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1. Introduction 
Introducing hydrogen as fuel for land vehicles makes it necessary to consider not 

only the benefits of this fuel but also possible safety risks arising from hydrogen. 

While hydrogen has been used in many industrial applications with well controlled 

risk for a long time, the new applications are characterized by a different user group 

and a possibly much larger user base. Safety considerations must now take into 

account untrained personal and accidents in an unknown environment. In safety 

studies of hydrogen vehicles explosion events are considered which involve 

accidental release of hydrogen into a partially vented, partially confined geometry. 

This can be the engine compartment, the passenger compartment, the trunk or the 

vicinity of the vehicle. Explosion accidents in transport vehicles are thus mostly likely 

expected to take place in a semi-confined environment or in heavily congested areas.  

 

If a combustible mixture is formed and ignited during an accident, the consequences 

of an accident strongly depend on the ability of the flame to accelerate resulting in 

fast combustion processes. In the case that the flame acceleration is weak, resulting 

in a benign combustion, the blast effect of such an accident would be insignificant 

and the only thermal damage could be expected. In the case that the flame 

acceleration is strong, significant overpressures and impulses can be generated. 

Transition to detonation can be also expected at a certain stage of the explosion 

process under appropriate conditions.  

 

A number of experimental studies have been focused on determination of the critical 

conditions for strong flame acceleration (FA) and deflagration to detonation transition 

(DDT). Most of these studies were made in closed tubes with obstacles (Knystautas 

et al., 1982, Lee et al., 1984, Peraldi et al., 1986, Teodorczyk et al., 1988, Kuznetsov 

et al., 1999, and Dorofeev et al., 1999, 2000). The effect of semiconfined geometry 

was also addressed. Processes of FA and DDT in channels with transverse venting 

was studied by Sherman et al. (1989) and Ciccarelli et al. (1998). Most of these tests 

were made with relatively small vent ratio α (ratio of vent area to total surface area of 

the channel).  

 

A study of critical conditions for FA and DDT with large vent areas was made recently 

by Alekseev, et al. (2000). Experiments were made in two obstructed tubes with inner 
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diameters of 92 and 46 mm. Each of the tube was filled with a set of ring shaped 

obstacles spaced one tube diameter apart. The blockage ratio (BR) was equal to 0.6. 

The vent ratio α was varied from 0.1 to 0.4. Hydrogen-air mixtures of 9-70 % vol. H2 

and stoichiometric hydrogen - oxygen mixtures diluted with nitrogen (11-40 % vol. H2) 

were used in the tests. Venting was found to have significant effect on characteristic 

features of turbulent flame propagation and on critical conditions for different 

explosion regimes. The greater was the venting percentage the more reactive 

mixtures were necessary for development of fast flames. The results showed that 

critical conditions for strong FA in cases of transverse venting may be expressed 

through the critical expansion ratio for strong FA in closed tubes, called here σcr0, and 

the vent ratio α: σcr/σcr0 ~ 1+2·α. The critical conditions for detonation onset in vented 

tubes with a blockage ratio BR = 0.6 was found to be very close to that in closed 

tubes with the same obstacle configuration.  

 

Studies of gaseous explosions in vented tubes with large vent ratios can be 

considered as a bridge between cases of explosions in closed tubes and cases of 

unconfined explosions in congested areas. The critical conditions for FA and DDT in 

the latter situation are much less understood compared to those in closed systems. 

At the same time they are important to for the understanding of explosion accidents 

in transport vehicles.  

 

The following chain of model cases is suggested for experimental study (see Fig.1): 

1) explosions in closed tubes; 2) explosions in vented tubes surrounded by air; 3) 

explosions in vented tubes surrounded by combustible mixture. The later case is 

close to the situation of unconfined explosions in congested areas. It represents any 

situation where hydrogen was released into a congested, partly confine environment 

and after some distribution period a weak ignition occurs inside the hydrogen-air 

cloud expanding from the leak location. The model case 3) thus is directly related to 

real applications involving the geometry of cars, fueling stations and infrastructure. 

The model case 2) can be also related to some accident situations, but it also serves 

as a bridge between the relatively well-studied case 1) and the main problem case 

3).  
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2) Explosions in vented tubes

1) Confined explosions in tubes

3) Explosions vented into combustible gas
 

Figure 1. Schematic illustration of 3 model cases to bridge the confined explosions 

and unconfined explosions in congested areas. 

 

A design of the experimental facility is suggested in the present report, which gives a 

possibility to study flame propagation and transition to detonation in model cases 2) 

and 3). The objectives of the experimental program include:  

- Study of critical conditions for strong FA and DDT in vented tubes and 

semiconfined geometry;  

- Comparison of explosion properties of hydrogen and typical hydrocarbon fuels in 

semi-confined geometry;  

- Generation of the data necessary for validation of computer codes for simulation 

of gaseous explosions in semi-confined geometry.  

The tests are planned as a continuation and supplementation of the experimental 

study of Alekseev et al., (2000).  
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2. Description of the experimental facility PET  

2.1 CONFIGURATION 1 

The facility consists of an explosion tube with movable brackets to adjust vent ratio, 

mechanism providing the opening of the vents, support construction, control system, 

and measurement system. A schematic of the facility in Configuration 1 (model case 

2 – vented tube with combustible gas surrounded by air) is shown in Fig. 2.  

 

The main part of the facility is a steel explosion tube of 100-mm i. d., which has a 

length of 7 m (see Fig. 3). It consists of three main sections, each 2.1-m long (see 

Fig. 4) and two additional sections 0.22-m long at each end. Each main section of the 

tube has 16 rectangular openings with dimensions and locations shown in Fig. 4. 

Two additional sections represent pieces of closed tubes. Circular orifice plate 

obstacles are installed along the entire length of the tube. The distance between the 

obstacles is equal to one tube diameter. Different sets of the orifice plates are 

available with blockage ratio BR equal to 0.3, 0.45, and 0.6.  

Test procedure 

Two additional hermetic chambers are used to fill the tube with a combustible 

mixture. The mixture is prepared initially in the high-pressure chamber. This chamber 

is connected by valves to the main tube and then to the vacuum chamber at the other 

end. The filling is made with initially closed main tube having air inside. Simultaneous 

opening of the connecting valves results in the transport of the combustible mixture 

from high-pressure chamber through the main tube to the evacuated chamber. The 

volume of the mixture (at normal pressure) in the high-pressure chamber is 

approximately 5 times the volume of the main tube. This provides good uniformity of 

the gas composition in the main tube within the range of ± 0.15% vol. of fuel in air.  

 

The experimental procedure starts with preparation of the mixture in high-pressure 

chamber by precise flow meters for different components. Then filling of the main 

tube is made, and finally ignition is made.  

 

Computational fluid dynamic simulations using the Fluent code have shown that 

significant amount of hydrogen-air mixture leave the opened tube within a time 
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interval of about 0.25 second (see Fig. 7). Therefore the tube was covered of the 

vents with a thin (1 µm) “clean” film. This option was used in tests of Alekseev, et al. 

(2000). When a weak compression wave and following flame front reached the vents, 

the film was easily brokened. The overpressure of 5 Torr was sufficient to make the 

film broken.  

2.2 CONFIGURATION 2 

A schematic of the facility in Configuration 2 (model case 3 – vented tube inside the 

combustible gas) is shown in Fig. 8. In this configuration, the vented explosion tube 

with fixed vent ratio is placed into the cylindrical plastic bag. The diameter of the bag 

is about 400 mm. The supports of the tube are provided with two discs at the ends, 

which are used to fix the plastic bag hermetically. The discs are equipped with 

hermetic penetrations for the measuring cables.  

Test procedure 

In this configuration the explosion mixture is to be created in the whole volume inside 

the bag and the tube. Ignition is made after measurements of the mixture 

composition.   

2.3 MEASUREMENTS 

The measurement system consists of a subsystem for mixture composition 

measurements and a subsystem for measurements of explosion parameters. To 

measure the uniformity of the mixture composition the Rosemount-Fischer MLT4-

gas-analyzer is used. Relative accuracy for differential measurements is about 1% of 

the mean value.  

 

Measurements of explosion parameters include collimated time-of-arrival 

photodiodes and pressure transducers. The main tube is equipped with 

measurement ports located in the closed parts of the tube. The distances to the 

measuring ports from ignition location are shown in the lower part of Fig. 3. One 

pressure transducer and one photodiode are installed in each measuring location. 

This gives a total of 16 pressure transducers and 16 photodiodes along  the main 

tube.  

 

In Configuration 2, additional pressure transducers are installed outside of the tube at 

distances from 1 m to 15 m (Fig. 8). They are located at the same height (1 m above 
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the ground level) as the axis of the main tube. These pressure transducers are use to 

record parameters of the air blast wave generated by semi-confined explosions. 
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Figure 2. Schematic of PET facility in Configuration 1.  
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Figure 3. Dimensions of main tube 
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Figure 4. Detail of the main tube section.  
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Figure 5. Dimensions of outer tube section.  
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Figure 6. Mutual position of main tube, outer tube an supporting frame.  
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Figure 7. Results of calculations of hydrogen leak from vented tube due to byoancy. Initial mixture – 30% vol. of H2 in air. Distribution of 

hydrogen concentrations are shown for 0.1, 0.25, 0.5, and 0.75 s after opening of the vents.  
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Figure 8. Schematic of PET facility in Configuration 2.  
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3. Test matrix  
The results of Alekseev, et al. (2000), Kuznetsov et al. (1999), and Kuznetsov et al. 

(2001) can be used as valuable background information for the present experimental 

program. The study of Alekseev, et al. (2000) give first results on the effect of venting 

on critical conditions for FA and DDT. Only hydrogen mixtures were used in this 

study.  

 

The results of Kuznetsov et al. (1999) and Kuznetsov et al. (2001) give the reference 

cases for critical conditions of strong FA in mixtures of hydrogen and hydrocarbon 

fuels in closed tubes. These results are summarized in Fig. 9.  
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Figure 9. Limits for strong flame acceleration in mixtures of different fuels with air. 

Results obtained in closed tubes with different diameters are shown. Grey areas 

correspond to mixture compositions, where ignition was not achieved, blue areas to 

the cases of slow subsonic flames, red areas to cases of fast supersonic flames and 

detonations.  

 

A limited number of tests in the PET facility were selected for each mixture, which 

should make it possible to meet the objectives of the EIPH-2program. All tests will be 

made with BR = 0.6, as the most effective configuration of obstacles for FA, 

according to the results of Alekseev et al. (2000).  

 

The test matrix for the experiments in Configuration 1 is presented in Table 1.  
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Table 1. Test matrix of PET experiments in Configuration 1 

 

Mixture Experiment 

H2 [%] Air [%] 

Venting

degree°

BR 

% 

remarks 

      

EIHP0502 30  0 60 Data from Conf. 2, no balloon 

EIHP0506 30  10 60 Data from Conf. 2, no balloon 

EIHP0101 30  20 60  

EIHP0510 30  40 60 Data from Conf. 2, no balloon 

 

Mixture Experiment 

CH4 [%] Air [%] 

Venting

degree°

BR 

% 

remarks 

EIHP0139 9,6  5 60  

EIHP0203 9,6  2,5 60  

EIHP0140 9,6  0 60  

 

 

 

 

Mixture Experiment 

Propane 

[%] 

Air [%] 

Venting

degree°

BR 

% 

remarks 

EIHP0401 4  0 60  

EIHP0424 4  2.5 60  

EIHP0420 4  5 60  
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The test matrix for experiments in Configuration 2 is presented in Table 2.  

 

Table 2. Test matrix of PET experiments in Configuration 2 

 

Mixture Experiment 

H2 [%] Air [%] 

Venting

degree°

BR 

% 

remarks 

EIHP0502 30  0 60 no balloon 

EIHP0509 30  20 60 with balloon 

EIHP0508 30  20 60 no balloon 

EIHP0517 30  20 60 with balloon, every second open 

EIHP0516 30  20 60 no balloon, every second open 
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4. Discussion and Summary 
 
4.1 Configuration 1 
 

Four typical flame propagation regimes were observed in the tests (see Fig 10 as an 

example). The first one is essentially subsonic. In the second regime the flame 

propagates at a speed that is slightly higher than the sound speed in reactants. If the 

venting is relatively small compared to the blockage provided by the orifice plates, the 

flame can propagate at a speed close to the sound speed in the products, or 

transition to detonation can observed. The possibility for a fast flame to propagate in 

a vented tube with two characteristic values of the flame speed (in addition to quasi-

detonations) is a new feature revealed in the present tests. While fast supersonic 

regimes were observed for a range of vent ratios in hydrogen mixtures, flames in 

methane and propane mixtures were sensitive to the vent ratio. A very small venting 

with a vent ratio of about 0.025 was sufficient to suppress supersonic flame 

propagation in methane and propane mixtures. This is illustrated in Fig 11. 
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Fig. 10: Flame speed versus distance for different venting degrees. 
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Fig. 12 summarises the maximum flame speeds versus venting degrees for all 

experiments that were performed in configuration 1. 
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Fig 12: Flame speed versus venting degrees in configuration 1. 
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It has been shown that the ratio of densities of reactants and products (expansion 

ratio, σ) should exceed a certain minimum critical value of σ* in order for a flame to 

accelerate to supersonic regimes in closed tubes with obstacles. In the case of tubes 

with venting, the critical value σ* was shown to increase proportionally with the vent 

ratio. The results of the present tests show a similar effect. (see Fig 13). It was also 

found that the geometry of the vents had an effect on the critical conditions for the 

development of supersonic flames. In the case of continuous lateral venting along the 

tube  (vent 1) the critical value of σ* was found to be high compared to the case when 

the vent orifices were separated by portions of the closed tube (vent 2). 

 
 

Fig. 13: Ratio of the critical expansion ratios in vented and closed tube versus vent 

ratio. 
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4.2 Configuration 2 

For configuration 2 experiments the resulting flame speeds versus distance are given 

in Figures 14-16. In every diagram the results of two experiments, one with balloon 

and one without balloon are shown. The further experimental conditions (H2 = 30 

vol% in air, p0 = 1bar) are similar. Figure 14 gives the results of two experiments 

without venting, Figure 15 for20°, Figure 16 for 20° with every second vent opening 

was closed. All figures show, that the balloon has no significant influence on the 

flame speed. The experiments with and without balloon both reach the same 

maximum flame velocity. An increase of the venting area results in a decrease of the 

flame speed. A vent opening of 10° results in a supersonic flame, an opening of 20° 

results in a flame with near sonic velocity. Larger vent openings produce subsonic 

deflagrations. The experiments with half of vent openings closed (Figure 16) lead to 

higher flame velocities than the experiments with all vent openings opened to the 

same degree (Figure 17) 

Figures 18 shows the measured overpressures in a distance of 1 m, 2 m, 5 m and 10 

m from the tube for the experiments with all vent openings opened. No effect of the 

balloon is detectable and increasing vent opening degree again results in decreasing 

overpressures. The measured overpressures in the same distances from the tube for 

the experiments with half of the vent openings closed show a different behaviour 

(Figure 19). An effect of the balloon is observable: The maximum measured 

overpressures in the experiments with balloon are higher than those in the 

experiments without balloon, while almost no influence of the vent opening degree on 

the overpressure is detectable. 

The calculated impulses in the blast wave in a distance of 1 m, 2 m, 5 m and 10 m 

from the tube for the experiments with all the venting openings opened are given in 

Figure 20. An effect of both the balloon and the venting opening is observable. The 

experiments with balloon produce higher impulses than the ones without balloon. 

Again an increase of the venting opening degree leads to a decrease in the impulse. 

Figure 21 shows the impulses of the experiments with half of the venting openings 

closed. The experiments with balloon again result in higher impulses than the ones 

without, while in these cases the impulse is almost independent of the venting 

opening degree. 
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Figure 17: Maximum flame speeds versus vent opening 
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Figure 18: Maximum overpressure versus distance from the tube for the 

experiments with all venting openings opened. 
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Figure 19: Maximum overpressure versus distance from the tube for the 

experiments with half of the venting openings opened. 
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Figure 20: Impulses of the blast wave versus distance from the tube for the 

experiments with all venting openings opened. 
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Figure 21: Impulses of the blast wave versus distance from the tube for the 

experiments with half of the venting openings opened. 
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1. Configuration 1 
 
1.1 Hydrogen-air mixtures 
 
1.1.1 Experiment EIHP0502, BR=60%, H2=30%, venting = 0° 

0.1 2bar
0.25 2bar

0.775 20bar

1.3 5bar

1.825 10bar

2.315 10bar

2.875 5bar

3.4 5bar

3.925 0.005bar

4.45 10bar
4.6 0.02bar

X,m

0.188 0.190 0.192 0.194 0.196 0.198t,s

 

0.1 0.5  V
0.25 0.5  V

0.775 0.5  V

1.3 0.5  V

1.825 0.5  V

2.315 0.5  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.5  V

X,m

0.188 0.190 0.192 0.194 0.196 0.198t,s

 
Fig. 1: Measured pressure and time of arrival. 



Table 1: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 191.05 
28 192.38 
80.5 193.05 
133 193.39 
185.5 193.7 
234.5 193.99 
290.5 194.35 
343 194.68 
395.5 194.98 
448 195.31 
  

 
 
Table 2: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0.19 135.338346 
0.5425 783.58209 
1.0675 1544.11765 
1.5925 1693.54839 
2.1 1689.65517 
2.625 1555.55556 
3.1675 1590.90909 
3.6925 1750 
4.2175 1590.90909 
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Fig. 2: Flame velocity 
 
 
 
 



1.1.2 Experiment EIHP0506, BR=60%, H2=30%, venting = 10° 
 

0.1 2bar
0.25 2bar

0.775 10bar

1.3 5bar

1.825 10bar

2.315 5bar

2.875 5bar

3.4 5bar

3.925 0.005bar

4.45 5bar
4.6 5bar

X,m

0.262 0.264 0.266 0.268 0.270 0.272t,s

 
 

0.1 0.5  V
0.25 0.5  V

0.775 0.5  V

1.3 0.5  V

1.825 0.5  V

2.315 0.5  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.5  V

X,m

0.262 0.264 0.266 0.268 0.270 0.272t,s

 
Fig. 3: Measured pressure and time of arrival. 
 
 



Table 3: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 263.95 
28 265.18 
80.5 266.07 
133 266.74 
185.5 267.11 
234.5 267.44 
290.5 267.79 
343 268.13 
395.5 268.46 
448 268.81 
  

 
 
Table 4: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0.19 146.341463
0.5425 589.88764
1.0675 783.58209
1.5925 1418.91892
2.1 1484.84848
2.625 1600
3.1675 1544.11765
3.6925 1590.90909
4.2175 1500
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Fig. 4: Flame velocity  
 
  



1.1.3 Experiment EIHP0101, BR=60%, H2=30%, venting = 20° 
 

0.25 1bar

0.775 2bar

0.1 1bar

1.3 5bar

1.825 5bar

2.315 20bar

2.875 2bar

3.4 5bar

3.925 2bar

4.45 5bar
4.6 5bar

X,m

0.258 0.260 0.262 0.264 0.266 0.268 0.270 0.272 0.274t,s

 
 

0.1 1  V
0.25 0.2  V

0.775 1  V

1.3 0.5  V

1.825 1  V

2.315 1  V

2.875 1  V

3.4 1  V

3.925 1  V

4.6 1  V
X,m

0.258 0.260 0.262 0.264 0.266 0.268 0.270 0.272 0.274t,s

 
Fig. 5: Measured pressure and time of arrival. 
 
 



Table 5: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 259.9 
25 260.96 
77.5 262.04 
130 263.08 
182.5 264.35 
231.5 265.25 
287.5 266.12 
340 267.16 
392.5 268.25 
445  
460 269.35 

 
 
Table 6: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 142 
0.5125 486.11 
1.0375 504.81 
1.5625 413.39 
2.07 544.44 
2.595 643.68 
3.1375 504.81 
3.6625 481.65 
4.2625 613.64 
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Fig. 6: Flame velocity  
 
 
 



1.1.4 Experiment EIHP0510, BR=60%, H2=30%, venting = 40° 
 

0.1 1bar
0.25 1bar

0.775 0.5bar

1.3 0.1bar

1.825 0.2bar

2.315 0.1bar

2.875 0.2bar

3.4 0.2bar

3.925 0.0001bar

4.6 0.2bar
X,m

0.24 0.26 0.28 0.30 0.32 0.34 0.36 t,s

 
 

0.1 0.5  V
0.25 0.5  V

0.775 0.5  V

1.3 0.2  V

1.825 0.2  V

2.315 0.5  V

2.875 0.1  V

3.4 0.2  V

3.925 0.05  V

4.45 0.1  V
X,m

0.20 0.25 0.30 0.35 0.40 0.45 0.50 t,s

 
Fig. 7: Measured pressure and time of arrival. 
 
 



Table 7: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 263.95 
28 265.18 
80.5 266.8 
133 270.2 
185.5 275.32 
234.5 279.8 
290.5 284.35 
343 289.1 
395.5 295.15 
448 302.8 
  

 
 
Table 8: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0.19 146.341463 
0.5425 324.074074 
1.0675 154.411765 
1.5925 102.539063 
2.1 109.375 
2.625 123.076923 
3.1675 110.526316 
3.6925 86.7768595 
4.2175 68.627451 
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Fig. 8: Flame velocity. 
 
 



1.2 Methan-air mixture 
 
1.2.1 Experiment EIHP0139, BR=60%, CH4= 9.6%, venting = 5° 
 

0.1 0.1bar
0.25 0.05bar

0.775 0.1bar

1.3 0.05bar

1.825 0.05bar

2.315 0.05bar

2.875 0.05bar

3.4 0.05bar

3.925 0.1bar

4.45 0.05bar
4.6 0.1bar

X,m

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 t,s

 
 

0.1 0.02  V
0.25 0.01  V

0.775 0.1  V

1.3 0.05  V

1.825 0.02  V

2.315 0.02  V

2.875 0.05  V

3.4 0.05  V

3.925 0.05  V

4.45 0.02  V
X,m

0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 t,s

 
Fig. 9: Measured pressure and time of arrival. 



Table 9: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 271.5 
25 277.35 
77.5 282.2 
130 286.6 
182.5 292.2 
231.5 297.95 
287.5 303.9 
340 309.7 
392.5 315.9 
445 341.5 
460  

 
 
Table 10: Calculated flame velocity of time of arrival. 

 
Position (m) Velocity (m/s) 
0 0 
0.175 25.64 
0.5125 108.25 
1.0375 119.32 
1.5625 93.75 
2.07 85.22 
2.595 94.12 
3.1375 90.52 
3.6625 84.68 
4.1875 20.51 
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Fig. 10: Flame velocity 
 



1.2.2 Experiment EIHP0203, BR=60%, CH4= 9.6%, venting = 2.5° 
 

0.1 0.2bar
0.25 0.2bar

0.775 0.2bar

1.3 0.5bar

1.825 0.2bar

2.315 0.1bar

2.875 0.2bar

3.4 0.1bar

3.925 0.1bar

4.45 0.1bar
4.6 0.1bar

X,m

0.20 0.25 0.30 0.35 0.40 t,s

 
 

0.1 0.05  V
0.25 0.01  V

0.775 0.1  V

1.3 0.02  V

1.825 0.02  V

2.315 0.02  V

2.875 0.05  V

3.4 0.05  V

3.925 0.05  V

4.45 0.02  V
X,m

0.20 0.25 0.30 0.35 0.40 t,s

 
Fig. 11: Measured pressure and time of arrival. 
 
 



Table 11: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 273 
25 279.4 
77.5 283.33 
130 285.1 
182.5 288 
231.5 291 
287.5 294.4 
340 296.6 
392.5 301 
445 314 
460  

 
 
Table 12: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 23.43 
0.5125 133.59 
1.0375 296.61 
1.5625 181.03 
2.07 163.33 
2.595 164.71 
3.1375 238.64 
3.6625 119.32 
4.1875 40.38 
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Fig. 12: Flame velocity. 
 



1.2.3 Experiment EIHP0140, BR=60%, CH4= 9.6%, venting = 0° 
 

0.25 2bar

0.775 2bar

0.1 1bar

1.3 2bar

1.825 5bar

2.315 5bar

2.875 5bar

3.4 5bar

3.925 5bar

4.45 5bar
4.6 5bar

X,m

0.276 0.278 0.280 0.282 0.284 0.286 0.288 0.290 t,s

 
 

0.1 0.1  V
0.25 0.05  V

0.775 0.5  V

1.3 0.5  V

1.825 0.5  V

2.315 0.5  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.05  V

X,m

0.276 0.278 0.280 0.282 0.284 0.286 0.288 0.290 t,s

 
Fig. 13: Measured pressure and time of arrival. 
 
 



Table 13: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 271.3 
25 277.37 
77.5 281.57 
130 282.87 
182.5 283.81 
231.5 284.48 
287.5 285.31 
340 286.08 
392.5 286.82 
445 287.6 
460  

 
 
Table 14: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 24.71 
0.5125 125 
1.0375 403.85 
1.5625 558.51 
2.07 731.34 
2.595 674.69 
3.1375 681.82 
3.6625 709.46 
4.1875 673.08 
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Fig. 14: Flame velocity of EIHP0140. 

 



1.3 Propan-air mixture 
 
1.3.1 Experiment EIHP0401, BR=60%, C3H8= 4%, venting = 0° 
 

0.1 1bar
0.25 2bar

0.775 2bar

1.3 5bar

1.825 5bar

2.315 5bar

2.875 5bar

3.4 5bar

3.925 5bar

4.45 5bar
4.6 5bar

X,m

0.275 0.280 0.285 0.290 t,s

 
 

0.1 0.1  V
0.25 0.5  V

0.775 0.2  V

1.3 0.02  V

1.825 0.5  V

2.315 0.1  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.5  V

X,m

0.275 0.280 0.285 0.290 t,s

 
Fig. 15: Measured pressure and time of arrival. 



Table 15: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 273.25 
25 280.04 
77.5 281.98 
130 283.02 
182.5 283.72 
231.5 284.38 
287.5 285.14 
340 285.87 
392.5 286.58 
445 287.3 
460 287.57 

 
 
Table 16: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 22.0913108 
0.5125 270.618557 
1.0375 504.807692 
1.5625 750 
2.07 742.424242 
2.595 736.842105 
3.1375 719.178082 
3.6625 739.43662 
4.1875 729.166667 
4.525 555.555556 
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Fig. 16: Flame velocity. 



1.3.2 Experiment EIHP0424, BR=60%, C3H8= 4%, venting =2.5° 
 

0.1 0.2bar
0.25 0.2bar

0.775 0.2bar

1.3 0.2bar

1.825 0.1bar

2.315 0.1bar

2.875 0.2bar

3.4 0.5bar

3.925 0.1bar

4.45 0.1bar
4.6 0.1bar

X,m

0.24 0.26 0.28 0.30 0.32 0.34 t,s

 
 

0.1 0.02  V
0.25 0.1  V

0.775 0.05  V

1.825 0.1  V

2.315 0.005  V

2.875 0.1  V

3.4 0.05  V

3.925 0.02  V

4.45 0.05  V
4.6 0.02  V

X,m

0.24 0.26 0.28 0.30 0.32 0.34 t,s

 
Fig. 17: Measured pressure and time of arrival of experiment EIHP0424. 
 
 



Table 17: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 273 
25 278.55 
77.5 282.49 
130  
182.5 287.65 
231.5 290.8 
287.5 294.6 
340 296.56 
392.5 298.8 
445 311.9 
460 337.5 

 
 
Table 18: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 27.027027 
0.5125 133.248731 
1.3 203.488372 
2.07 155.555556 
2.595 147.368421 
3.1375 267.857143 
3.6625 234.375 
4.1875 40.0763359 
4.525 5.859375 
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Fig. 18: Flame velocity of EIHP0424. 
 



1.3.3 Experiment EIHP0420, BR=60%, C3H8= 4%, venting =5° 
 

0.1 0.2bar
0.25 0.2bar

0.775 0.2bar

1.3 0.1bar

1.825 0.1bar

2.875 0.1bar

3.4 0.1bar
X,m

0.25 0.30 0.35 0.40 0.45 0.50 0.55 t,s

 
 

0.1 0.02  V
0.25 0.1  V

0.775 0.02  V

1.825 0.05  V

2.315 0.005  V

2.875 0.05  V

3.4 0.02  V

3.925 0.02  V

4.45 0.05  V
4.6 0.02  V

X,m

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 t,s

 
Fig. 19: Measured pressure and time of arrival. 
 
 



Table 19: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 273.2 
25 278.37 
77.5 282.45 
130  
182.5 289.9 
231.5 295 
287.5 299.7 
340 304.29 
392.5 308.66 
445 336.04 
460 370.05 

 
 
Table 20: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.175 29.0135397 
0.5125 128.676471 
1.3 140.939597 
2.07 96.0784314 
2.595 119.148936 
3.1375 114.379085 
3.6625 120.1373 
4.1875 19.17458 
4.525 4.41046751 
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Fig. 20: Flame velocity. 
 



2. Configuration 2 
 
2.1  Experiment EIHP0502, BR=60%, H2=30%, venting =0°, no balloon 
 

0.1 2bar
0.25 2bar

0.775 20bar

1.3 5bar

1.825 10bar

2.315 10bar

2.875 5bar

3.4 5bar

3.925 0.005bar

4.45 10bar
4.6 0.02bar

X,m

0.190 0.191 0.192 0.193 0.194 0.195 0.196 0.197 0.198t,s

 
 

0.1 0.5V
0.25 0.5V

0.775 0.5V

1.3 0.5V

1.825 0.5V

2.315 0.5V

2.875 0.5V

3.4 0.5V

3.925 0.5V

4.45 0.5V
4.6 0.5V

X,m

0.190 0.191 0.192 0.193 0.194 0.195 0.196 0.197 0.198t,s

 
Fig. 21: Measured pressure and time of arrival. 



 

1 0.1bar

2 0.1bar

5 0.1bar

10 0.01barX,m

0.18 0.19 0.20 0.21 0.22 0.23 0.24 t,s
 

 

1 0.05

2 0.05

10 0.05
X,m

0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 t,s

 
Fig. 22: Measured pressure outside the tube in a distance of 1, 2, 5, and 10 

m.(upper: unfiltered, lower: filtered data). 
 
 



2.38 0.1bar

0.54 0.05bar

1.33 0.05bar

3.48 0.05bar

4.21 0.1barX,m

0.194 0.195 0.196 0.197 0.198 0.199 0.200 0.201 0.202t,s
 

Fig. 23: Measured pressure along the tube in a distance of 1m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 21: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 191.05 
28 192.38 
80.5 193.05 
133 193.39 
185.5 193.7 
234.5 193.99 
290.5 194.35 
343 194.68 
395.5 194.98 
448 195.31 
  

 
Table 22: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.19 135 
0.5425 784 
1.0675 1544 
1.5925 1694 
2.1 1690 
2.625 1556 
3.1675 1591 
3.6925 1750 
4.2175 1591 

 
Table 23: Measured maximum pressure outside the tube 

 
Distance, m Pressure, bar 
1 0.096 
2 0.091 
5 --- 
10 0.013 

 
Table 24: Blast wave impulse outside the tube 

 
Distance, m Impulse, mbar*s 
1 0.06 
2 0.045 
5 --- 
10 0.014 

 
 

 
 
 
 



2.2   Experiment EIHP0509 BR=60%, H2=30%, venting =20, with balloon 
 

0.1 1bar
0.25 1bar

0.775 1bar

1.3 1bar

1.825 2bar

2.315 1bar

2.875 2bar

3.4 2bar

3.925 0.002bar

4.45 1bar
4.6 10bar

X,m

0.260 0.265 0.270 0.275 0.280t,s

 
 

0.1 0.5V
0.25 0.5V

0.775 0.5V

1.3 0.5V

1.825 0.5V

2.315 0.5V

2.875 0.5V

3.4 0.5V

3.925 0.5V

4.45 0.5V
4.6 0.05V

X,m

0.260 0.265 0.270 0.275 0.280t,s

 
Fig. 24: Measured pressure and time of arrival. 
 
 



 

1 0.1bar

2 0.05bar

5 0.02bar

10 0.01bar
X,m

0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 t,s

 
 

1 0.05

2 0.05

5 0.05

10 0.05X,m

0.26 0.27 0.28 0.29 0.30 0.31 t,s

 
Fig. 25: Measured pressure outside the tube in a distance of 1, 2, 5, and 10 

m.(upper: unfiltered, lower: filtered data). 
 



2.38 0.1bar

0.54 0.05bar

1.33 0.1bar

3.48 0.2bar

4.21 0.2bar
X,m

0.260 0.265 0.270 0.275 0.280t,s

 
Fig. 26: Measured pressure along the tube in a distance of 1m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 25: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 265 
28 266 
80.5 268 
133 269 
185.5 270 
234.5 271 
290.5 272 
343 273 
395.5 274 
448 275 
  

 
Table 26: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
19 146 
54.25 449 
106.75 420 
159.25 530 
210 510 
262.5 463 
316.75 505 
369.25 553 
421.75 847 

 
Table 27: Measured maximum pressure outside the tube 

 
Distance, m Pressure, bar 
1 0.181 
2 0.0885 
5 0.0293 
10 0.0104 

 
Table 28: Blast wave impulse outside the tube 

 
Distance, m Impulse, mbar*s 
1 0.22 
2 0.15 
5 0.08 
10 0.038 

 
 

 
 
 
 



2.3   Experiment EIHP0508, BR=60%, H2=30%, venting =20, no balloon 
 

0.1 1bar
0.25 1bar

0.775 1bar

1.3 1bar

1.825 2bar

2.315 1bar

2.875 2bar

3.4 1bar

3.925 0.001bar

4.45 1bar
4.6 2bar

X,m

0.190 0.192 0.194 0.196 0.198 0.200 0.202 0.204 0.206 0.208 t,s

 
 

0.1 0.5V
0.25 0.5V

0.775 0.5V

1.3 0.5V

1.825 0.5V

2.315 0.5V

2.875 0.5V

3.4 0.5V

3.925 0.5V

4.45 0.5V
4.6 0.1V

X,m

0.190 0.192 0.194 0.196 0.198 0.200 0.202 0.204 0.206 0.208 t,s

 
Fig. 27: Measured pressure and time of arrival. 
 
 



 

1 0.1bar

2 0.05bar

5 0.5bar

10 0.01bar
X,m

0.19 0.20 0.21 0.22 0.23 0.24 t,s

 

2 0.05

1 0.05

10 0.05X,m

0.19 0.20 0.21 0.22 0.23 0.24 t,s

 
Fig. 28: Measured pressure outside the tube in a distance of 1, 2, 5, and 10 

m.(upper: unfiltered, lower: filtered data). 
 



2.38 0.1bar

0.54 0.05bar

1.33 0.1bar

3.48 0.2bar

4.21 0.2bar
X,m

0.190 0.192 0.194 0.196 0.198 0.200 0.202 0.204 0.206 0.208 t,s

 
Fig. 29: Measured pressure along the tube in a distance of 1m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 29: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 195.4 
28 196.69 
80.5 197.83 
133 199.08 
185.5 200.02 
234.5 200.99 
290.5 202.21 
343 203.32 
395.5 204.4 
448 205.48 
  

 
Table 30: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
19 139.5 
54.25 460.5 
106.75 420 
159.25 558.5 
210 505. 
262.5 459. 
316.75 473 
369.25 486 
421.75 486 

 
Table 31: Measured maximum pressure outside the tube 

 
Distance, m Pressure, bar 
1 0.1985 
2 0.081 
5 --- 
10 0.0079 

 
Table 32: Blast wave impulse outside the tube 

 
Distance, m Impulse, mbar*s 
1 0.095 
2 0.045 
5 --- 
10 0.006 

 
 
 
 
 
 



2.4    Experiment EIHP0517, BR=60%, H2=30%, venting =20°, with balloon, every 
         second open 

0.1 1bar
0.25 2bar

0.775 10bar

1.3 5bar

1.825 10bar

2.315 5bar

2.875 5bar

3.4 5bar

3.925 5bar

4.45 5bar
4.6 10bar

X,m

0.260 0.262 0.264 0.266 0.268 0.270 0.272 0.274 0.276t,s

 
 

0.1 0.5  V
0.25 0.5  V

0.775 0.5  V

1.3 0.5  V

1.825 0.5  V

2.315 0.5  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.5  V

X,m

0.260 0.262 0.264 0.266 0.268 0.270 0.272 0.274 0.276t,s

 
Fig. 30: Measured pressure and time of arrival. 
 
 



 

1 0.2bar

2 0.1bar

5 0.05bar

10 0.01bar
X,m

0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 t,s

 
 

1 0.1

2 0.1

5 0.1

10 0.1X,m

0.25 0.30 0.35 0.40 0.45 0.50 0.55 t,s

 
Fig. 31: Measured pressure outside the tube in a distance of 1, 2, 5, and 10 

m.(upper: unfiltered, lower: filtered data). 
 



0.54 0.1bar

1.33 0.2bar

3.48 0.2bar

4.21 0.2bar
X,m

0.260 0.265 0.270 0.275 0.280 0.285t,s

 
Fig. 32: Measured pressure along the tube in a distance of 1m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 33: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 263.3 
28 265.05 
80.5 265.73 
133 266.07 
185.5 266.37 
234.5 266.69 
290.5 267.02 
343 267.37 
395.5 267.67 
448 268.02 
  

 
Table 34: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.19 103 
0.5425 772 
1.0675 1544 
1.5925 1750 
2.1 1531 
2.625 1697 
3.1675 1500 
3.6925 1750 
4.2175 1500 

 
Table 35: Measured maximum pressure outside the tube 

 
Distance, m Pressure, bar 
1 0.26 
2 0.1889 
5 0.074 
10 0.036 

 
Table 36: Blast wave impulse outside the tube 

 
Distance, m Impulse, mbar*s 
1 0.35 
2 0.22 
5 0.118 
10 0.058 

 
 
 
 
 
 



2.5    Experiment EIHP0516, BR=60%, H2=30%, venting =20°, no balloon, every 
         second open 

0.1 1bar
0.25 2bar

0.775 10bar

1.3 5bar

1.825 10bar

2.315 10bar

2.875 5bar

3.4 5bar

3.925 5bar

4.45 5bar
4.6 20bar

X,m

0.282 0.283 0.284 0.285 0.286 0.287 0.288 0.289 0.290 0.291 t,s

 
 

0.1 0.5  V
0.25 0.5  V

0.775 0.5  V

1.3 0.5  V

1.825 0.5  V

2.315 0.5  V

2.875 0.5  V

3.4 0.5  V

3.925 0.5  V

4.45 0.5  V
4.6 0.5  V

X,m

0.282 0.283 0.284 0.285 0.286 0.287 0.288 0.289 0.290 0.291 t,s

 
Fig. 33: Measured pressure and time of arrival. 
 
 



 

1 0.1bar

2 0.1bar

5 0.05bar

10 0.01bar
X,m

0.28 0.29 0.30 0.31 0.32 0.33 t,s

 
 

1 0.05

2 0.05

5 0.05

10 0.05X,m

0.280 0.285 0.290 0.295 0.300 0.305 0.310 0.315 t,s

 
Fig. 34: Measured pressure outside the tube in a distance of 1, 2, 5, and 10 

m.(upper: unfiltered, lower: filtered data). 
 
 



0.54 0.05bar

1.33 0.1bar

3.48 0.1bar

4.21 0.1bar
X,m

0.280 0.285 0.290 0.295 0.300 0.305 t,s

 
Fig. 35: Measured pressure along the tube in a distance of 1m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 37: Flame position from time of arrival 
 

Tube position (cm) Arrival time (ms) 
10 283.7 
28 284.41 
80.5 286.09 
133 286.44 
185.5 286.74 
234.5 287.07 
290.5 287.42 
343 287.77 
395.5 288.06 
448 288.42 
  

 
Table 38: Calculated flame velocity of time of arrival 

 
Position (m) Velocity (m/s) 
0 0 
0.19 254 
0.5425 313 
1.0675 1500 
1.5925 1750 
2.1 1485 
2.625 1600 
3.1675 1500 
3.6925 1810 
4.2175 1458 

 
Table 39: Measured maximum pressure outside the tube 

 
Distance, m Pressure, bar 
1 0.1954 
2 0.12 
5 0.0528 
10 0.019 

 
Table 40: Blast wave impulse outside the tube 

 
Distance, m Impulse, mbar*s 
1 0.13 
2 0.08 
5 0.035 
10 0.016 
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