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1. Introduction 
At the 2006 NHA Conference in Long Beach we described ongoing work aimed at 

understanding the potential deflagration hazard consequences associated with high-

pressure leaks from hydrogen vehicle refuelling systems [1]. This work has now been 

completed and in this paper we describe some of the results from the study. 

 

This paper describes experiments within a simulated refuelling station forecourt 

environment, with dispenser units and a dummy vehicle.  The experiments range from 

a so-called ‘worst-case scenario’ where the vehicle and dispensers are enveloped by a 

pre-mixed hydrogen-air cloud, to a high-pressure leak representing an uncontrolled 

full-bore failure of a vehicle refuelling hose, and finally a similar failure of the 

refuelling hose where the release of hydrogen is controlled by the safeguards within 

the dispensing system.  In all cases an electric spark was used to ignite the flammable 

cloud.  Measurements were made of the explosion overpressure generated, its 

evolution with time, and its decay with distance. 

 

The worst-case scenario is often used when assessing explosion hazards because it is 

within the capabilities of current modelling techniques.  Typically the extent of the 

optimally pre-mixed flammable cloud is taken to envelop the congested region and a 

little beyond.  If the flammable cloud were to extend far beyond the congested region 

it would not greatly increase the severity of the event because the deflagration will 

decelerate once it leaves the congestion. 

 

The results reported in this paper compare two of the experiments: a pre-mixed cloud 

and a 40 MPa (5800 psi) jet release.  The set-up and release conditions for these 

experiments were provided for modelling studies within HySafe (EU Network of 

Excellence on hydrogen safety) and HyApproval (EU project developing a handbook 

for the approval of hydrogen refuelling stations).  This paper is intended to allow 

detailed comparison of the experimental results with those derived from modelling. 

 

It is important to note that the results presented for both the pre-mixed cloud and the 

jet release are conservative because in practice the safeguarding system will limit the 

quantity of hydrogen that can be released accidentally to far less than that used in 

these experiments.  Further work is underway to demonstrate the actual response of a 

hydrogen dispensing system to a refuelling hose failure.  
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2. Refuelling station congestion 
The simulated refuelling station consisted of two “dispensers”, a “vehicle” and a 

confining wall representing either a large vehicle or an actual wall. The need for a 

canopy over the refuelling station was rejected on the grounds that it would not 

significantly alter the development of an explosion among the congestion within 

2.5 m of the ground and any flimsy canopy would certainly be destroyed. Two 

simulated hydrogen dispensers were fabricated as 0.6 m x 0.9 m x 2.1 m high steel 

boxes that were flanged at the bottom so that they could be bolted to a concrete pad. 

The vehicle was fabricated by fixing 8 mm thick steel plate to a steel framework. The 

“passenger” section was 1.7 m wide, 1.3 m high and 3.8 m long and the “engine bay” 

section was 1.7 m wide, 0.8 m high and 0.7 m long. The “passenger” section was 

welded so that no gas could get in and the “engine bay” section left open at the 

bottom so it could fill with gas. Two lengths of steel braced the end of the “engine 

bay” against the top of the “passenger compartment. The assembly was raised 0.3 m 

off the ground by braced L-section supports representing the wheels. The vehicle was 

bolted to a concrete pad. For the premixed hydrogen-air trial, the refuelling station rig 

was surrounded by a 5.4 m x 6.0 m x 2.5 m frame. The top, sides of the frame and the 

outside of the wall were covered with a thin (23 µm) plastic film. A photograph of the 

refuelling station rig (with a vehicle adjacent to provide an indication of scale) used 

for the jet release is given in Figure 1(a) and the rig with the plastic film in position is 

illustrated in Figure 1(b). 

 

Figure 1(a). Jet release rig Figure 1(b). Pre-mixed cloud rig 

 

The overall volumes of hydrogen/air contained within the refuelling rig was 70.16 m
3
 

with both dispensers sealed. The corresponding volume % blockage was 13.4%. The 

engine bay and dispenser (each) volumes were 0.88 m
3
 and 1.13 m

3
, respectively. 

The dimensions of the rig, release and ignitions positions and the directions of 

pressure measurement are illustrated in Figure 2. Note that the dispensers were 1.90 m 

apart in the Advantica facility compared to the 2.00 m used in HSL facility and were 

slightly displaced relative to the “vehicle”. 
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Figure 2. Layout, ignition and sensor positions 

 

3. Experimental Arrangement 
3.1 Pre-mixed hydrogen-air trial 

The premixed hydrogen-air experiments were performed at the trials site of the Health 

and Safety Laboratory at Buxton. Hydrogen and air for filling the rig and carbon 

dioxide for purging the ducts were supplied from standard cylinders. Each gas was 

piped from the cylinders to the test facility via a pressure regulator and a remotely 

controlled flow valve. The fuel supply line was split into four amplifier outlets, 

positioned ~150 mm above ground level each corner of the rig and one under the 

“engine bay”. When necessary, additional mixing was achieved by use of a supply of 

compressed air fed to the rig through a large air amplifier pointing to the underside of 

the “vehicle” and a smaller one under the “engine bay”. An induction coil spark unit, 

activated using the remote control system, provided ignition. The ignition position 

was 1.25 m above the ground midway between the dispensers. The ignition spark was 

detected and logged using a pick-up coil mounted on the HT supply cable to the spark 

plug. Normally, the type of spark used would have ignition energy of ca. 50 mJ. 

 

3.2 Jet release facility 

The jet release was performed at the Advantica test facility at Spadadam. The release 

facility comprised a 0.25 m
3
 water capacity storage cylinder that could be filled with 

hydrogen up to pressures of 40 MPa. The cylinder was filled from commercial 

hydrogen gas cylinders using a two stage pneumatically driven Haskell pump. The 

outlet of the hydrogen storage cylinder was connected to a 12 m long, 15 mm i.d. 

flexible hose that supplied a manifold that housed the release nozzle. The release 

nozzle was directed vertically downwards from a height of 1.2 m above the ground to 

a position mid-way between dispenser (‘engine’ bay end) and ‘vehicle’. The manifold 

housing the release nozzle also contained pressure and temperature instrumentation 

and a remotely operated 1” ball valve.  

The period of time between the valve being fully open and beginning to close was set 

by a timer relay. This time is referred to as the release delay time. In reality, hydrogen 

was released for greater than this time due to the time taken to fully open and close 

the valve. A shuttle valve was installed in the pneumatic control line to reduce the 



valve closing time to approximately 2.5 seconds. A thermocouple and pressure 

transducer installed on the non-pressurised side of the ball valve. A high voltage spark 

probe connected to a step-up transformer supplied by a 240V supply provided the 

ignition source. The ignition position was in the centre of the ‘engine’ bay. The time 

input to the relay unit was synchronised with a proximity switch on the valve used to 

initiate the releases. The relay then operated once the valve was fully open and 

initiated the spark at a set time after this time input pulse. Using this system, the spark 

was initiated at a specific time after the initiation of the hydrogen release. 

 

4. Release Characterisation 
4.1 Pre-mixed cloud 

The concentration of fuel gas in the congestion rig was derived from measurements of 

the oxygen concentration using AO2 Oxygen CiTicel or International Technologies 

Automotive Oxygen sensors distributed throughout the rig. It was assumed 

(confirmed by calibration trials) that any decrease in the concentration of oxygen was 

caused by displacement of air by hydrogen gas. The sample standard deviation of the 

mean oxygen concentration was usually about + 0.3 %. The temperature inside the rig 

was measured using a 3 mm stainless steel sheathed RTD mounted at about half-

height on a dispenser and the relative humidity (RH) was measured using a calibrated 

Honeywell HIH 3610 series sensor, located adjacent to it. 

 

4.2 Jet release 

The wind speed was measured at heights of 3.00 m, 4.85 m and 8.40 m above local 

ground level by lightweight cup anemometers (Vector Instruments type A100) 

mounted on a weather mast located approximately 95 m from the test rigs. The 

pressure of the hydrogen in the hydrogen storage vessel and close to the release 

nozzle were measured using Druck type PTX 510 series pressure transmitters with a 

range of 0 -60 MPa with a quoted accuracy of ± 0.15% of full scale range and a 

response time of 0.3 s. The temperature of the hydrogen in the hydrogen storage 

vessel and close to the release nozzle were measured using type T thermocouples 

connected to temperature transmitters with an accuracy of ± 0.5 
o
C. The response time 

of these thermocouples was ca. 1 s. 

 

5. Derivation of quantity of hydrogen released 
5.1 Pre-mixed cloud 

The partial pressure of hydrogen (Phydrogen) is given by: 

  

)(1 vapourwateretcnitrogenoxygenhydrogen PPPP ++−=        

 

The oxygen partial pressure (Poxygen) was taken as the measured percentage 

concentration divided by 100. The partial pressure of nitrogen, argon and other inert 

atmospheric gases (Pnitrogen etc) was derived from the ratio of oxygen to inert gases in 

dry air and the partial pressure of water vapour (Pwater vapour) was derived from the 

saturated vapour pressure for the temperature and relative humidity measured inside 

the refuelling rig. To simplify the calculations, the saturated vapour pressure of water 

in the air and hydrogen gas mixture was assumed to be the same as that for air alone. 

The hydrogen/oxygen ratio for complete combustion of hydrogen is 2 and hence the 

stoichiometric ratio (S), was given by: 
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The mass ( gM , kg) of hydrogen in the rig was calculated as follows: 
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Where Vfree is free volume inside the rig (70.16 m
3
), mwt is the molecular weight of 

hydrogen (0.002016 kg), Patmospheric is the atmospheric pressure (kPa) and T  is the gas 

temperature (
o
C). 

5.2 Jet release 

The basic data available for each trial was the nozzle pressure, the vessel pressure, the 

synchronisation pulse, the hydrogen release temperature and hydrogen storage 

temperature. Cheng et al. [2] give the compressibility (Z) of hydrogen as: 
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where: P is the pressure (Pa), dH2 is the hydrogen co-density (129 kg m
-3

), RH2 is the 

gas constant for hydrogen (4124 J kg
-1

 K
-1

) and T is the temperature (K). Using this 

compressibility, the mass per unit volume ( ρ , kg m
-3

) is given by: 

TZR

P
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=ρ           

      

The mass of hydrogen released ( ρ V kg) was calculated from the reservoir and pipe 

work volume (0.252 m
3
) and the pressure and temperature of the gas in the reservoir. 

Calculations were performed using the starting pressure and temperature to derive the 

initial amount of hydrogen; pressure and temperature at the start of the spark ignition 

to derive the amount of hydrogen available at ignition; and final pressure and 

minimum temperature to derive the total amount of hydrogen released. A semi-

independent (the compressibility was calculated in the same way) method was used to 

give an approximate crosscheck. The single-phase relief valve equation (see Etchells 

and Wilday, [3]) was used to calculate the gas flow rate per unit area ( gG , kgm
-2

s
-1

): 
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where CD is the discharge coefficient (0.9 estimated), Pupstream is the upstream pressure 

(Pa), CSV is a constant based on isentropic coefficient (k) (0.00752 for k=1.41), MW is 

the hydrogen molecular weight (2.016 kg kmole
-1

), Tupstream is the upstream 

temperature (K) and FB is the back pressure correction factor (1 for this trial.). The 

flow rate was calculated for the initial pressure and temperature and the pressure and 

temperature at the start of sparking and the mean flow rate (Gm, kgm
-2

s
-1

) taken as the 

average. The mean flow rate, nozzle area (A, m
2
) and time (t, s) between the start of 



pressure drop and the initiation of the ignition spark was used to calculate the mass 

(m, kg) released on sparking: 

 

AtGm m=           

      

6. Overpressure measurements 
For the pre-mixed cloud trial, Brüel & Kjær 8103 hydrophones were used to record the lower 

overpressures measured at distance and Kulite Series ETL-345F-375M 4 MPa piezo-resistive 

transducers were used to measure the close in overpressures. The hydrophones had a 

measurement error of + 0.5 kPa and were fitted with shields. The Kulite sensors had a 

measurement error of + 0.8 kPa and were also fitted with shields against the heat and light. 

For the jet release, PCB type M102A06 transducers were used which were mounted in either 

die cast boxes and fixed to a permanent structure such as the concrete wall or concrete pad so 

that they measured the load received by the structure or they were mounted in saucer-shaped 

aerodynamic housings fixed to stands such that they measured the free field overpressure. The 

M10206s were coated in silicon grease and aluminium foil to prevent heat effects during the 

passage of the flame front during the explosion. The hydrophones were mounted in poles and 

the piezo-resistive sensors were mounted in either streamlined blocks fixed into a short length 

of scaffolding either fixed to a dispenser or to a ground mounting or to blocks fixed into 

scaffolding poles set into the concrete wall blocks. Satisfactory comparisons were made 

between co-located hydrophones and Kulites, and between Kulites and the CB type M102A06 

transducers used in the jet release trials. The positions (see Figure 2 for directions) of the 

overpressure sensors parallel to or away from the wall are summarised in Table 1. 

Table 1.  Overpressure sensor positions from centre of vehicle away from and parallel to wall 

Sensors from centre of vehicle  

away from wall 

Sensors from centre of vehicle  

parallel to wall 

Pre-mixed cloud Jet release Pre-mixed cloud Jet release 

Sensor 

(height 

(m)) 

Dist-

ance 

(m) 

Sensor 

(height 

(m)) 

Dist-

ance 

(m) 

Sensor 

(height 

(m)) 

Dist-

ance 

(m) 

Sensor 

(height 

(m)) 

Dist-

ance 

(m) 

K3 

(0.15) 

0  2 (0.08) 0 K2(0.15) -1.45 1 (0.08) -1.50 

K5 

(1.25) 

3.05   K3 (0.15) 0 2 (0.08) 0 

K6 

(1.25) 

4.85 14 

(1.25) 

4.85 K4 (0.15) 1.5 3 (0.08) 1.90 

  15 

(1.25) 

8.85 K10 

(1.25) 

4.0   

  16 

(1.25) 

12.85 K11 

(1.25) 

6.75 10 (1.25) 6.70 

H15 

(1.5) 

14.0

5 

17 

(1.25) 

16.85   11 (1.25) 10.70 

H16 

(3.5) 

30.0

5 

    12 (1.25) 14.70 

      13 (1.25) 18.70 

 

The positions of the wall and dispenser mounted overpressure sensors are summarised 

in Table 2. 

 

 



Table 2.  Wall and dispenser mounted overpressure sensor positions 

Pre-mixed cloud Jet release 

Sensor Distance from 

centre of wall 

(m) 

Height 

above 

ground 

(m) 

Sensor Distance 

from centre 

of wall 

(m) 

Height above 

ground 

(m) 

KW12 -0.4 0.3 6 0 0.08 

KW13 -0.4 1.5 5 0 2.10 

KW14 -0.4 4.5 4 0 4.2 

KW7 2.2 1.5 7 2.6 1.25 

KD1 On dispenser 1.25 9 On dispenser 1.25 

 

 

7. Data logging and processing 
For the pre-mixed cloud trial, the concentration data and the weather station output 

were logged at a frequency of 0.5 Hz. Overpressure measurements were logged in 

burst mode at a frequency of 50 kHz and the data then processed on saving. The data 

in the regions of high congestion (e.g. underneath the vehicle) was very noisy and was 

difficult to analyse without smoothing and hence 25 point (0.48 ms) moving average 

smoothing was used. Average smoothing the data has the effect of reducing the peak 

height by 20% to 40%.  

The hydrogen pressure, temperature and the wind speed and direction data from the 

jet release were logged at a rate of 10 Hz. Each recorded data point was the average of 

ten readings taken within the 10 Hz-logging period. The overpressure data from the 

pressure transducers was recorded at a rate of 25 kHz. The overpressure data was 

recorded on the transient logger with time zero corresponding to the spark firing. 

Consequently, the zero time for each experiment on each of the logging systems is not 

synchronised. However, the initiation of the spark is recorded on the logger in the 

form of a voltage pulse. The duration of this pulse does not reflect the duration of the 

spark. The spark was fired continuously for 10 s for all tests to give best possible 

chance of ignition. Time of ignition is recorded on the transient logger as an increase 

in overpressure measured by the pressure transducers.  

As with the pre-mixed cloud trial, the data in the regions of high congestion (e.g. 

underneath the vehicle) was noisy and was difficult to analyse without smoothing and 

hence 13 point (0.48 ms) moving average smoothing was used. Average smoothing 

the data has the effect of reducing the peak height by about 30%.  The peaks were 

much sharper and of much shorter duration than the corresponding pre-mixed cloud 

trial. 

During each experiment normal speed video footage was recorded. 

 

8. Operating Procedures 
For the pre-mixed cloud trial, hydrogen was used to charge the congestion rig to an 

initial concentration of flammable gas. An iterative process (involving monitoring of 

the gas temperature, humidity and concentration, calculating the equivalence ratio and 

adding further hydrogen or air) was used until the required equivalence ratio was 

achieved and the ignition system was activated. 

In the jet release trial, a remotely operated valve was opened pressurising the hose up 

to the release valve and the vessel and hose then pressurised to the required pressure. 

The release and spark ignition were activated remotely through a PC. 

 



9. Release conditions and observation 
The conditions on ignition for the pre-mixed cloud trial are summarised in Table 3 

and for the jet release in Table 4. 

Table 3. Pre-mixed trial conditions 

Parameter 

 

Pre-mixed 

cloud data 

Parameter 

 

Pre-mixed cloud 

data 

Free volume (m3) 70.16 Partial nitrogen etc 

pressure 

0.5336 

Gas mixture temperature 

(
o
C) 

28.9 Partial water vapour 

pressure 

0.0162 

Ignition position Between 

dispensers 

Partial fuel gas 

pressure 

0.3088 

Relative humidity (%) 42.1 Ratio of hydrogen to 

oxygen 

2.183 

Mean oxygen 

concentration (%) 

14.14 Equivalence ratio of 

mixture on ignition 

1.09 

Partial oxygen pressure 0.1414 Mass of hydrogen 

ignited (kg) 

1.847 

 

 

Table 4. Jet release trial conditions 

Parameter 

 

Jet release data Parameter 

 

Jet release data 

Vessel and pipe volume 

(m
3
) 

0.252 Nozzle pressure on 

sparking (MPa) 

27.91 

Orifice diameter (mm) 8 Vessel temperature 

on sparking (K) 

286.8 

Release position Downwards 

between 

dispenser and 

‘engine’ bay 

Compressibility on 

sparking 

1.233 

Ignition position ‘engine’ bay Density on sparking 

(kgm-3) 

24.37 

Delay time (s) 0.1 Flow rate on 

sparking (kgs-1) 

0.913 

Time of spark start after 

release (s) 

0.7 Vessel minimum 

pressure (MPa) 

22.15 

Wind speed at 3 m above 

ground (ms
-1

) 

3.7 Vessel minimum 

temperature (K) 

250.7 

Wind direction (o) (North 

= 0 
o
) 

24 Minimum 

compressibility 

1.166 

Initial vessel pressure 

(MPa) 

40.17 Minimum density 

(kgm
-3

) 

18.37 

Initial vessel temperature 

(K) 

289.4 Minimum flow rate 

(kgs
-1

) 

0.626 

Initial compressibility 1.261 Mass released on 

sparking (P T 

change) (kg) 

0.587 



Parameter 

 

Jet release data Parameter 

 

Jet release data 

Initial density (kgm
-3

) 26.69 Mass released on 

sparking (mean G) 

(kg) 

0.675 

Initial flow rate (kgs-1) 1.02 Total mass released 

(P T change) (kg) 

2.097 

Vessel pressure on 

sparking (MPa) 

35.53   

 

Although the total amounts of hydrogen (ca. 2 kg) of hydrogen released were similar 

in the two trials, it is estimated that only 0.7 kg was present on ignition in the jet 

release trial. 

The third frame after ignition is illustrated in Figure 3 for each trial.  The fireball from 

each trial appeared very bright. 

 

(a) Pre-mixed cloud trial (b) 40 MPa jet release 

Figure 3. Third frame after ignition 

 

 

10.  Comparison of results 
10.1 Pressure traces 

The smoothed pressure traces for the line of transducers from under the centre of the 

vehicle away from the wall are compared in Figure 4. (Note: As the jet release time 

base is not zeroed, the time has been adjusted so that the leading edge of the pressure 

trace measured at the 0 m position in each trial is in approximately the same 

positions.). The traces for the line of transducers from under the centre of the vehicle 

parallel to the wall are given on the same basis in Figure 5. Figure 6 shows the wall 

and dispenser transducer traces. 
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(a) Pre-mixed cloud trial (b) 40 MPa jet release trial 

Figure 4. Pressure traces measured away from the wall 

 
Between dispenser ignition of 1.1 stoichiometric ratio 

pre-mixed cloud (parallel to wall)
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(a) Pre-mixed cloud trial (b) 40 MPa jet release trial 

Figure 5. Pressure traces measured parallel to wall 

 

The pressure traces measured underneath the ‘vehicle’ were higher on ignition of the 

jet release than for the pre-mixed cloud. However, away from the underside of the 

‘vehicle’, they were slightly lower. 
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(a) Pre-mixed cloud trial (b) 40 MPa jet release trial 

Figure 6. Pressure traces measured on wall and dispenser 

  

In both cases, pressures measured on the wall and dispenser were highest at the 

bottom centre of the wall. The peak from the jet release trial was higher and narrower 

than from the pre-mixed cloud trial. 

Engine bay ignition after 0.1 s delay of 40 MPa jet release 
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10.2 Maximum overpressures 

The maximum overpressures measured in the directions from the centre of the vehicle 

away from the wall and parallel to the wall are plotted in Figure 7. The maximum 

overpressures measured on the wall and on the dispenser are summarised in Table 5. 
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(a) Away from wall (b) Parallel to wall 

Figure 7. Maximum overpressures away from centre of vehicle 

 

In general, the maximum overpressures measured underneath the ‘vehicle’ were much 

higher in the jet release trial than in the premixed-cloud trial. However, in the open, 

the overpressures from the pre-mixed cloud trial were slightly higher. There was some 

evidence of flame acceleration (higher overpressures) in the ‘engine bay’ for the pre-

mixed cloud trial and underneath the rear of the ‘vehicle’ in the jet release trial. 

 

Table 5.  Maximum overpressures measured on the wall and dispenser 

 
Pre-mixed cloud Jet release 

Sensor Distance 

from 

centre of 

wall 

(m) 

Height 

above 

ground 

 

(m) 

Maximum 

over-

pressure  

 

(kPa) 

Sensor Distance 

from 

centre of 

wall 

(m) 

Height 

above 

ground 

 

(m) 

Maximum 

over-

pressure  

 

(kPa) 

KW12 -0.4 0.3 29.3 6 0 0.08 86.8  

KW13 -0.4 1.5 21.5 5 0 2.10 52.0 

KW14 -0.4 4.5 18.2 4 0 4.2 37.0  

KW7 2.2 1.5 66.2 7 2.6 1.25 26.4  

KD1 On 

dispenser 

1.25 22.4 9 On 

dispenser 

1.25 54.4  

 

The maximum overpressure on the wall was measured at the bottom centre in the jet 

release trial. However, slightly lower but still high overpressures were measured at the 

end of the wall in the pre-mixed cloud trial. 

 

10.3 Impulses 

The positive and negative impulses, at distances from the side of the 6.0 m x 5.4 m 

zone away from the wall, from the premixed and jet-release trials are compared in 

Table 6. 

 

AWAY FROM WALL
DISTANCES

+

PARALLEL TO WALL
DISTANCES+

-



Table 6. Comparison of positive and negative impulses 

 
Positive impulse Negative impulse Dist-

ance 

 

(m) 

Hydrogen 

 

 

(kg) 

Trial 

Maximum 

pressure 

(kPa) 

Duration 

 

(s) 

Impulse 

 

(kPa.s) 

Minimum 

pressure 

(kPa) 

Duration 

 

(s) 

Impulse 

 

(kPa.s) 

2.3 1.85 Cloud 18.7 0.049 0.26 -7.9 0.086 -0.36 

2.3 0.59 Jet 14.8 0.037 0.09 -6.0 0.039 -0.06 

11.5 1.85 Cloud 11.3 0.046 0.14 -5.3 0.068 -0.16 

10.3 0.59 Jet 6.6 0.036 0.04 -2.2 0.027 -0.02 

 

Both the positive and negative impulses were much higher from the premixed trial 

than for the jet-release trial at the corresponding distances. 

 

11.  Conclusions 
The overall conclusions from these refuelling station trials are: 

(a) Locally high overpressures (up to 180 kPa underneath the ‘vehicle’ and 87 kPa 

on a nearby wall) occurred within the refuelling station. 

(b) The highest overpressures in the far field were from ignition of premixed 

hydrogen-air;  

(c) Both the positive and the negative impulses were much higher for premixed 

ignition than for jet ignition; and 

(d) The results will be valuable for validating the models that will be needed to 

assess configurations and conditions beyond those studied experimentally. 

 

The results obtained from both premixed clouds and jet releases are conservative 

because in practice the safeguarding systems should limit the quantity of hydrogen 

that can be released accidentally to less than that used in these experiments. 
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