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Abstract – This paper aims to provide a comprehensive review of available empirical models 

for overpressures predictions of vented lean hydrogen explosions. Empirical models and 

standards are described briefly, with discussion on salient features of each model. Model 

predictions are then compared with the available experimental results on vented hydrogen 

explosions. First comparison is made for standards tests, with empty container and quiescent 

starting conditions. Comparisons are then made for realistic cases with obstacles and initial 

turbulent mixture. Recently, a large number of experiments are carried out with standard 20-

foot container for the HySEA project. Results from these tests are also used for model 

comparison. Comments on accuracy of model predictions, their applicability and limitations 

are discussed.  

A new model for vented hydrogen explosion is proposed. This model is based on external 

cloud formation, and explosion. Available experimental measurements of flame speed and 

vortex ring formation are used in formulation of this model. All assumptions and modelling 

procedure are explained in detail. The main advantage of this model is that it does not have 

any tuning parameter and the same set of equations is used for all conditions. Predictions 

using this model show a reasonably good match with experimental results.  

 

Keywords – vented explosions, empirical model, new engineering model, deflagrations, 

hydrogen combustion, obstacles, initial turbulence, external cloud. 



1. Introduction 

Vented explosion is an important technique to relieve pressure in industrial enclosures and 

low strength buildings. Vent panels are designed based on the allowable peak pressure inside 

a building. To investigate peak overpressure attained in an accidental scenario, experiments 

can be both expensive and time consuming, especially in case of larger enclosures. 

Computational studies are also employed in these investigations, but studying a realistic size 

enclosure involves prohibitively large computational costs. Moreover, due to the large range 

of length and time scales involved in the phenomenon of vented explosion, accurately 

predicting overpressures is a challenging task. Empirical engineering models provide a fast 

and convenient method to predict overpressure, and can give an acceptable level of accuracy 

without much effort. Previous studies on vented explosions have mostly focussed on 

hydrocarbon gaseous fuels (Bauwens et al. [1]), dust, and vapours formed from liquid fuels. 

Recently, there has been a surge in use of hydrogen as a clean fuel and installations using and 

storing hydrogen are expected to increase in future. The objective of this paper is to present a 

review of available empirical models for overpressure predictions for hydrogen explosions, 

and provide recommendations of the suitability and applicability of them for various 

conditions. Further, a new phenomenological model is also proposed to predict overpressures 

in hydrogen deflagrations. Model formulations and major assumptions are explained in detail. 

Various physical processes observed in vented deflagrations are accounted for and included 

in the model formulation. Predictions from this new model are found to be in good agreement 

with the available experimental results. The model does not involve any tuneable constants or 

adjustable parameters and predictions are made following the same set of equations for all 

cases.  

Section 2 begins with a brief description of empirical models and major assumptions used in 

them. Section 3 shows the comparison of model predictions with experimental measurements. 

Section 4 gives formulation for a new model and explain its formulations and equations to be 

used. Predictions from this model are also compared with the experimental results and found 

to be in a reasonably good agreement.  

 

 

 



2. Empirical Models for Overpressure Predictions  

Four models are discussed in this section. They include the statutory standards – (i) EN-

14994 [2], (ii) NFPA-68 [3], and other empirical models (iii) FM Global model [1, 4-6], and      

(iv) Molkov model [13].  

 

2.1. EN-14994 Model [2] – The EN-14994 model is a part of statutory norms across Europe. 

The latest version available for this model was published in 2007 [2]. This model is based on 

gas explosion constant KG. KG  is defined as the maximum value of pressure rise per unit time 

in a standard vessel. It is to be noted that this vessel is closed from all sides and different 

from the vented enclosure environment where this model is applied. One of the objectives of 

defining KG  for a closed vessel is that it can be measured with good repeatability and for 

different gases by maintaining the standard conditions. This model is divided into three 

formulations – (i) for compact enclosures (L/D<2), (ii) Elongated enclosures (2≤ L/D ≤ 10), 

(iii) pipe (L/D > 10). First two formulations which are applicable for enclosures are discussed 

here.  

(i) Compact Enclosure – The vent area for a given maximum pressure can be calculated 

using the following equation: 

𝐴𝑣 𝐸𝑓 = [{(0.1265 ln(𝐾𝐺) − 0.0567)𝑝−0.5817} + {0.1754𝑝−0.5722(𝑝𝑠𝑡𝑎𝑡 − 0.1 𝑏𝑎𝑟)}]𝑉2/3 

(2.1) 

where 𝐴𝑣  is the vent area of enclosure, 𝐸𝑓 is the venting efficiency (𝐸𝑓=1 is used for lighter 

vents considered in this study), is the 𝑝 peak overpressure, 𝑝𝑠𝑡𝑎𝑡  is the static pressure, 𝑉  is 

the volume of the enclosure. This equation is designed for calculating required venting area 

for a known permissible overpressure. This equation can also be modified to calculate the 

peak overpressure produced with a given vent area, as is done in the present study.  This 

formulation does not account for initial turbulence, presence of obstacles, stratified fuel 

distribution, higher initial pressure, and partially filled enclosure. It is also recommended to 

be used for mixtures with KG ≤ 550 bar ∙ m/s. KG  values for hydrogen used in this study are 

obtained from the experimental measurements of  Holtappels et al. [33].  

(ii) Elongated Enclosure – Three equations are proposed to calculate overpressure for this 

formulation, and the peak overpressure is taken to be the maximum of all three values.  



𝑝 = 𝑝𝑠𝑡𝑎𝑡 +
(0.023 ∙ 𝑆𝐿𝐾𝑊(𝐿 𝐷)⁄ 1/3

𝑉1/3
                                               (2.2) 

𝑝 = 0.015 𝑑𝐾                                                             (2.3) 

𝑝 = 0.015 𝑑 ∙ 𝐾 + 0.15                                                     (2.4) 

 

where 𝑆𝐿 is the laminar burning velocity, 𝐾 is the vent coefficient – ratio of vessel cross-

sectional area and total vent area, W is the weight per unit area of vent panel, 𝐷  is the 

enclosure diameter, 𝐿 is the enclosure length, 𝑑 can be defined as: 

𝑑 = 𝑥/𝐷 

where 𝑥  is the maximum possible distance between ignition location and vent area. The 

parameters are to be specified in SI units. Equation 2.3 is to be used for 𝑝𝑠𝑡𝑎𝑡≤ 0.06 bar and 

equation 2.4 is to be used when 𝑝𝑠𝑡𝑎𝑡 > 0.06 bar.  

 

 

2.2. NFPA-68 Model [3]– This model by National Fire Protection Association is the 

American standard model. The latest version available was published in 2013 [3].  The 

formulation recommends two different methods to be used (i) for reduced overpressure ≤ 0.5 

bar, (ii) for reduced overpressure > 0.5 bar.  

(i) For 𝒑  ≤ 0.5 bar  - The recommended minimum vent area can be calculated for cases with 

p ≤ 0.5 bar by using: 

𝐴𝑣 =
𝐴𝑠 𝐶

√𝑝
 

where 𝐴𝑣  is the vent area, 𝐴𝑠 is the internal surface area of enclosure, 𝑝  is the reduced 

overpressure, and parameter 𝐶 can be estimated as: 

𝐶 =
𝑆𝐿 𝜆 𝜌𝑢

2 𝐺𝑢 𝐶𝑑
[(

𝑃𝑚𝑎𝑥 + 1

𝑃0 + 1
)
1/𝛾𝑏

− 1] (𝑃0 + 1)1/2                                 (2.5) 

where 𝑆𝐿 is the burning velocity of the mixture, 𝜆 is a factor that accounts for turbulence and 

flame instabilities, 𝜌𝑢 is the unburnt mixture density,  𝐶𝑑 is the discharge coefficient of the 



vent, 𝐺𝑢 is the unburnt mixture sonic flow mass flux (𝐺𝑢=230.1 kg/m2-s for an initial temp of 

200 C),  𝑃𝑚𝑎𝑥  is the maximum pressure that can develop in the enclosure by burning the 

same gas mixture, 𝑃0 is the initial static pressure,  𝛾𝑏 is the ratio of specific heat of the burnt 

gases. 

(ii) For 𝒑  > 0.5 bar - The formulation for higher static pressure can be given as: 

𝐴𝑣 = 𝐴𝑠

[
 
 
 1 − (

𝑃 + 1
𝑃𝑚𝑎𝑥  + 1)

1/𝛾𝑏

(
𝑃 + 1

𝑃𝑚𝑎𝑥 + 1
)
1/𝛾𝑏

− 𝛿
]
 
 
 

 
𝑆𝐿 𝜌𝑢

𝐺𝑢
 
𝜆

𝐶𝑑
                                        (2.6) 

Where  𝛿 can be defined as: 

𝛿 =  
(
𝑃𝑠𝑡𝑎𝑡 + 1
𝑃0 + 1 )

1/𝛾𝑏

− 1

(
𝑃𝑚𝑎𝑥 + 1
𝑃0 + 1 )

1/𝛾𝑏

− 1

 

To calculate the required vent area, it is required to guess a starting value of area, calculate 

pressure from it, and then iterate until the guessed pressure matches with the allowed pressure. 

This iterative procedure makes this model relatively difficult to use compared to other models.  

 

2.3. FM Global model – The FM Global model [1, 4-6] is based on several experimental 

studies on their 63.7 m3 enclosure, consisting of tests on hydrogen, methane and propane. The 

same set of equations is applicable for all these gases. This model hypothesises that there are 

three different factors responsible for pressure rise inside an enclosure – (i) External 

explosion (P1), (ii) Flame-acoustic interaction (P2), (iii) Flame wrinkling caused by obstacles 

(P3). These factors are responsible for multiple peaks observed in pressure transient 

measurements. Peak pressures for these processes are calculated separately and the maximum 

of these three peaks is the resultant overall peak overpressure. The model builds on the 

theoretical derivations of [7, 8] which describe the flame propagation inside enclosure, 

pressure rise due to volumetric expansion of burnt products and pressure loss due to venting. 

The final overpressure depends on the interplay of these processes. Various physical 

processes and fuel properties are considered. The equation to calculate overpressure is given 

as [11]:  



𝑝

𝑝e
=

𝑝e𝐺

𝐴v
∗2 +

𝑝e
2𝐺

(𝑝cv − 𝑝e)

+ 1                                                       (2.7) 

where 𝑝 is the pressure inside the enclosure, 𝑝𝑒 is the external pressure, 𝑝cv is the constant 

volume explosion pressure, 𝐺 is given by: 

𝐺 = (
𝛾 + 1

2
)

𝛾
(𝛾−1)

− 1 

and 𝐴v
∗  can be calculated using: 

𝐴𝑣
∗ =

𝑎cd𝐴v

𝑆u𝐴f(𝜎 − 1)
                                                           (2.8) 

where 𝑆𝑢 is the flame speed, 𝐴𝑓 is the flame surface area, 𝜎 is the expansion ratio, 𝐴𝑣 is the 

vent area,  𝑎𝑐𝑑 is a parameter given as:  

𝑎𝑐𝑑 = 𝑐𝑑 √
𝑅𝑇𝑣

𝑀𝑣
𝛾

𝛾 + 1

2
 

where 𝑐𝑑  is the discharge coefficient (𝑐𝑑 =0.61 is recommended), 𝑅  is the universal gas 

constant, 𝑇𝑣 and 𝑀𝑣 are vented gas temperature and molecular weight respectively, and 𝛾 is 

the ratio of specific heat capacities for the vented gases. It is assumed that the vented gases 

consist 90% of burnt gases and 10% of unburnt gases, and vent gas properties are computed 

using their weighted average. Flame area is calculated based on simplified geometric 

assumptions. The flame-ball is assumed to be approximately spherical for central ignition and 

half-ellipsoidal shaped for back-wall ignition. This formulation is used to calculate P1, the 

pressure peak due to external cloud.  External pressure 𝑝e is given by  

𝑝e

𝑝0
− 1 =

5𝛾(𝜎 − 1)𝜎𝑟e𝑆u 𝐴𝑅 √𝑘T𝑎

𝑢s
2

                                 (2.9) 

where 𝑝0 is the ambient pressure,  𝑟e is the external cloud radius, 𝑢𝑠 is sonic speed in unburnt 

gases, AR is the aspect ratio of the enclosure. To account for increase in flame-front area due 

to Rayleigh-Taylor instability, the factors 𝑘T  and a are used. The recommended value of kT is 

6.4 for all experiments presented in this work (Buawens [11]). a accounts for the increase in 

flow speed as the flame exits the vent.  



A closer examination of equations 2.7 - 2.9 reveals the significance of each of the three 

processes. A higher value of external explosion will have higher 𝑝𝑒 and hence it will become 

dominant term for the overall peak pressure. Moreover, increase in burning velocity (𝑆𝑢) due 

to flame-acoustic interaction is expected to give a higher peak pressure P2. Lastly, it is 

understood that the obstacles increase the burning rate by increasing the flame surface area 

(𝐴𝑓) by wrinkling. So a larger 𝐴𝑓 will result in the dominant contribution from the obstacles.  

For estimating transient peak P2, the flame is assumed to approach the internal walls and 0.9 

times the internal surface area is used as the flame surface area. The flame speed for acoustic 

peak (P2), the laminar flame speed is multiplied by an acoustic coefficient whose value is 

determined using best fit with the experimental data. The values used in the present study is 

in the range 1.29 to 3.1 [11]. For increase in 𝐴𝑓 because of obstacles, a model by Dorofeev [9, 

10] is employed. This gives the third pressure transient P3. The original formulation of this 

model had some issues with containers having large L/D, but this issue has been addressed in 

a recent update [11]. For the present study, fuel properties to be used for this model are 

calculated using the GASEQ calculator [12]. For obtaining acoustic coefficient and kT , some 

useful guidelines are also provided by Jallais and Kudriakov [34].  

A simplified version of this model is also published recently [36]. It is based on worst 

scenario approximation and is majorly based on this basic model. The final equation for 

overpressure is simplified version of equation 2.7 and can be stated as: 

𝑝

𝑝e
=

𝑝e𝐺

𝐴v
∗2 + 1                                                                   

Other equations of the simplified model are mostly similar to the basic detailed model. 

However, the detailed model is used for the present study.  

 

2.4. Molkov and Bragin Model (2015) – This model [13] is based on a novel concept of 

turbulent Bradley number, and it is based on previous versions of the same model and several 

numerical studies by the author and his group on vented deflagrations [14-19]. Bradley 

number can be defines as: 

𝐵𝑟 =
𝐴𝑣

𝑉2/3

𝑐𝑢

𝑆𝐿(𝜎 − 1)
 



where 𝐴𝑣  is the vent area, 𝑉 is the enclosure volume, 𝑐𝑢  is the speed of sound in unburnt 

gases, 𝑆𝐿 is the laminar burning velocity, and 𝜎 is the expansion ratio. This is further used to 

define turbulent Bradley number: 

𝐵𝑟𝑡 =
√𝜎/𝛾

√36 𝜋0
3

𝐵𝑟

𝜒/𝜇
 

where 𝛾 is the specific heat ratio for unburnt gases, 𝜋0= 3.141, (𝜒/𝜇) is the deflagration-

outflow interaction (DOI) number, in which is 𝜒  the turbulence factor and is the 𝜇 discharge 

coefficient. The basic assumption of this model is that the turbulent Bradley number 

correlates with overpressure. Various experimental studies are used to get curve-fit for this 

correlation and two equations are proposed. First is the equation that gives the best-fit values 

with the experimental data: 

𝑝 = 0.33 𝐵𝑟𝑡
−1.3                                                                  (2.10) 

 where 𝑝 is the reduced overpressure. The second equation is intended to give a conservative 

estimate: 

𝑝 = 0.86 𝐵𝑟𝑡
−1.3                                                                  (2.11) 

However, in this study, results using the best-fit model are only given. To calculate 

overpressure using these equations, in addition to fuel properties, DOI number also needs to 

be calculated. DOI number can be estimated by multiplying factors from various processes: 

𝜒

𝜇
= 𝛯𝐾 ∙  𝛯𝐿𝑃 ∙  𝛯𝐹𝑅  ∙ 𝛯𝑢′ ∙  𝛯𝐴𝑅  ∙  𝛯0                                     (2.12)  

where 𝛯𝐾 is the factor for turbulence generated by the flame-front,  𝛯𝐿𝑃 is factor for leading 

point, 𝛯𝐹𝑅 is the factor to account for the increase in flame-front area due to fractal nature of 

flame surface,  𝛯𝑢′  is the factor to account for initial turbulence, 𝛯𝐴𝑅 is the factor for, 𝛯0 is the 

factor to account for increased wrinkling due to presence of obstacles. No theoretical 

foundation has been given for this formulation of the DOI number and it appears to be of 

empirical nature. However the authors mention to have used computational modelling to 

formulate this equation, no derivation or detailed explanation is available. They have, 

however, given complete formulations to calculate all factors used in equation 2.2, except for 

the factor for obstacles,  𝛯0. For this factor, lack of experimental data is cited as a reason and 

values are suggested for FM Global results. It is to be noted that these values are not 



calculated but suggested based on the best-fit obtained with the experimental results. As such 

it becomes challenging to use this formulation for predictions of cases with obstacles. A 

useful extension of this model is also proposed recently [37] which deals with the case of 

stratified fuel distribution.  

 



3. Model Predictions for Overpressure 

Overpressure predictions from the above discussed models are compared with available 

experimental results. The experimental results used in this evaluation are from the studies of: 

(i) Bauwens et al. [4] 

(ii) Kumar [20] 

(iii) Daubech et al. [21] 

(iv) Kumar [22] 

(v) Bauwens et al. [23] 

(vi) Schiavetti and Carcassi [24] 

(vii) Skjold et al. [25] 

(viii) Daubech et al. [35] 

The experimental results are divided into various sets depending upon the complexity of the 

experiments and their applicability in real accidental scenarios.  

 

3.1 Standard Experiments – These experiments are carried out in an empty enclosure, with 

uniformly mixed fuel and quiescent initial mixture. These simplified experiments are 

different from actual accidental scenarios but offer set of standard and simple experiments 

which can be used to test the applicability of empirical models. The main objective in these 

experiments is to characterize the effect of parametric variations of fuel composition, vent 

area, and ignition location. The experiments considered under this section are –  

(i) Bauwens et al. [4] 

(ii) Kumar [20] 

(iii) Daubech et al. [21] 

(iv) Daubech et al. [35] 



Bauwens et al. [4] carried out experiments in their 63.7 m3 cuboidal enclosure and tested the 

variation of hydrogen concentrations, vent areas, and ignition locations. They have also used 

obstacles to model realistic accidents. The cases with obstacles will be considered in section 

3.3. Kumar [20] has used 120 m3 cuboidal enclosure, and studied the variation of vent size, 

ignition location and hydrogen concentrations. Kumar [20] has used the largest enclosure 

considered in this study and the experiments have used very lean mixtures of hydrogen (6% - 

12%). Daubech et al. [21] have used two cylindrical enclosures of 1 m3 and 10 m3 volumes 

and have studied the effect of variation of hydrogen concentration in both the enclosures. 

Daubech et al. [35] also carried out experiments in a cuboidal 4 m3 enclosure with a 

transparent front wall. They have visualized flame propagation and external cloud formation.  

The comparison of model predictions and overpressure measurements for Bauwens et al. [4] 

is shown in figure 1. Three ignition locations used are marked in the figure – central ignition 

(C), back-wall ignition (BW) and forward –wall (FW) ignition. As observed, the EN-14994 

and NFP-68 models are over-predicting the pressure for all data points. FM Global model and 

Molkov model show reasonably good match. Molkov model is under-predicting for all back-

wall ignition cases and over-predicting for all forward-wall ignition cases. This can be 

attributed to the model formulation, where ignition location is not accounted for. Figure 2 

shows comparison of model predictions with measurements of Kumar [20]. Different data 

points are marked for different ignition locations. Interestingly, EN-14994 model which over-

predicted all data points for Bauwens et al. [4] is under-predicting some data points. These 

data points are for higher hydrogen concentrations. So, it can be inferred that EN-14994 

model over-predicts for lower fuel concentrations and under-predicts for higher fuel 

concentrations. NFPA-68 is consistent with the trend shown in the previous example and is 

also over-predicting for all data points. FM Global model show significant under-predictions 

for many data points, and except for a few points, all other points are under-predicted. 

Molkov model shows a large scatter, but shows a reasonable accuracy for many data points. 

It is to be noted that this data set is for very low hydrogen concentrations (6% - 12%), and 

enclosure with high L/D [20]. Hence, it can be inferred that the Molkov model is most 

suitable in such conditions.  



  
 

(a) EN-14994 Model 

 

 

(b) NFPA-68 Model 

  

 

(c) FM Global Model 

 

 

(d) Molkov Model 

 

Figure 1. Model predictions for experiments of Bauwens et al. [4] compared with 

experimental results 

 

 

 

 

 

 



  

 

(a) EN-14994 Model 

 

 

(b) NFPA-68 Model 

  
 

(c) FM Global Model 

 

 

(d) Molkov Model 

Figure 2. Model predictions for experiments of Kumar [20] compared with experimental 

results 

 

 

Figure 3 shows comparison of model predictions with measurements of Daubech et al. [21]. 

The experiments are carried out at cylindrical enclosures with high L/D ratio. Data from 

different enclosures are shown in different symbols. The EN-14994 model over-predicts for 

lower hydrogen concentrations and under-predicts for higher hydrogen concentrations 

(around 20% and above). NFPA-68 over-predicts for most data points, but is seen to under-

predict for hydrogen concentration of 10% to 20% in both the enclosures. Similar trend is 

shown by FM Global model which under-predicts for approximately same fuel 

concentrations. Molkov model under-predicts for most data points. However, this model 



shows reasonable accuracy, and most of the predictions are close to experimental 

measurements.   

 

  
 

(a) EN-14994 Model 

 

 

(b) NFPA-68 Model 

  
 

(c) FM Global Model 

 

 

(d) Molkov Model 

Figure 3. Model predictions for experiments of Daubech et al. [21] compared with 

experimental results 

 

 

Figure 4 shows the predictions for experiments of Daubech et al. [35]. EN-14994 and Molkov 

model show under-predictions for most data points. Though, a few points with lower 

hydrogen concentrations and lower overpressure are over-predicted. NFPA-68 and FM 

Global model over-predict for this set of experiments. The degree of over-prediction is higher 

for NFPA-68, and FM Global model appears to be the most preferred model for this 

configuration.  



 

 
 

 

(a) EN-14994 Model 

 

 

(b) NFPA-68 Model 

  
 

(c) FM Global Model 

 

 

(d) Molkov Model 

 

Figure 4. Model predictions for experiments of Daubech et al. [35] compared with 

experimental results 

 

 

 

3.2. Presence of initial turbulence – In this section, cases where turbulence is generated in 

the unburnt mixture are considered. In an actual installation, accidents are caused by leaking 

gases, which are expected to promote turbulence. Hence these cases represent a more realistic 



accidental scenario as compared to cases considered in previous section (3.1). Two studies 

considered here are – 

(i) Kumar [22] 

(ii) Bauwens et al. [23] 

These investigations are carried on the same 120 m3 (Kumar [22]) and 63.7 m3 (Bauwens et 

al. [23]) enclosures used in previous studies discussed in section 3.1. The only difference is 

that in these set of experiments, fans are installed inside the enclosures and the initial flow 

field is made turbulent before the mixture is ignited. The turbulent fluctuations (u’) are 

measured to be 1 m/s for Kumar’s [22] study, while for Bauwens tests [22] u’ vary from 0.09 

m/s  to 0.5 m/s for various experiments. EN-14994 and NFPA-68 models do not account for 

initial turbulence and hence only FM Global and Molkov’s model will be used in subsequent 

discussion.  

Figure 5 shows the comparison of results from Kumar [22] with predictions from FM Global 

model and Molkov model. Kumar [22] has used different vent areas which are shown by 

different symbols. It is observed that both these models are under-predicting for almost all 

conditions. However, the predictions are in reasonable agreement with the measurements. 

Molkov model is observed to give slightly more accurate results than the FM Global model. 

Figure 6 shows comparison for data from Bauwens et al. [23] with predictions from these 

models. It can be seen that the FM Global model shows a good agreement, while the Molkov 

model shows several over-predictions for all data points. It seems that the FM Global model 

should be preferred for the cases with initial turbulence.  

 

 

 

 

 

 



  
 

(a) FM Global Model 

 

 

(b) Molkov Model 

 

Figure 5. Model predictions for experiments of Kumar [22] compared with experimental 

results 

 

  
 

(a) FM Global Model 

 

 

(b) Molkov Model 

 

Figure 6. Model predictions for experiments of Bauwens et al. [23] compared with 

experimental results 

 

 

 

3.3. Presence of Obstacles – In actual installations, the enclosures and buildings are 

expected to contain other equipment, pipes and structural parts which act as obstacles in 



flame-path. Hence these cases represent accidental scenario more closely. Experimental 

studies considered in this section are: 

(i) Bauwens et al. [4] 

(ii) Schiavetti and Carcassi [24] 

(iii) Skjold et al. [25] 

Figure 7 shows predictions for results from Bauwens et al. [4] containing obstacles. Both the 

ignition locations used in experiments are shown with different symbols. As evident, both the 

models are giving reasonably accurate predictions. It is to be noted that while the FM Global 

model provide a complete formulation to account for obstacles, Molkov model provides a 

tuneable constant (𝛯0), whose best-fit value has to be used. Values of 𝛯0 used here are 3.5 for 

back-wall ignition and 1 for central ignition case. A modification of Molkov model to include 

proper formulation of this constant will make this model very useful for practical accidental 

scenarios.  

 

  
 

(c) FM Global Model 

 

 

(d) Molkov Model 

 

Figure 7. Model predictions for experiments of Bauwens et al. [4] with obstacles compared 

with experimental results 

 

Schiavetti and Carcassi [24] carried out a systematic study to assess the effect of different 

obstacle configuration on overpressure. Comparison for their results and corresponding 



predictions are shown in figure 8.  𝛯0 = 2 is used in Molkov model for all data points shown 

in figure 8. Both the models show large scatter in predictions. Generally, for experiments 

with obstacles, standard cylinders with circular or square cross sections are used. For these 

experiments Schiavetti and Carcassi [24] have used flat plates which have different 

recirculation regions than the standard cylinders. This different behaviour of flat plates can 

possibly be related to the large scatter in these predictions. It also highlights the fact that 

fundamental physics of the flow field need to be accounted for to get reasonable predictions 

in realistic accidental scenarios. 

 

  
 

(c) FM Global Model 

 

 

(d) Molkov Model 

 

Figure 8. Model predictions for experiments of Schiavetti and Carcassi [24] compared with 

experimental results 

 

 

It is evident that most previous experimental investigations focussed on standard conditions 

with empty enclosures and quiescent mixture. To address the need for studies focussing on 

practical accidental conditions, recent experiments were conducted under the HySEA project. 

Under this project Skjold et al. [25] have used 20-foot ISO containers and conducted several 

experiments which mimic practical conditions with different model obstacles. They have also 

shown that covering vent area using commercial vent panels instead of plastic sheet results in 

slightly higher peak pressure values. They have used two configurations with the ISO 

containers - (i) venting through door, and (ii) venting through roof. They have used bottle 



basket and pipe rack as obstacles. More details about the experimental configuration can be 

found in [25, 32]. Figure 9 shows the predictions for cases with empty containers.  

 

  
(a) FM Global model – no obstacles (b) Molkov model– no obstacles 

 

 

Figure 9. Model predictions for experiments of Skjold et al. [25] compared with experimental 

results 

 

As evident, FM Global model shows slight under-prediction for door vented cases, and minor 

over-predictions for all roof-vented cases. Molkov model show similar scatter in roof-venting 

cases. Interestingly, it shows over-predictions for most roof-vented cases using plastic cover, 

while cases using commercial vent panel are under-predicted.  Figure 10 show predictions for 

cases with obstacles using FM Global model and Molkov model. A constant value of 𝛯0=1.25 

is used for  both bottle basket and pipe rack in Molkov model. In case where both bottle 

basket and pipe rack are used 𝛯0=2.5 is used. Figures 10(a) and 10(b) show cases with door 

venting, and figures 10(c) and 10(d) show cases with roof venting. For door venting, almost 

all cases are over-predicted by FM Global model. The Molkov model shows good match at 

lower over-pressures, but for higher overpressures Molkov model shows under-prediction. 

Similarly, for roof venting, FM Global model shows over-prediction for all data points; 

whereas Molkov model show under-prediction for most data points. It is to be noted that 

previous experiments Bauwens et al. [3]  and Schiavetti and Carcassi [24] have used standard 

geometrical shapes as obstacles, whereas the HySEA experiments have used actual objects 

which are likely to be encountered in a gas storage facility. From the present analysis, it 



appears that the realistic obstacles are more challenging to include in engineering model and 

more experiments and modelling efforts are needed in this direction. In general, more 

experimental results are needed for realistic conditions which include – presence of obstacles, 

initial turbulence, stratified fuel distribution, multiple vents, etc.  

 

  
(a) FM Global Model – door venting,  

 

(b) Molkov Model– door venting 

  

 
 

 

(c) FM Global Model – roof venting (d) Molkov Model– roof venting 

 

Figure 10. Model predictions for experiments of Skjold et al. [25] compared with 

experimental results – cases with obstacles. 

 

 



4. New Engineering Model  

4.1. Modelling Details  

As discussed in previous sections, and previous reviews [31], improvements in the existing 

models or a new model are required to predict for more realistic scenarios. Physical processes 

involved in vented explosions should be accounted in the modelling efforts. This will help in 

modelling for new configurations and adding new features to the model, if required. The 

present section presents the formulation of a new model which attempts to model different 

physical processes in vented explosions. The vented deflagration phenomenon can be divided 

into several physical processes, which can be listed as: 

(i) Ignition and spherical flame propagation 

(ii) Venting of unburnt mixture and formation of the external cloud 

(iii) Combustion of the external cloud producing external pressure  

(iv) Internal flame generating overpressure  

These processes can be modelled separately based on the underlying physical phenomenon, 

then the combinations of these sub-models can be used to compute the peak overpressure. 

The main advantage of formulating such a modular framework is that new features, like sub-

models for obstacles and stratification can be added to the basic framework at a later stage 

without modifying other sub-models. Also, improvements in a particular part can be made 

without altering other sub-models. The modelling process can be explained in details as 

follows: 

 

(i) Ignition and spherical flame propagation - The spherical flame propagation for 

hydrogen has been studied by several researchers. Recently, in a detailed study, Bauwens et 

al. [26] measured the spherical flame propagation in a 63.7 m3 chamber and presented 

variation of flame propagation speed with radius using Background Oriented Schlieren (BOS) 

technique for various hydrogen concentrations. The results of this study will be used to model 

flame propagation. The flame propagation velocity with radius can be written as: 

𝑈

𝑈0
= (

𝑅

𝑅0
)

𝛽

                                                                      (4.1) 



where 𝑈 is the flame propagation velocity at radius 𝑅, 𝑈0 is the flame propagation velocity at 

𝑅0, which is the critical radius for the onset of cellular instabilities, and 𝛽 is fractal excess, 

experimentally observed to be constant at 0.243 for all hydrogen concentrations [26]. The 

values of 𝑈0 and 𝑅0 can be calculated using curve-fits to the experimental data [11, 26] 

𝑈0 = 0.0537 x2 − 1.008 x + 5.5716 

𝑅0 = (1.4273 x −  0.1942)/1000 

where x is the hydrogen concentration in percentage. Since:  

𝑈 =
𝑑𝑅

𝑑𝑡
  

Hence,  

𝑑𝑅

𝑑𝑡
= 𝑈0 (

𝑅

𝑅0
)
𝛽

. 

Rearranging and integrating 

∫
𝑑𝑅

𝑅𝛽

𝑅

0

= ∫
𝑈0

𝑅0
𝛽

𝜏

0

 𝑑𝑡 

𝑅(1−𝛽)

1 − 𝛽
= (

𝑈0

𝑅0
𝛽
)  𝜏                                                             (4.2) 

where, 𝜏 is the time taken by the flame to reach the radial position of R. This equation can be 

used to calculate the time for the flame-front to reach the vent. The distance from the ignition 

source to the vent (R) can be estimated as: 

𝑅 = {
  𝐿          for Back − wall ignition

𝐿

2
         for Central − ignition

 

where L is the length of the enclosure. So, for a known L, time taken can be calculated as:  

𝜏 =  (
𝑅(1−𝛽)

1 − 𝛽
)(

𝑅0
𝛽

𝑈0
)                                                                    (4.3) 

and the flame-front velocity at that location can be calculated using equation 4.1.  

 



(ii) Venting of unburnt mixture and formation of the external cloud- To study the 

external cloud, it is assumed that the enclosure acts like a piston-cylinder arrangement, where 

the flame-front pushing the gases work like a piston. The formation of external cloud by these 

vented gases is then calculated using the vortex ring theory given by Sullivan et al. [27]. The 

objective is to calculate the radius of the external cloud. To calculate the volume of the 

vented gases forming the cloud, the volume of the flame-ball inside the enclosure is required. 

Some simplifying assumptions for the flame shape are taken as:  the flame-ball is considered 

to be a half ellipsoid for a Back wall ignition case and a sphere for a Central ignition case. 

The flame shape is shown in a schematic in Fig. 11. 

 

(a) Central ignition (CI)                                       (b) Back-wall ignition (BWI) 

Figure 11. Schematic of the flame-shapes for different ignition locations 

 

The flame-ball volume for the Central-ignition case can be calculated as: 

𝑉𝑏 = (
4

3
𝜋𝑅𝑒𝑞

3)                                                                   (4.4) 

where 𝑅𝑒𝑞
3 is the radius of the equivalent sphere.  

𝑅𝑒𝑞 =
𝐵 + 𝐻

4
 

while for the Back-wall ignition case, the burnt volume can be estimated by calculating the 

volume of the semi-ellipsoid  

𝑉𝑏 = 
𝜋

6
𝐿𝐵𝐻                                                                     (4.5) 

Central 

ignition 

Back-wall 

ignition 



Where L, B and H are the length, breadth and height of the enclosure, respectively. Finally, 

for both the cases, the volume of cloud can be calculated as:  

𝑉𝑐 = 𝑉𝑏 (1 −
1

𝜎
)                                                                       (4.6) 

where 𝑉𝑐  is the cloud volume, 𝜎  is the gas expansion ratio. Now, for the piston, the 

equivalent radius (R0) can be calculated by equating the piston surface area to the vent area 

(Av)  

𝑅0 = √
𝐴𝑣

𝜋
 

Piston stroke length using the cloud volume and equivalent piston area: 

𝐿𝑃 =
𝑉𝐶

𝐴𝑉
 

Saffman Vortex core size [27]: 

𝑎 =  √4 𝜈 𝜏 

Radius of the vortex ring: 

𝑅𝑅𝑖𝑛𝑔 = √
3 𝑅0

2 𝐿

4𝛼

3

 

where, 𝛼 = 1 

 Ʌ = ln (
8𝑅𝑅𝑖𝑛𝑔

𝑎
) −  0.558 

k=0.65, and  

𝑅𝑏 = √
9 𝜋 𝑅0

2 𝐿𝑃

4𝛼2Ʌ (1 + 𝑘)
 

3

                                                             (4.7) 

Radius of the external cloud is calculated using equation 4.7. More details about the cloud 

formation and comparison of experimentally measured cloud diameters and predictions from 

Equation 4.7 can be found in [28]. The cloud radius is further used to calculate overpressure 

generated by the external cloud combustion.  



 (iii) Combustion of the external cloud and external pressure produced –For external 

cloud combustion, the flame propagation velocity at cloud radius 𝑅𝑏 can be obtained from 

equation 1. For pressure calculation, assuming Taylor’s spherical piston theory [29], the 

Mach number at the cloud radius can be calculated as:  

𝑀𝑃 =
𝑈𝑐𝑙𝑜𝑢𝑑

𝑎0
                                                                    (4.8) 

where 𝑀𝑃 is the Mach number at the cloud boundary, 𝑈𝑐𝑙𝑜𝑢𝑑 is the flame-speed at the cloud 

boundary, which can be calculated using equation 4.1 and cloud radius, 𝑎0 is the speed of 

sound in unburnt gas mixture. The external pressure generated by this external cloud 

combustion can be estimated as:  

𝑃𝑒𝑥 = 2 𝛾𝑢 (1 −
1

𝜎
) 𝜎2 𝑀𝑃

2                                                 (4.9) 

Where 𝛾𝑢 is the ratio of specific heat of unburnt gases, and 𝜎 is the expansion ratio. This 

external pressure will be used for calculating pressure generated inside the enclosure, as 

described in the next section. 

 

(iv) Internal flame generating overpressure - The fire-ball produced inside the enclosure 

can be approximated as standard geometrical shapes as explain in previous section. The flame 

area for those shapes can be calculated as: 

𝐴 (𝑠𝑝ℎ𝑒𝑟𝑒) = 4𝜋𝑅𝑒𝑞
2  

𝐴 (𝑠𝑒𝑚𝑖 − 𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑) = 𝟐𝜋 (
(𝑎𝑏)1.6 + (𝑏𝑐)1.6 + (𝑐𝑎)1.6

3
)

1/1.6

 

 

where a=L, b=B/2, and c=H/2. The volume of the burnt gases produced, can be calculated as:   

�̇�𝑏 = 𝐴𝑓 𝑈𝑓  

where 𝑈𝑓  is the flame propagation velocity calculated by equation 4.1. Also, the volume of 

the vented gases can be determined by [30]: 



�̇�𝑣 = 𝑢𝑐𝑑  𝐴𝑣 √
𝑝 − 𝑝𝑒𝑥

𝑝𝑐𝑟 − 𝑝𝑒𝑥
                                                    (4.10) 

where 𝑢𝑐𝑑 can be calculated as [30]: 

𝑢𝑐𝑑 = 𝐶𝑑 √
𝑅𝑇𝑣

𝑀𝑣
 𝛾 

𝛾 + 1

2
  

where 𝐶𝑑  is the coefficient of discharge with constant value of 0.6, R is the universal gas 

constant, 𝑇𝑣 and 𝑀𝑣 are the temperature and molecular weight of the vented gases, 

respectively. They are calculated assuming the vented gases are composed 90% of burnt 

gases and 10% of unburnt gases. The pressure inside the enclosure is controlled by two 

processes. It increases with the generation of volume for the burnt gases while gas venting 

relieves this pressure. So, at the maximum over-pressure, the volume of the vented gases will 

be equal to the volume of the burnt gases produced. Mathematically: 

𝑉𝑏 = 𝑉𝑣  

 𝐴𝑓 𝑈𝑓 = 𝑢𝑐𝑑  𝐴𝑣 √
𝑝 − 𝑝𝑒𝑥

𝑝𝑐𝑟 − 𝑝𝑒𝑥
                                              (4.11) 

p is the pressure after solving these equations.  

 

4.2. Comparison of new model predictions and experimental results 

Model predictions from the new model are compared with experimental measurements of 

Bauwens et al. [3] in Fig. 12. Figure 12(a) shows the comparison of measured and predicted 

overpressures. Figure 12(b) shows the variation of the ratio of the predicted and measured 

overpressures with hydrogen concentration. The new model shows more accurate predictions 

than other available models previously discussed (see figure 1). Also, there is no apparent 

bias towards any hydrogen concentration and predictions and the predictions are equally 

dispersed. Furthermore, the new model does not have any adjustable parameters that require 

fine tuning for each case, and the same procedure of calculation is followed for all studies. 

Figures 12(c) and 12 (d) also show that the effect of vent size and ignition location is well 

captured by the new model. In figure 12 (c), the two pair of points which show the increase in 

overpressure with decrease in vent area. This experimentally observed trend is well captured 



by the present model. Another parameter under investigation is the ignition location. It is 

experimentally observed that back-wall ignition produces higher overpressure as compared to 

central ignition for the same enclosure geometry and fuel composition. This effect is also 

captured by the present model as shown in Fig. 12(d). 

  
 

(a) New model – Bauwens et al. data [3] 

 

 

(b) New model-Bauwens et al. data [3] 

  
(c) New model – Bauwens et al. data [3] with 

different vent areas.  

 

(d) New model – Bauwens et al. data [3] for 

different ignition locations 

Figure 12. Overpressure predictions from the new model for Bauwens et al. data [3]               

(a) Comparison of the predictions with the measurements Bauwens et al. [3];  (b) Variation of 

the ratio between the of predicted and measured overpressure with hydrogen concentration;  

(c) Effect of vent size; (d) Effect of ignition location. 



  
(a) Predictions for 1 m3 enclosure of Daubech 

et al. [21] 

 

(b) Predictions for 10 m3 enclosure of 

Daubech et al. [21] 

 

 

  
(c) Predictions for HySEA experiments [25] – 

door-vented cases 

 

(d) Predictions for HySEA experiments [25] 

– roof-vented cases 

 

Figure 13. Overpressure predictions for experimental data from literature. (a) Predictions for 

Daubech et al. [21], (b) Predictions for data of Skjold et al. [25]. 

 

Further, other experimental studies from literature are also used to test the overpressure 

predictions of the present model. Figure 13 (a) and 13 (b) show the predictions for the tests of 

Daubech et al. [21]. Also, predictions for 20-foot ISO container used in HySEA experiments 

are shown in figures 13 (c) and 13 (d). The model is able to predict with reasonable accuracy 

for both configurations as well as for plastic cover and vent panel cover. The present model is 

able to give reasonable predictions for these experimental investigations which range from 

enclosure volume of 1 m3 to 63.7 m3 and hydrogen concentration of 10% to 27%. It must be 

noted that the formulation of the present model described in this paper is focussed on the 



external pressure peak (P1) and is applicable to uniform fuel distribution and empty 

enclosures. The present formulation also does not account for initial turbulence in the 

enclosure. Hence, validation cases with obstacles and with initial turbulence are not shown in 

the present discussion. Further work is under progress to incorporate formulation for all these 

sub-processes.  

 

Conclusions 

This paper presents a review of available empirical models and standards for predicting 

overpressure in accidental explosions. Model equations and major assumptions are briefly 

discussed, highlighting the salient features and major assumptions of each model. These 

models are then assessed by comparing their predictions with the available experimental data 

on vented hydrogen explosions. A large range of data set, comprising of enclosures ranging 

from 1 m3 to 120 m3 are considered. Recent experiments conducted on 20-foot ISO 

containers under the HySEA project are also used in this study. It is observed that EN-14994 

model gives over-predictions for lower hydrogen concentrations and under-predictions for 

higher concentrations. NFPA-68 model is found to over-predict for most of data points 

considered in this study. Both FM Global and Molkov model are found to be reasonably 

accurate for overpressure predictions. However there are some issues with both of these 

models that need to be addressed for predictions of realistic accidental scenarios. For instance, 

the FM Global model is found to under-predict cases with initial turbulence, at lower 

hydrogen concentration, and for high L/D ratios. On the other hand, Molkov model needs a 

proper formulation for accounting for obstacles. Both these models show a large scatter in 

predictions for realistic obstacle used in recent studies [24, 25].  

A new model based on external cloud explosion is also proposed.  This model shows better or 

comparable predictions with other models for available experimental data on lean hydrogen 

explosions. The major advantage of this model is that it accounts for various physical 

processes responsible for pressure rise, and gives a modular formulation. The use of modular 

formulation is that any new process can be incorporated independent of other processes. 

Another advantage of this model is that it does not have any adjustable parameters that 

require fine tuning for each case, and the same procedure of calculation is followed for all 

studies. Further development on this model is required to account for realistic accidental 

scenario of stratified fuel distribution and presence of obstacles.  
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