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Publishable Short Summary
Work package four of the PRESLHY project focuses on ignition phenomena. This report
summarises computational modelling work which was carried out to complement the
experimental programme. Three particular scenarios have been considered: firstly, the
determination of the MIE in hydrogen-air mixtures at arbitrary composition and initial
temperature; secondly, the effect of hydrogen temperature decrease on pressure limit leading to
spontaneous ignition in a T-shaped channel and thirdly, the investigation of the condensation of
oxygen over an evaporating LH2 pool and its potential to cause highly energetic events after
ignition.
The CFD model was seen to predict accurately experimentally measured MIE for both ambient
and cryogenic temperature hydrogen-air mixtures. Thus, the model can be used as a means of
calculations of potential hazards in hydrogen safety engineering.
A LES approach was employed to investigate the effect of hydrogen temperature decrease on
pressure limit leading to spontaneous ignition in a T-shaped channel. For cryogenic hydrogen
(80 K), it was found that a pressure approximately 4 times larger than for warm hydrogen is
required to trigger ignition and sustain combustion outside the T-shaped channel, which could
likely lead to a hydrogen jet fire.
CFD modelling can be used to investigate the formation of cryogenic hydrogen and condensed
oxygen mixtures. CFD simulations can be used to support experimental investigations where it
may not be possible to exactly define the underlining cause of highly energetic events following
combustion of cold hydrogen/oxygen mixtures.
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1 Introduction
Work package four of the PRESLHY project focuses on ignition phenomena. This report
summarises computational modelling work which was carried out to complement the
experimental programme. Three particular scenarios have been considered: firstly, the
determination of the MIE in hydrogen-air mixtures at arbitrary composition and initial
temperature (Section 2); secondly, the effect of hydrogen temperature decrease on
pressure limit leading to spontaneous ignition in a T-shaped channel (Section 3) and
thirdly, the investigation of the condensation of oxygen over an evaporating LH2 pool
and its potential to cause highly energetic events after ignition (Section 4).

2 Numerical determination of MIE by spark ignition (UU)
Spark capacitive discharge is the most common technique to determine minimum ignition
energy (MIE) for flammable mixtures in experiments (Kumamoto et al., 2011). From a
safety point of view, it is the most common type of electrostatic discharge associated to
ignition hazards (Pratt, 2000).
The MIE of a hydrogen-air mixture is reported as 0.017 mJ in proximity of the
stoichiometric composition (ISO/TR 15916, 2004). This value is much lower than other
flammable gases, such as methane or ethane, usually characterised by MIE greater than 0.1
mJ (Lewis and Von Elbe, 1961). The MIE changes depending on the oxygen content in the
mixture, decreasing to a value as low as 0.0057 mJ for air containing 35% by vol. of oxygen
(Kumamoto et al., 2011). MIE for mixtures of hydrogen-oxygen can hardly be measured
by usual experimental apparatus. Kuchta (1985) reported a value as low as 0.0012 mJ.
The experimental apparatus may also affect the measured MIE, leading to up to twice
difference for lean mixtures, as showed by (Kuchta, 1985) for comparison with data from
(Lewis and Elbe, 1961) and (Calcote et al., 1952).
The scope of the present computation study is to develop and validate a CFD model capable
to reproduce the MIE curve for several hydrogen concentrations and initial temperatures of
the mixture. The novelty of the study is given by the employment of more accurate 3D
simulations and the expansion of validation range to cryogenic mixtures.
The CFD modelling complements and supports the analytical modelling for determination
of MIE performed by UU and presented in PRESLHY D6.5. The CFD model allows to
give insights into the effect of the experimental apparatus features, e.g. the electrodes’ size.
Furthermore, it gives further insights into the dynamics of the process, flame kernel
development, effect of conductive or radiative losses, etc.
Simulations results are compared against experiments performed by (Lewis and Elbe,
1961) and (Ono et al., 2007) for ambient temperature hydrogen-air mixtures. Experiments
performed within PRESLHY project by INERIS (Proust, 2021) were used to assess the
CFD model predictive capability at cryogenic temperatures.
2.1

CFD model, numerical details and assumptions

The CFD approach employs detailed chemical kinetics, including 13 chemical species and
37-step reduced chemical reaction for hydrogen-air combustion. The model takes account
of radiation losses through the Discrete Ordinates method. A Courant Friedrichs Lewis
number equal to 0.3 is imposed in calculations. The numerical formation process of the
flame kernel is expected to be axisymmetrical, therefore only a quarter of a sphere with
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radius 5 mm is used as numerical domain. The numerical grid has a total of approximately
138,000 control volumes. Simulations were performed for hydrogen concentration in air in
the range 10-55%, as reported in Table 1.
It is assumed that the spark has duration 1 μs and all the nominal stored energy is available
to ignite the mixture. Energy is released in a cylindrical channel with height equal to the
spark gap and radius equal to 100 μm, following observations in (Benmouffok et al., 2018).
For ambient temperature mixtures, the spark gap, i.e. the distance in between needle to
needle electrodes, is varied in the range 0.5-2 mm depending on experimental tests by (Ono
et al., 2007). Table 1 reports the electrodes gap considered for each tested concentration.
The electrodes are tungsten cylindrical bars made with diameter 1 mm with a 40° angle tip.
The tip diameter is 0.3 mm as in (Ono et al., 2007). The model takes account of conductive
losses to the electrodes.
Table 1. Hydrogen concentration and electrodes gap in simulations for ambient temperature
mixtures.

Test
1
2
3
4
5
6
6

H2 by vol. in air, %
10
14
22
29
35
45
55

Electrodes gap, mm
2.0
1.0
0.5
0.5
1.0
1.0
2.0

For cryogenic temperature mixtures, the spark gap is equal to 0.5 mm, as in experiments
by Proust (2021). Table 2 reports the hydrogen concentrations tested in simulations.
Table 2. Hydrogen concentration and electrodes gap in simulations for cryogenic temperature
mixtures.

Test
1
2
3
4
2.2

H2 by vol. in air, %
20
30
40
60

Electrodes gap, mm
0.5
0.5
0.5
0.5

Simulation results for ambient temperature mixtures

2.2.1 Determination of MIE
The minimum ignition energy is determined by progressively reducing the energy released
in the spark channel and verify until which value released energy leads to ignition. The
release of energy in a short time (spark duration is assumed to be 1 µs) causes a steep
increase of temperature in the spark channel to values that could reach 10000 K (Terao,
2007). After stopping the release energy, temperature quickly decreases because of losses
and mixing with the fresh mixture. In simulations the ignition is considered to verify when
there is formation of a flame kernel propagating outwards the spark channel. Presence of
hydroxyl (OH) radical mole fraction, accumulation of combustion products (water vapor)
and high temperatures are used as indication of a successful ignition. The following criteria
are considered to determine the ignition failure: decrease of temperature below 600 K, lack
of sustainment of OH radical production and absence of water vapour accumulation in the
domain.
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Figure 1 shows the ignition energies resulting in ignition or failure to ignite in simulations
for the cases reported in Table 1. The absolute MIE is found for hydrogen concentration in
air 22 and 29% by vol and is equal to 15 μJ. Conversely, the mixtures fail to ignite for IE=
12 μJ. Simulation results well reproduce experimental measurements and widely accepted
MIE of 17 μJ. The CFD model is extended to the assessment of MIE for lean and rich
hydrogen-air mixtures by changing the spark gap accordingly. Simulated ignition energies
for hydrogen concentrations 10 and 14% by vol in air for spark gaps 2 and 1 mm
respectively, perfectly agree with experimental measurements by (Ono et al., 2007). For
rich mixtures, simulations conservatively predict experimental measurements. This may be
due to an increase of ionisation losses, which would increase for increasing released energy
(Jarosinski and Veyssiere, 2009), which are not taken into account in the numerical
modelling. Overall, it is found that simulations results well predict experimental
measurements within the range of hydrogen concentrations 10-55 % by vol in air.
Lewis von Elbe (1961)
Proust (2021) - Gap=0.5 mm
Ono et al. (2007) - Gap=0.5 mm
Ono et al. (2007) - Gap=1 mm
Ono et al. (2007) - Gap=2 mm
CFD Ignition - Gap=0.5 mm
CFD No ignition - Gap=0.5 mm
CFD Ignition - Gap=1 mm
CFD No ignition - Gap=1 mm
CFD Ignition - Gap=2 mm
CFD No ignition - Gap=2 mm

Minimum ignition energy, mJ

10

1

0.1

0.01

0.001
0

10

20

30
40
50
60
Hydrogen concentration, %

70

80

Figure 1. Comparison of CFD calculations of MIE in hydrogen-air mixture with initial temperature
288 K against experiments by Ono et al. (2007), Lewis & von Elbe (1961) and Proust (2021).

2.2.2 Evolution of a flame kernel
The simulation results can give insights into the flame kernel growth process. Figure 2
shows the spark channel at 1 μs, which is assumed to be the spark duration. The ignition
energy used in this case was 15 μJ, which is the MIE determined in numerical simulations.
Temperature is within 2300 K and maximum OH mole fraction is of the order of 10-6.

Figure 2. Spark channel at 1 μs for T=288K, H2=29% by vol. in air, MIE=15μJ.
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OH mole fraction

Figure 3 shows the flame kernel growth from 45 to 500 μs via the temperature and OH
mole fraction contours. At 45 μs the high temperature zone is mainly located at the centre
of the spark, due to the effect of losses to the electrodes. The flame kernel starts to develop
at 100 μs, as shown by the increasing presence of OH specie. Beyond this time, the flame
starts to expand spherically. Figure 4 shows the distribution of temperature and OH mole
fraction along the direction perpendicular to the spark channel axis. Flame front
temperature establishes at about 2200K, which is slightly lower than adiabatic flame
temperature (2388 K) due to presence of losses by conduction to the electrodes and by
radiation. OH mole fraction distributions provide an indication of the reacting zone and,
thus, of the flame front location. Simulation results indicate that the burning velocity is
approximately 12 m/s.

100 µs

200 µs

300 µs

400 µs

500 µs

Temperature, K

Time: 45 µs

Figure 3. Flame kernel growth for T=288K, H2=29% by vol. in air, MIE=15μJ.
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Figure 4. Temperature (solid lines) and OH mole fraction (dashed lines) distribution along direction
perpendicular to the spark channel axis for T=288K, H2=29% by vol. in air, MIE=15μJ.

2.2.3 Effect of numerical and experimental parameters
A CFL sensitivity test was conducted by decreasing its value from 0.3 to 0.1. Temperature
distribution along the axis was used to assess the effect of CFL change. CFL=0.1 resulted
in a slightly faster flame front. Variation was below 4.5% at 150 μs, which is considered to
be acceptable. Thus, a CFL=0.3 was maintained to decrease simulations time.
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The heat losses to the electrodes were investigated by analysing two limiting configurations
with and without inclusion of electrodes with 1 mm diameter in the domain. It was found
that the effect of electrodes presence on ignition energy was noticeable for lean hydrogenair mixtures and for a spark gap of 0.5 mm. No variation was observed for a spark gap of 2
mm, which is comparable to the quenching distance for 10% H2 by vol. in air (Kim et al.,
2001). Thus, CFD simulation results align with conclusions by (Han et al., 2011) on the
effect of the electrodes size for spark gaps below the quenching distances. A second
analysis was performed on mixture with 10% H2 by vol in air and a spark gap of 2 mm by
changing the electrodes tips diameter from 1 mm to 0.2 mm. It was observed that a larger
electrodes diameter would lead to a lower temperature and OH maximum mole fraction
during the spark discharge. This may potentially lead to a different ignition limit for low
energy discharges.
During the spark discharge, temperatures higher than 10000 K may occur (Terao, 2007).
At these temperatures, significant radiation losses may occur. UU conducted a CFD study
to analyse their effect, comparing two limiting cases with and without radiation modelling.
The gas in the spark channel was assumed to have emissivity equal to 1, given that the high
temperature plasma can be treated as a black body radiation source (Yang, 2011). The rest
of the mixture was treated as per hydrogen jet fires in (Cirrone et al., 2019). It was showed
that radiation losses affect significantly the maximum temperature reached in the spark
channel. However, the MIE for a 10% H2 mixture and spark gap of 0.5 mm was not affected
by the inclusion of radiation modelling. The MIE was calculated by halving the energy
released in the spark channel. A more gradual decrease in the energy discharge in
simulations, may lead to a more accurate determination of MIE and a noticeable effect of
radiation losses.
2.3

Simulation results for cryogenic temperature mixtures

Same procedure as for ambient temperature mixtures was applied here to retrieve MIE in
cryogenic hydrogen-air mixtures. CFD modelling was performed for H2 concentration 2060% by vol. in air. Figure 5 shows the comparison of numerically determined MIE to
experiments performed by (Proust, 2021) within PRESLHY project for an initial
temperature of 173 K. All ignition energies leading to ignition of the mixture in experiments
are displayed, regardless of a statistical analysis. The minimum energy leading to ignition
is 30 μJ, whereas an energy discharge of 23 μJ is seen to not be sufficient to ignite the
mixture. As expected, the numerical MIE increases with the decrease of temperature,
precisely from 15 μJ for T=288 K to 30 μJ for T=173 K. The calculated MIE well agrees
with experiments for the range of concentrations 20-30% H2 by vol in air. For H2=40% by
vol, the model results in an ignition energy lower than the minimum value recording
ignition in experiments. However, it can be observed that a lower number of tests was
performed for this concentration and may not be sufficient to withdraw exact conclusions
on the accuracy of the analytical model predictive capability. At this concentration, the
numerically determined IE, 30 μJ, well agrees with analytical prediction of 35 μJ (see
PRESLHY D6.5). Simulations were performed for hydrogen-air mixtures with initial
temperature 123 K. The MIE was found for 20-30% H2 by vol in air mixture and was equal
to 40 μJ.
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Figure 5. Comparison of CFD calculations of MIE in hydrogen-air mixture with initial temperature
173 K against experiments by Proust (2021).

OH mole fraction

Figure 6 shows the temperature and OH mole fraction contours on the symmetry plane for
the time range 50-660 μs. The flame expands almost spherically with some disturbances of
the flame front, which were not visible for ignition in ambient temperature hydrogen-air
mixtures (see Figure 3). This may be indication of combustion instabilities which are
enhanced for low temperature mixtures. The flame reaches the domain boundaries in 660
μs, which is a slightly larger time than observed for ambient temperature mixtures (500 μs).
Figure 7 shows the distribution of temperature and OH mole fraction along the direction
perpendicular to the spark channel axis. During the spark discharge (time 1 μs) the recorded
maximum temperature is 4000 K (not visible in figure). Temperature quickly decreases
because of losses and starts to increase again during flame propagation. Flame front
temperature establishes at about 2100K, which is slightly lower than adiabatic flame
temperature (2323 K) due to presence of losses by conduction to the electrodes and by
radiation. Simulation results showed an increasing trend of the burning velocity, which
reached 9.9 m/s at 500 μs. However, this was seen to not be established yet, and a larger
domain should be used to better assess its value.

100 µs

200 µs

300 µs

400 µs

500 µs

660 µs

Temperature, K

Time: 50 µs

Figure 6. Flame kernel growth for T=173K, H2=30% by vol. in air, MIE=30μJ.
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Figure 7. Temperature (solid lines) and OH mole fraction (dashed lines) distribution along direction
perpendicular to the spark channel axis for T=173K, H2=30% by vol. in air, MIE=30μJ.

2.4

Conclusions

A CFD approach to numerically determine the MIE in hydrogen-air mixtures at arbitrary
composition and initial temperature was developed and validated against experiments
available in literature and against tests performed within PRESLHY project. The following
conclusions are withdrawn for computational studies on ignition by spark:
 The CFD model was seen to predict accurately experimentally measured MIE for both
ambient and cryogenic temperature hydrogen-air mixtures. Thus, the model can be used
as a mean of calculations of potential hazards in hydrogen safety engineering.
 The numerically determined MIE was observed to increase with the decrease of
temperature, in agreement with experimental and theoretical observations. It is
considered that safety measures and strategies actuated for ambient temperature
mixtures may be applicable to cryogenic mixtures, being conservative.
 Heat losses to the electrodes were found to affect simulation results, therefore these
should be included into the CFD model and a configuration as close as possible to
experimental should be considered by modellers.
 Experimental evidences showed that the MIE depends on the gap in between electrodes.
It is important that simulations would reproduce exact experimental configuration to
accurately predict MIE.
 Radiation losses were found to affect greatly the temperature reached during high
energy discharges and these may affect the IE and flame propagation process.
The conclusions reported above are valid for ignition of hydrogen in normal air
composition (21% by vol. O2, 79% by vol. N2). However, it is well known that ignition
energy depends on the oxygen content in the mixture. This parameter rises in significance
in the case of spurious LH2 or cryogenic releases, where a local enrichment of oxygen can
be reached due to the low temperature of the mixture. This effect should be carefully
considered when evaluating the potential to ignite of cold hydrogen-air mixtures.

7

Grant Agreement No: 779613
D4.2 Computational investigation of ignition phenomena related to cryogenic hydrogen

3 Diffusion ignition (UU)
A sudden hydrogen release from a high-pressure vessel can be spontaneously ignited. This
mechanism has been firstly postulated by (Wolanski and Wojcicki, 1973), following their
observations on ignition occurrence when high pressure hydrogen was admitted to a shock
tube filled with air or oxygen. The authors suggested that ignition was caused by the high
temperature gradient at the contact surface where the oxygen heated by the primary shock
wave produced by the expanding gas, mixed and reacted with hydrogen due to diffusion.
(Golub et al., 2007) investigated experimentally the effect of hydrogen pressure and release
orifice size on verification of spontaneous ignition. It was found that a shock tube diameter
should be larger than 3 mm for occurrence of ignition at hydrogen pressure between 150
and 400 bar and ambient temperature. The authors observed a strong dependence of
spontaneous ignition parameters on the initial temperature. For hydrogen pressure equal to
200 bar, an increase of temperature from 300 K to 400 K caused a decrease in minimum
release diameter leading to ignition from 3 mm to 2 mm. Similar conclusions were reached
by (Bazhenova et al., 2006), who showed that an increase of initial temperature may cause
an earlier ignition and verification for lower pressures. Further experiments were conducted
by (Golub et al., 2008) to find the limit pressure for ignition in tubes of different lengths
and cross-sectional shapes. The test on a tube with 5 mm diameter and 65 mm extension
was selected in (Bragin and Molkov, 2011) for CFD modelling by using a Large Eddy
Simulation (LES) approach. The minimum pressure storage leading to spontaneous ignition
was found to be 20.4 bar.
It is expected that a decrease of temperature of compressed hydrogen to cryogenic would
require a higher pressure to obtain spontaneous ignition. To the author’s knowledge no
experiments or numerical studies are available in literature for hydrogen at cryogenic
temperature. The present study aims at fulfilling this knowledge gap by using CFD
modelling to assess the effect of temperature decrease from ambient to cryogenic (80 K)
on the ignition and combustion dynamics, determining the limit pressure leading to ignition
and sustained combustion of the hydrogen jet. The CFD study is conducted on hydrogen
spontaneous ignition in a T-shaped channel filled with air following an inertial flat burst
disk rupture. Results will be used to understand the impact of enhanced density of cryogenic
releases on the shock ignition process, and the trade off against increased difficulty of
igniting cold H2/air mixtures.
3.1

Simulation scenario

The case selected for the analysis is the sudden release of hydrogen from a high-pressure
system into a T-shaped channel following the inertial flat burst disk rupture mimicking a
Pressure Relief Device (PRD). The geometry of the release system is based on the
experimental test conducted in (Golub et al., 2010) and numerically simulated in (Bragin
et al., 2013). The release system is shown in Figure 8. The high pressure system is
composed by a 210 mm long tube with 16 mm internal diameter (ID), connected to a 280
mm long tube with 10mm ID. The flat burst disk is located at the end of the high pressure
tube and once ruptured releases hydrogen into the mock-up PRD open to atmosphere. The
PRD consists of an axial channel with length 48 mm and diameter 6.5 mm. The PRD has a
flat end where two radial channels are located. These vent hydrogen in the open atmosphere
and have 6.25 mm length and 4 mm ID. Full description of the release system and geometry
is available in (Bragin et al., 2013).
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Simulations are performed for both ambient and cryogenic temperature to find the limit
pressure leading to ignition. Table 3 shows the matrix of simulations. Results for ambient
temperature hydrogen are compared to experimental and numerical test performed in
(Golub et al., 2010) and (Bragin et al., 2013) respectively. Light sensors were used in
experiments to register occurrence of spontaneous ignition. (Bragin et al., 2013) reported
that no ignition was recorded for pressure equal to 1.2 MPa, whereas light was registered
for 2.43 and 2.9 MPa.
Table 3. Selected scenarios for simulations.

N. simulations
6
5
3.2

Temperature, K
300
80

Pressure, MPa
1.35, 1.65, 2.43, 2.60, 2.80, 2.90
5.00, 7.00, 8.75, 9.40, 10.00

CFD model and numerical details

The CFD approach is based on the numerical work performed in (Bragin et al., 2013), with
exception of the combustion model selected for the analysis. A LES approach is applied to
simulate spontaneous ignition. Simulations have been conducted on Ansys Fluent v17.2.
The CFD approach solved the conservation equations for mass, momentum, energy and
species. The renormalization group (RNG) theory was used to model turbulence, given its
capability to reproduce turbulent, transitional and laminar flows (Yakhot and Orszag,
1986). The finite rate chemistry model was used for combustion, which choice was justified
by the small control volume size throughout the numerical grid. Hydrogen combustion in
air was represented by a subset of 37 elementary chemical reactions and 18 species.
Details of the numerical domain are shown in Figure 8a. A control volume (CV) size equal
to 200 μm was used in the zone of intersection between the axial and radial channels of the
PRD. CV size of 250 μm was employed at the burst bisk whereas 400 μm was maintained
in the PRD axial channel. CV size was increased to 10 mm in the far field of the PRD. The
total number of cells was 417,685.

(a)

(b)

Figure 8. a) The geometry and computational domain: 1 and 2 - high-pressure tubes, 3 - PRD, 4 - burst
disk, and 5 – external domain (Bragin et al., 2013); b) Step-like approximation of a burst disk rupture
process: 1-10 are sections that open in series (Bragin et al., 2013).

The external domain limit was modelled as non-reflecting pressure far field boundary. Tube
walls were modelled as no-slip isothermal surfaces for the case with ambient temperature
hydrogen, whereas they were modelled as coupled-walls made of steel for the case with
cryogenic hydrogen. Hydrogen properties at cryogenic temperature, as the specific heat at
constant pressure, were defined as function of data extrapolated from NIST database in
(Bell et al., 2014). The domain was initialised with air of composition 0.23 and 0.77 in
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oxygen and nitrogen mass fractions respectively. Temperature and pressure were initialized
as 300 K and 101325 Pa respectively. The high-pressure tube was patched with hydrogen
mass fraction equal to 1, pressure and temperature as in Table 3. An explicit method was
used to solve governing equations and a four step Runge Kutta algorithm was employed
for time advancement of simulations. The time step was determined from an imposed
Courant Friedrichs Lewy (CFL) number of 0.3. A second-order upwind scheme with
AUSM flux splitting was applied for flow discretisation.
Bragin et al. (2013) highlighted the importance of modelling the inertial opening of the
membrane as it was found to generate more intense mixing between hydrogen and air, and
affect the temperature of the shock heated air. The authors simulated the non-instant
membrane opening by subdividing the flat burst disk in 10 sections (see Figure 8b) and by
opening them in sequence. The same technique was employed in the present study. The
opening time, t, was calculated as in (Spence and Woods, 1964):
1

𝜌𝑏𝑑 ⁄2
𝑡 = 𝑘(
)
𝑃
where 𝑘 is a constant equal to 0.92 (range 0.91-0.93), 𝜌 is the density of the diaphragm
material, assumed to be annealed copper (8900 kg/m3); b and d are the thickness and
diameter of the diaphragm and P is the rupture pressure. The membrane opening time for
each of the simulated rupture pressures is given in Table 4.
Table 4. Opening times of sections for simulated cases.

Section N.
Pressure, MPa
1.35
1.65
2.43
2.5
2.6
2.7
2.8
2.9
5.0
7.5
8.75
9.4
10.0
3.3

1

2

3

0
0
0
0
0
0
0
0
0
0
0
0
0

4.7
4.2
3.5
3.4
3.4
3.3
3.3
3.2
2.4
2.0
1.8
1.8
1.7

9.5
8.6
7.1
7.0
6.9
6.7
6.6
6.5
4.9
4.0
3.7
3.6
3.5

4

5
6
7
Opening time, μs
14.2 18.9 23.7 28.4
12.8 17.1 21.4 25.7
10.6 14.1 17.7 21.2
10.4 13.9 17.4 20.9
10.2 13.6 17.1 20.5
10.0 13.3 16.8 20.1
9.9 13.1 16.5 19.7
9.7 12.9 16.2 19.4
7.4
9.8 12.3 14.8
6.0
8.0 10.1 12.0
5.6
7.4
9.3 11.2
5.4
7.2
9.0 10.8
5.2
6.9
8.7 10.4

8

9

10

33.1
29.9
24.7
24.3
23.8
23.4
23.0
22.6
17.2
14.0
13.0
12.5
12.2

37.9
34.3
28.3
27.9
27.3
26.8
26.3
25.9
19.7
16.1
14.9
14.4
13.9

42.6
38.5
31.7
31.3
30.7
30.1
29.6
29.1
22.1
18.1
16.7
16.1
15.6

Results and discussion

The scope of the computational study is to find the limit pressures providing spontaneous
ignition and leading to a sustained combustion of the hydrogen jet. Temperature and
hydroxyl (OH) mole fraction profiles are assessed to this scope and to give insights into the
ignition dynamics. OH mole fraction is generally used to characterise the reacting zones in
hydrogen-air flames. Results are presented for both ambient and cryogenic temperatures.
For ambient temperature hydrogen, an initial storage pressure in the range 1.35 MPa-2.9
MPa has been investigated. Pressure equal to 2.43 MPa did not lead to ignition. Figure 9
shows the temperature profile across the symmetry plane of the axial channel. Maximum
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temperature reaches approximately 1500 K, which in combination with the shock pressure,
is not enough to lead to ignition. This is confirmed by the maximum hydroxyl mole fraction
dynamics in time, which, as shown in Figure 10, does not reach a significant value
indicating combustion, but is rather negligible during the simulated time (up to 90 μs).
Results for P=1.35 and 1.65 MPa are not showed as leading to similar results as 2.43 MPa.
The lack of ignition for pressure equal to 2.43 MPa somehow differs from numerical study
in (Bragin et al., 2013) where ignition was recorded and combustion initiation was
observed, even if the latter was rather weak and later self-extinguished. Experiments also
confirmed numerical study, by recording ignition for this pressure (Golub et al., 2010).
66 μs

71 μs

77 μs

85 μs

P=2.43 MPa

60 μs

Figure 9. Temperature profiles across the symmetry plane for P=2.43 MPa. Ambient temperature
hydrogen (300 K).

Figure 10. Time dynamics of maximum hydroxyl mole fraction (left) and integral of water vapour mass
(right) across the domain. Ambient temperature hydrogen (300 K).

To find the limit providing ignition, the initial pressure was increased to 2.6 MPa. Figure
11 shows the temperature and hydroxyl mole fraction in time range 62-75 μs. It is possible
to observe that temperatures up to 2600K are reached in the radial channels of the PRD. At
the same spot there is recording of OH mole fraction starting at about 67 μs. Figure 12
focuses on the combustion dynamics outside the PRD and shows how OH mole fraction
has completely disappeared from the symmetry plane by 90 μs. To provide a full overview
of the reacting zone, Figure 13 shows the volumetric distribution of OH mole fraction above
a limit of 0.001, which is generally accepted as delimitation for a reacting zone in
combustion of hydrogen-air flames (Bulewicz and Sugden, 1958). This view could give
insights into any reacting zone not located on the symmetry plane. It could be observed that
at 90 μs, combustion is present in a small zone just outside the bottom radial channel, and
that at 110 μs this has completely disappeared. The described dynamics is confirmed as
well by the trend in time of the maximum OH mole fraction recorded in the domain (see
Figure 10). Therefore, numerical simulation provided ignition at pressure equal to 2.6 MPa,
followed by self-extinction of combustion. This is considered to predict within acceptable
engineering accuracy the pressure limit of 2.43 MPa as observed in experiments for
ignition. Numerical simulation for initial pressure equal to 2.8 MPa presented slightly
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larger and longer presence of ignition and combustion zones, but also in this case there was
self-extinction of the flame.
Also for initial storage pressure equal to 2.9 MPa, combustion is seen to be initiated in the
bottom radial channel of the PRD (see Figure 11). A larger high temperature zone can be
observed for P=2.9 MPa, with combustion initiated in a few localised spots as shown by
OH mole fraction. These mainly depends on the hydrogen concentration in those locations,
which is deemed to be closer to stoichiometric. Combustion later developed into a cocoon
outside the PRD, leading to sustained combustion and likely transition into a jet fire (see
Figure 12). Combustion is confirmed by the continuous presence of OH and the increase
of water vapour integral in the domain (see Figure 10). External combustion is seen to be
more enhanced towards the bottom side of the PRD and this is deemed to be caused by the
inertial opening of the membrane. Simulation results well agree with experimental and
numerical evidences in (Golub et al., 2010) and (Bragin et al., 2013), which showed ignition
and combustion for P=2.9 MPa.
Temperature, K
OH mole fraction
64 μs

65 μs

67 μs

69 μs

75 μs

72 μs

62 μs

63 μs

64 μs

65 μs

67 μs

69 μs

72 μs

75 μs

P=2.9 MPa

63 μs

P=2.6 MPa

P=2.6 MPa

P=2.8 MPa

P=2.8 MPa

P=2.9 MPa

62 μs

Figure 11. Temperature and hydroxyl mole fraction profiles for P=2.6, 2.8 and 2.9 MPa in time range
62-75 μs. Ambient temperature hydrogen (300 K).

Temperature, K
90 μs

100 μs

OH mole fraction
80 μs

110 μs

90 μs

100 μs

110 μs

P=2.6 MPa

P=2.6 MPa

P=2.8 MPa

P=2.8 MPa

P=2.9 MPa

P=2.9 MPa

80 μs

Figure 12. Temperature and hydroxyl mole fraction profiles for P=2.6, 2.8 and 2.9 MPa in time range
80-110 μs. Ambient temperature hydrogen (300 K).
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110 μs

P=2.9 MPa

P=2.8 MPa

P=2.6 MPa

90 μs

Figure 13. Hydroxyl mole fraction 3D distribution for P=2.6, 2.8 and 2.9 MPa. Ambient temperature
hydrogen (300 K).

The same model and procedure were applied to determine the pressure limit for hydrogen
stored at cryogenic temperature (80 K). The initial storage temperature was changed in the
range 5-10 MPa. Figure 14 shows the temperature and hydroxyl profiles across the
symmetry plane for pressures 7.5, 8.75 and 9.4 MPa, being the pressures closer to the
recorded limit. Asymmetrical distribution of temperature at 55 μs reflects the more intense
shock and effect of inertial membrane opening. Generally, it was noted that the high
pressure treated in these cases would produce higher temperatures of the air heated by
shock (over 2000 K). For pressures equal to 7.5 and 8.75 MPa, triggering of ignition in the
radial channel can be observed at 70 and 62 μs respectively. However, the additional mixing
of hot temperature air with the incoming cryogenic hydrogen leads to self-extinction of
combustion by the time of 90 μs. This is confirmed by the absence of hydroxyl on the
symmetry plane (see Figure 15) and on the 3D domain (see Figure 16). For pressure equal
to 9.4 MPa, ignition happens much earlier in the axial channel of the PRD. Larger high
temperature zones can be observed in this case, as consequence of the high pressure shock
and earlier development of combustion. As shown in Figure 15, a combustion cocoon is
formed externally to the TPRD, showing an enhanced reaction outside the top radial
channel, conversely to what observed for warm hydrogen at pressure 2.9 MPa. Figure 16
shows the volumetric development of the reacting zone by the hydroxyl mole fraction
distribution. It is concluded that pressure equal to 9.4 MPa leads to spontaneous ignition
and combustion likely leading to transition into a hydrogen jet flame.
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Temperature, K
62 μs

65 μs

OH mole fraction

70 μs

75 μs

55 μs

60 μs

62 μs

65 μs

70 μs

75 μs

P=9.4 MPa

60 μs

P=7.5 MPa

P=7.5 MPa

P=8.75 MPa

P=8.75 MPa

P=9.4 MPa

55 μs

Figure 14. Temperature and hydroxyl mole fraction profiles for P=7.5, 8.75 and 9.4 MPa in time range
55-75 μs. Cryogenic temperature hydrogen (80 K).

Temperature, K
90 μs

100 μs

OH mole fraction
80 μs

110 μs

90 μs

100 μs

110 μs

P=7.5 MPa

P=7.5 MPa

P=8.75 MPa

P=8.75 MPa

P=9.4 MPa

P=9.4 MPa

80 μs

Figure 15. Temperature and hydroxyl mole fraction profiles for P=7.5, 8.75 and 9.4 MPa in time range
80-110 μs. Cryogenic temperature hydrogen (80 K).

110 μs

P=9.4 MPa

P=8.75 MPa

90 μs

Figure 16. Hydroxyl mole fraction 3D distribution for P=8.75 and 9.4 MPa. Cryogenic temperature
hydrogen (80 K).
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3.4

Concluding remarks

A LES approach was employed to investigate the effect of hydrogen temperature decrease
on pressure limit leading to spontaneous ignition in a T-shaped channel. Ignition and
combustion dynamics were assessed in terms of temperature and hydroxyl distributions.
For ambient temperature hydrogen (300 K), it was found that a pressure of 2.9 MPa is
required to obtain spontaneous ignition and likely transition into jet fire outside the Tshaped channel. Pressure in the range 2.6-2.8 MPa was found to trigger ignition, but later
result into self-extinction. A pressure of 2.43 MPa was observed to not trigger ignition. For
cryogenic hydrogen (80 K), it was found that a pressure approximately 4 times larger than
for warm hydrogen is required to trigger ignition and sustain combustion outside the Tshaped channel, which could likely lead to a hydrogen jet fire. The pressure limit resulted
to be 9.4 MPa. Below this pressure, e.g. at 8.75 and 7.5 MPa, numerical simulations results
showed that there was ignition in the T-shaped channel which then self-extinguished, as
demonstrated by the disappearance of high temperature regions and hydroxyl.

4 Computational study on formation of cryogenic H2/O2
mixtures (UU)
CFD simulations are performed to understand the phenomena associated with cryogenic
mixtures of H2/O2 and their formation/ignition. The study considers an evaporating pool
of liquid hydrogen. The aim of the analysis is to assess how the composition of air in
proximity of a hydrogen pool is changing, i.e. if there will be oxygen enrichment because
of oxygen condensation, depending on wind conditions. Figure 17 presents a simplified
scheme of the problem under analysis.

Wind (air)

O2 enrichment in air
following
condensation

Evaporating LH2 pool

Figure 17. Simplified scheme of the scenario under analysis.

To define the details of the investigated scenario, realistic conditions from (D.Little,
1960)’s experiments were considered to define the mass rate of hydrogen evaporating from
the pool. Experimental test on a 120 l spill of LH2 showed that this completely disappeared
in 30 s. Density of LH2 at ambient pressure is 70.85 kg/m3, thus the mass of spilled
hydrogen is about 8.5 kg. This scenario corresponds to an evaporation mass rate 𝑚̇𝐻2,𝑒𝑣 =
0.283 𝑘𝑔/𝑠. A pool size of 1 m2 is considered for simulations, leading to a velocity of H2
of approximately 0.2 m/s. This velocity is imposed as inlet of hydrogen at the pool location
with temperature equal to saturation (20.4 K) and ambient pressure. Air with composition
0.21 O2 by vol and 0.79 N2 by vol, and temperature 288 K enters the domain at a velocity
of 3 m/s. Two directions of the wind are considered: parallel to the pool and 45° tilt towards
the pool.
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CFD simulations were performed on Ansys Fluent v20.2. The homogeneous mixture model
was selected to represent the multiphase mixture and model the condensation of oxygen
and nitrogen at temperatures below saturation. The mixture model solves the continuity,
momentum and energy equations for the mixture, whereas the volume fraction equation is
solved for the secondary phases. A RANS approach was employed to model turbulence.
Properties of the mixture components were defined according to NIST chemistry
WebBook. The domain has dimensions 4x3x3 m. The 1x1 m pool is located at the centre
of the domain. The cell size is 1 cm in proximity of the pool in horizontal direction, whereas
it increases from 0.1 mm with a ratio of 1.05 in perpendicular direction to the pool. The
total number of control volumes (CV) is 2.58 million. A time step of 4 ms was employed
for simulations.
4.1

Results and discussion

Simulation results are used to give insights into the effect of wind direction on the formation
of cryogenic hydrogen and condensed oxygen mixtures. Wind velocity is equal to 3 m/s.
Figure 18 shows the distribution of hydrogen volume fraction, temperature and liquid
oxygen volume fraction. For a wind direction parallel to the pool, it could be observed how
the hydrogen cloud is affected by the wind and starts to move along the ground in the wind
direction at time 2 s. The low temperature zone is localised in proximity of the pool.
Maximum liquid oxygen volume fraction is of the order of 10-8, making it hardly visible in
Figure 18. However, the zone with highest volume fraction was observed in simulations
towards the ending portion of the pool in the wind direction. At 10 s liquid oxygen volume
fraction increased by one order of magnitude. For a wind direction tilted by 45° degrees
towards the pool, at time=2s, swirls are produced in the hydrogen distribution. These swirls
enhance the entrainment of air into the cold hydrogen flow, as showed by liquid oxygen
snapshots at time 10 s, where is clearly visible a zone with volume fraction up to 2.4∙10 -5.
It is possible to conclude that wind direction may affect the potential formation of
condensed oxygen phase, even if yet low volume fractions are reached. However, if we
look at the concentration of gaseous oxygen (see Figure 19), simulation results for wind
direction with 45° angle show a great enrichment by oxygen in the same zone where this is
condensing. This would suggest a greater potential for ignition and a following highly
energetic event.

16

Grant Agreement No: 779613
D4.2 Computational investigation of ignition phenomena related to cryogenic hydrogen

H2 vol. fraction

Time = 10 s
Velocity direction
Velocity direction
with 0° angle
with 45° angle

wind

range: 0-1

range: 0-1

range: 20-288 K

range: 20-288 K

range: 0-3∙10-8

range: 0-4∙10-11

wind

range: 0-1

range: 0-1

range: 20-288 K

range: 20-288 K

range: 0-8∙10-7

range: 0-2.4∙10-5

O2-l vol. fraction

O2-l vol. fraction

Temperature

Temperature

H2 vol. fraction

Time = 2 s
Velocity direction
Velocity direction
with 0° angle
with 45° angle

Figure 18. Distribution of hydrogen volume fraction, temperature and liquid oxygen volume fraction
at time 2 s and 10 s for two wind directions (wind velocity=3m/s).

Velocity direction
with 0° angle

Velocity direction
with 45° angle

wind

range: 0-0.733

range: 0-0.21

Figure 19. Distribution of gaseous oxygen volume fraction at time 10 s for two wind directions.

4.2 Conclusions
The present CFD study aimed at investigating the condensation of oxygen over an
evaporating LH2 pool and its potential to cause highly energetic events after ignition. The
study includes the assessment of the effect of wind parameters on condensation of oxygen.
It is concluded that CFD modelling can be used to investigate the formation of cryogenic
hydrogen and condensed oxygen mixtures. CFD simulations can be used to support
experimental investigations where it may not be possible to exactly define the underlining
cause of highly energetic events following combustion of cold hydrogen/oxygen mixtures.
Simulation results showed that wind parameters affect the potential oxygen condensation.
Wind direction tilted by 45° degrees towards the ground was found to lead to a potentially
more dangerous scenario compared to wind direction parallel to the ground.
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