of these limitations considers detonation propagation through a mixture 

with decreasing reactivity (or reaction rate).  This situation occurs, for example, when a detonation 

propagates from a nearly stoichiometric mixture to a leaner or richer mixture.  It has been shown 
theoretically, numerically [18], and experimentally [19], that, if the gradient of reactivity is too sharp, 
the detonation will decay to a deflagration.  This critical reactivity gradient can also be expressed in 

terms of a gradient in detonation cell size, which has been found to be approximately 
�/
� ≈ 0.1.  
This criterion is equivalent to saying that, if the cell width increases by more than 10% over the course 

of propagating a single cell length, the detonation wave will fail.  An illustration of a decaying detonation 

wave propagating through a layer with decreasing reactivity, obtained experimentally, is shown in Fig. 

4. 

In addition to the direct effect of concentration gradients on the ability of a detonation to propagate, non-
uniform concentrations also present a number of challenges on how to define the critical layer height 
limit of an unconfined gaseous mixture.  There is the question of how to define the layer thickness to 

consider when concentration varies at the boundary of the mixture.  Furthermore, there is the challenge 

of specifying the effective reactivity, or cell size, of a non-uniform mixture.  While there are no 

experimental data available that can be directly applied, the following two assumptions can be made to 

address this problem.  The first is to assume that the critical reactivity gradient, 
�/
� ≈ 0.1, represents 

a boundary in the non-uniform cloud where detonations can propagate in the region where 
�/
� < 0.1 

and detonations would decay in the region where 
�/
� > 0.1.  Thus, these locations form a virtual 
boundary of the detonable cloud from the standpoint of the reactivity gradient.  One can then consider 

only the thickness of the flammable mixture layer between the critical gradients that occurs on the lean 

and rich sides of stoichiometry, ℎ�.   

Having defined the effective thickness of the flammable layer within the critical gradients, one then 

needs to evaluate whether it is sufficiently large for detonation propagation.  To do this, the number of 

detonation cells that fit within the layer height must be estimated.  While this is straightforward for 

uniform mixtures, where � is constant and the number of cells within the layer simply given by �� =ℎ�/�, in a non-uniform mixture the cell size varies with height.  Instead, the number of detonation cells 

that fit within the layer height can be estimated as: 
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Applying the critical layer height criterion described earlier, the critical value for �� will vary from 5 to 

10, depending on the location of the layer with respect to the ground.  For the purpose of the analysis 

below, a threshold of �� = 5 will be used as a conservative estimate for this value.  This definition is 

equivalent to the critical conditions for uniform mixtures and keeps the number of transverse waves 
across a layer, which are essential to support the detonation, the same between uniform and non-uniform 

mixtures. 

 

Figure 4.  Diagram of decaying detonation propagating through a concentration gradient [19] showing 
pressure transducers readings at different distances, R, along the detonation tube (bold lines), and the 

trajectory of the leading shock (thin line), flame trajectory (dotted line), and the centre of concentration 

gradient layer (dashed line). 

 

3.0 Application of Detonation Limits to Hydrogen Jet Releases 

The work described above can be directly applied to estimate the detonable mass of fuel for a given 
concentration distribution.  In this section, a simple jet dispersion model is used to evaluate the 
implications of these detonation propagation limits for free hydrogen jets.  Next, the mass of hydrogen 

within the detonable limits is used to estimate the overpressures that could be generated and is compared 
with experimental data from the literature. 

3.1 Free hydrogen jet release concentration distribution 

For this study, the concentration distribution of a free hydrogen jet was estimated using the model of 

Birch [20] that has been shown to provide good agreement for concentration distributions in hydrogen 

jets by Houf and Schieffer [21].  Throughout this work, under expanded hydrogen jets are considered, 
where the hydrogen release is expanded to a notional nozzle.  These results show that, due to mixing 
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with the surrounding air, a hydrogen jet rapidly approaches an equilibrium state, typically in the order 

of seconds, and the mass of fuel within the flammable range is independent of the total fuel released.  

For the purpose of this study, all jets are assumed to be in their equilibrium state and transient effects 
are not considered. 

The Birch model represents the gas concentration along the central axis of the jet, '&, as a function of 

the distance from the nozzle exit, �, using the following expression [21]: 

'&(�) = (
)� + �& +
,-,./0

!/1
, 

where 
2 is the jet exit diameter of the notional nozzle, given by the equations provided in [21], ,- is 

the far field gas density, ,3/ is the density of hydrogen at ambient conditions, �&, is the distance between 

the nozzle exit and the plane of the notional nozzle, and ( is an entrainment constant with a value of ( = 5.4 for hydrogen jet releases [20, 21].  For all radial and axial locations, the overall concentration 
field is given by [21]: 

'(�, 5) = '&(�)6789: ;<=<>?
/ , 

where 5 is the radial distance off the centreline axis and the coefficient, (@ has been shown to be (@ =57 for round jets [21, 22]. 

To estimate the detonation cell size, as a function of mixture composition, experimental values for � 

were obtained from the CALTECH Detonation Database [23].  These values were fitted using a cubic 

spline interpolation, as shown in Fig. 5, to ensure a smooth variation of the computed cell size gradients. 

 

Figure 5.  Detonation cell size fits for hydrogen-air mixtures, based on data from the CALTECH 

Detonation Database.  [23] 

 

An example of the results of this model is shown in Fig. 6 for a jet release of hydrogen exiting a 2 inch 
diameter nozzle with a source pressure of 60 bar.  From top to bottom, this figure shows: the spatial 

distribution of concentration, with the stoichiometric concentration, 'BC, in black; detonation cell sizes, 
in meters; dimensionless cell size gradients; and the portion of the cloud that is within the detonable 

limits described above.   

For the plot of detonation limits; the white area shows the region where the cell size gradient 
�/
� >0.1, which the prior studies suggest is too steep to support the propagation of a detonation; the blue area 
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shows regions where the layer height is less than 5 detonation cells, where a detonation is unlikely to 
propagate; the yellow area shows the region where the layer height can fit between 5 – 10 cells, and a 

detonation may propagate; and the red area shows the region where more than 10 detonation cells can 

fit into the layer and a detonation is more likely to propagate.  For the summary plots shown in this 

paper, the region where �� > 5 will be considered to be within the detonable limits.  Figure 6Error! 

Reference source not found. clearly shows that the gradient and cell size limits significantly reduce 
the detonable region, and that it is the critical concentration gradient that is primarily responsible for 
this reduction.   

 

 

Figure 6. Results for hydrogen jet exiting a 2 inch orifice with a 60 bar supply pressure and a mass flow 

rate DE = 8 kg/s. 

 

Effect of Turbulence 

The previous discussion considers perfectly smooth concentration gradients that are not consistent with 
a turbulent jet release.  During a high pressure jet release, turbulent perturbations would introduce 

significantly stronger gradients in concentration.  To illustrate the effect of these turbulent fluctuations, 

spatially correlated random perturbations were superimposed on the concentration field, containing a 
spectrum of length scales consistent with turbulence, from 0.05 - 0.5 m.  The overall strength of these 
disturbances is quantified by the standard deviation of the turbulent concentration field compared to 

their unperturbed values.  For the analysis in the subsequent section, a turbulent perturbation amplitude 

of 5% was applied, consistent with the range of values that have been experimentally measured in 
hydrogen jets [24]. 

Figures 7 illustrate the effect of these turbulent perturbations for the same scenario previously examined 
in Fig. 6.  From these results, it can be seen that turbulent perturbations generate significantly stronger 

gradients, which reduces the mass of fuel within the detonable range.   

For an under expanded jet, the Birch model suggests that the concentration distribution is only a function 
of the overall mass flow rate, as the notional nozzle diameter is governed by the total mass flow rate, DE .  
As a result, the total mass of fuel within the flammable range varies primarily with the mass flow rate, 

and detonable fraction can then be plotted as function of the mass of fuel within the flammable range.  

Figure 8 shows the portion of the flammable mass that is within the detonable limits described earlier 
for the laminar results and with a turbulent fluctuation amplitude of 5%.  These results show that the 
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effect of turbulent perturbations is mild and the overall mass of fuel within the detonable range is small, 
even for extremely large releases. 

 

 

Figure 7. Results for hydrogen jet release out of a 2 inch orifice and 60 bar pressure with DE = 8 kg/s 

with a turbulent perturbation amplitude of 5%. 

 

 

Figure 8. Portion of flammable jet within detonable limits for laminar and turbulent jets.  Error bars 

show a factor of two uncertainty in detonation cell size. 

 

Estimating Overpressure Generated by Detonation of a Hydrogen Jet Release 

Experimental studies where large-scale hydrogen jet releases were ignited have observed significant 
overpressures [25].  In particular, the nearfield pressures that were generated are sufficiently high to 

suggest either a fast flame or detonation was present.  Given the absence of a clear mechanism for flame 

acceleration, and the strong ignition source used in those experiments, it is likely that direct initiation of 
a detonation occurred.   
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To compare the pressures that were observed in those experiments with the detonation limits described 

in this study, the overpressure generated by the detonation of the mass of hydrogen within the limits is 

calculated using a previously developed model [26].  This model estimates the dimensionless pressure 
generated by an unconfined detonation as: 

G∗ = 0.34
(I∗)J/K +

0.062
(I∗)1 +

0.0033
(I∗)K , 

where G∗ is the peak pressure normalized by the ambient pressure, L&, and I∗ is a dimensionless standoff 
distance given by: 

I∗ = IL&!/KM!/K , 
where I is the dimensional distance from the center of the detonable region and M is the total energy 

released by the mass of hydrogen contained within the detonable region. 

Figure 9 shows a comparison of the model results with the experimental peak pressure measurements 

reported in [25].  Good agreement was obtained for both release sizes at two standoff distances.  By 
properly capturing the decay of pressure with distance, these results strongly suggest that the total energy 

released in the experiments was equivalent to that in the mass of fuel within the detonable region 

predicted by the model.  While unable to confirm with certainty that a detonation occurred in the 

experiments, these results suggest that even if a detonation did not occur, the mass of fuel that was 
responsible for the overpressures that were generated was equivalent to what the model predicts would 

be within the detonable range.  This result demonstrates how these criteria could be applied for 
hydrogen, and predict the portion of a flammable jet release that would be consumed rapidly in the 
presence of a strong ignition source.  It is important to note, however, that a release into a congested 

region, or directed toward the ground, would significantly affect the concentration field and would 

increase the mass of fuel within the detonable range considerably. 

 

Figure 9. Comparison of experimentally measured overpressure [25] with model predictions. 

In addition, it should be emphasized that the results presented in this work are based on the detonation 

limits described in the literature cited, and the universality of these limits still requires further study.  
While those studies clearly demonstrate that these limits exist, it is conceivable that the values for these 

limits may vary significantly for different configurations of release, particularly a release into a region 

of congestion or confinement.  As a result, large-scale experimental validation of these limits is essential 
to more accurately quantify the potential consequences of a detonation in a large-scale release.  

Nevertheless, when considering the good agreement with the limited experimental data available in the 

literature, and the unlikely presence of a sufficiently strong ignition source to directly initiate a 

detonation, these estimates are likely conservative for a typical unconfined hydrogen jet release. 
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Conclusions 

This work reviews and summarizes previous studies that have been performed describing the inherently 

unstable nature of freely propagating detonation waves.  Those studies have clearly demonstrated that 

the ability of a detonation wave to propagate has additional limits beyond the conventional “detonable 
concentration range” concept that has been commonly adopted for industrial safety.  Those studies 
emphasize the role of the detonation cell size as a measure for the ease at which a deflagration can 

transition to a detonation, as well as the mixture’s ability to sustain the propagation of a detonation wave.  

For the detonation propagation limits, the prior studies have identified constraints on both the critical 
number of cells that must fit within the detonable layer, as well as the critical concentration gradient 

through which a detonation wave can survive.  Using these limits, it is possible to estimate the portion 

of a hydrogen jet release that could potentially participate in the event of a detonation. 

To illustrate how this can be performed, the Birch jet dispersion model was applied to estimate the 

concentration distribution generated by a free hydrogen jet release.  For an unconfined hydrogen jet, it 
was found that the only a small portion of the flammable cloud is within these detonation limits, and 
this portion of the flammable jet increases with increased hydrogen release rate.  It was found that the 

model predictions for the pressure generated in such an event closely match existing experimental data 

for ignited hydrogen jet releases.  This work demonstrates how these detonation propagation limits can 
be readily incorporated into existing dispersion models, in order to estimate the potential consequences 

of a large release of hydrogen gas.  Nevertheless, additional experimental work is essential to better 
quantify these detonation limits at large scale. 
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