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A B S T R A C T   

An accurate determination of minimum ignition energy (MIE) is essential for assessing electrostatic hazards and 
characterising potential for occurrence of combustion in flammable mixtures. This is of utmost importance for 
hydrogen-air mixtures characterised by a MIE equal to 0.017 mJ, whereas conventional flammable gases are 
characterised by MIE typically higher than 0.1 mJ. The study aims at developing and validating a CFD three- 
dimensional model capable to simulate complex unsteady physical and chemical phenomena underlying 
capacitive discharge spark. The model accounts for the experimental apparatus details, including the effect of 
electrodes’ gap and associated heat losses. The numerical approach accurately reproduced the experimental 
measurements of MIE for mixtures of hydrogen with air at initial temperature ranging from ambient (T = 288 K) 
to cryogenic (T = 123 K). Hydrogen concentration in air was included in the range 10–55% for tests at T = 288 K, 
and 20–60% for tests at T = 173 K and 123 K respectively. Simulations assess the impact of experimental 
characteristics and design, such as the electrodes’ dimension, and numerical features on process dynamics, 
growth of the flame kernel and MIE predictions.   

1. Introduction 

The evaluation of minimum ignition energy (MIE) is fundamental for 
assessing electrostatic hazards and characterising the occurrence of 
combustion in flammable mixtures. The MIE of combustible substances 
is defined as the minimum electrical energy stored in a capacitor leading 
to ignition of a quiescent mixture in the most ignitable composition [1]. 
The most common technique to measure MIE is the capacitive spark 
discharge, since the latter is also the most recurring electrostatic ignition 
source in practical applications [2,3]. A spark from a discharge circuit 
through inductive coils, used in industrial apparatuses and engines, is 
generally considered as a sequence of two stages: first a very rapid 
discharge with a high voltage potential called “capacity component”, 
and then discharge under an almost constant and low potential applied 
for a longer period called “inductance component” [4]. Experimental 
studies attempting to assess which component contributes more to the 
ignition occurrence concluded that they can contribute similarly pro
vided that a component has enough energy to ignite [4]. Early experi
ments on determination of the ignition energy (IE) for flammable 
mixtures were performed in Refs. [5,6]. Conventional flammable gases, 

e.g. methane, have MIE values typically larger than 0.1 mJ. Conversely, 
experiments for hydrogen-air mixtures recorded MIE as low as 0.017 mJ 
[7,8]. The MIE measurements may also be significantly affected by the 
experimental set-up and design, as noted by Kutcha [9] in comparison 
with data in Refs. [5,6] for lean mixtures. It should be noted that in the 
experiments not all the nominal energy stored in the circuit is applied for 
igniting the gas mixture, but a portion of it is lost, e.g., in the circuit 
resistance. Losses were observed to depend on the circuit resistance and 
discharge time, reporting that up to 95% of the energy could be deliv
ered into the gas [10]. Experiments in Ref. [8] reported that more than 
99% of the stored energy was released in the discharges. Nevertheless, 
experiments in Ref. [11] for a 5 pF capacitance reported a high vari
ability of actual energy released into the spark gap: it varied from 50% to 
90% of the stored energy when passing from a 50 kΩ to a 100 Ω resistor 
respectively. The distance between the electrodes’ tips, hereby named as 
gap size or distance (Lgap), affects the measured MIE. In 2007, Ono et al. 
performed an extensive experimental campaign to assess the IE curve for 
mixtures of hydrogen with air by varying the composition and Lgap in the 
range 0.5–4.0 mm [8]. The global MIE of 0.017 mJ was found for Lgap =

0.5 mm and hydrogen concentration within 22–26% by vol. in air. For 
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this range of concentration and low energies, the MIE increased for 
larger gap distances due to greater heat losses from the larger spark 
channel surface and lower energy density. On the other hand, an 
opposite trend was observed in experiments towards the flammability 
limits, where the shorter gap lengths provided higher MIE. This is 
believed to be due to a not sufficient quantity of flammable mixture 
excited by the released energy to sustain the flame development. An 
increase of oxygen concentration in the oxidiser leads to a decrease of 
measured MIE. Kumamoto et al. [2] recorded a MIE equal to 0.0057 mJ 
for a concentration of 35% by vol. of O2 in air, whereas Kutcha [9] 
assessed a value of 0.0012 mJ for hydrogen-oxygen mixtures. Oxygen 
concentration in air can decrease significantly in the event of unin
tended cryogenic hydrogen leaks (including LH2), as O2 condensation 
may occur locally before nitrogen condensation. This could increase the 
MIE and can be taken as explanation why no spontaneous ignition 
occurred in all NASA tests on LH2 releases [12]. On the other hand, 
experiments in Ref. [13] observed occurrence of a highly-energetic 
secondary explosion upon ignition of a LH2 jet, which was deemed to 
be caused by reaction of hydrogen with accumulated condensed oxygen 
(LO2). 

The spark ignition is an unsteady process characterised by a complex 
underlying physics and chemistry, which involves ionisation of the spark 
gap and plasma formation with temperatures as high as 60,000 K [14]. 
Several ignition systems and circuits can be used to realise the spark 
ignition. Nevertheless, the sequence of processes initiated by the spark 
ignition can be outlined as follows, based on the work [14]:  

⁃ The “breakdown phase” is characterised by the highest spark currents 
and voltages. This phase lasts few nanoseconds. The applied voltage 
causes the ionisation and electronic excitation of the gas in the spark 
gap, leading to a very rapid heating of the gas with temperature up to 
60,000 K [14]. After the spark breakdown, a very thin plasma 
channel (10–100 μm in radius) forms between the electrodes tips 
[15].  

⁃ The “arc phase” is characterised by a drop of voltage by even two 
orders of magnitude. This phase is determined by the capacitive and 
inductive components of the spark. This phase is steadier and lasts 
about 1 μs. The core temperature of the formed spark channel de
creases to about 5000–6000 K [14]. 

⁃ The “glow phase” involves the release of the remaining stored elec
trical energy under a current mainly controlled by the coil imped
ance with approximately linear decrease in time. This phase lasts 
about 1–2 ms. The spark channel core temperature decreases to 
about 3000 K [14]. 

The three phases listed above constitute the basic discharge modes of 
a spark ignition process and they can be present in different combina
tions and provide varying contributions depending on the specific 
electrical circuit layout. Chemical reactions are already triggered during 
the breakdown phase. The far too high temperature of the channel core 
can hinder a stable generation of combustion products, whereas the 
plasma surface is more likely to present the conditions to initiate the 
combustion reactions by spreading heat and radicals to the flammable 
mixture. If the combustion reactions become self-sustained once the 
spark energy discharge is ceased, the ignition is deemed to be successful. 
It should be highlighted that a spark discharge is a particularly short and 
intense process in particular for low energy discharges. Kumamoto et al. 
[2] indicated that the spark duration in experiments on ignition of 
hydrogen-air mixtures was lower than 100 ns. Ono et al. [8] reported 
spark durations lower than 20 ns for energy discharges below 0.035 mJ, 
whereas duration could increase to the order of milliseconds for 
increasing resistance of the electrical circuit. Liberman [16] indicated a 
range as wide as 0.01–100 μs for spark energy discharge processes. 

Computational Fluid Dynamics (CFD) is a valuable tool capable of 
providing insights into the phenomenon of spark ignition of flammable 
mixtures and the flame kernel development. Nevertheless, numerical 

simulation of this phenomenon is particularly challenging because of the 
underlying complex and unsteady physics and chemical kinetics, 
occurrence of extremely high temperatures and gradients, rapid pro
cesses, etc. Frendi and Sibulkin in 1990 [17] carried out one the first 
studies on modelling spark ignition for methane-air mixtures. The nu
merical study neglected radiation and conductive losses, assumed 
deposition of discharged energy in a spherical kernel and a 1-step 
chemical reaction. Numerical prediction of MIE for a spark with 
radius of 63 μm and duration of 27.5 μs underpredicted experimental 
measurements by a factor of 70, though simulation for a radius of 500 
μm resulted in a closer agreement with experiments. In 2002, Thiele 
et al. [18] conducted an experimental and two-dimensional (2D) nu
merical investigation on spark ignition with more detailed characteri
sation of the reacting flow for hydrogen-air mixtures considering 38 
reactions. The numerical approach included coupling of equations of the 
flow and spark electrodynamics, well reproducing the transition to an 
established propagating flame. Simulation results for an energy 
discharge lasting 50 μs showed that expansion of the hot core dominates 
the process up to 80 μs, at which point the flame starts detaching from 
the spark kernel with speed characteristic for flame propagation. The 
authors [18] observed that losses to the electrodes did not affect the 
simulation results up to 130 μs. In 2002, Yuasa et al. [19] used 2D nu
merical simulations to estimate the impact of the energy release in terms 
of ratio of capacitive spark energy component over the total MIE for 
methane-air mixtures. Durations of the capacitive spark discharge and 
inductance spark were assumed to be 1 μs and 100 μs respectively. 
Further numerical investigations on determination of MIE for 
methane-air mixtures were performed in 2009–2010 by Han et al. [20, 
21] and it was concluded that the size of electrodes assumed in com
putations could greatly affect the resulting MIE. The same conclusion 
was confirmed for hydrogen-air mixtures in 2011 by Han et al. [22], 
where the authors performed 2D simulations to determine the MIE by 
employing 53 species and 325 elementary reactions. Simulation results 
assessed the effect of different factors on ignition dynamics. To obtain a 
successful ignition, the deposited energy shall be high enough to heat up 
the unburnt mixture portion around the spark channel to the tempera
ture of the flame and ensure the activation of chemical reactions pro
ducing enough heat to exceed the energy losses to the electrodes and 
losses from the surface of the spark channel, as indicated in Ref. [6]. The 
latter can be affected by the dimensions of the spark core assumed for 
the calculations, as observed in the numerical work [22]. The authors in 
Ref. [22] assessed that, for a stoichiometric mixture of hydrogen with air 
and channel radius lower than 150 μm, the MIE stabilised to the value of 
0.04 mJ, overestimating the experimental results by over 135%. A 
parametric assessment varying the gap distance between electrodes 
showed that the electrodes’ sizing can considerably affect the prediction 
of MIE when Lgap is lower than the quenching distance for a given 
composition of the mixture (0.66 mm [22]), whereas effect was negli
gible for gap lengths larger than the quenching distance. Han et al. [22] 
numerically investigated the effect of the energy supply procedure and 
thus energy density on the ignition of flammable mixtures. The authors 
tested three models for the energy supply procedure where the spark 
channel was either kept constant to 0.3 mm or allowed to increase in two 
and four steps up to the value of 0.3 mm for a given ignition energy and 
duration. The authors observed that the energy supply procedure for 
methane-air mixtures did not affect the temperature history for the stage 
of the developed flame and the calculated MIE. On the other hand, the 
energy supply procedure considerably affected the results obtained for 
hydrogen-air mixtures, where the successful ignition was observed only 
for the four steps energy supply, characterised by highest energy density 
in the initial phase of the spark, and not for the other two energy supply 
models. It should be highlighted that a spark duration of 20 μs was used 
for the study. In 2023, Fernández-Tarrazo et al. [23] performed nu
merical simulations to determine MIE in hydrogen-air mixtures by 
assuming a spherical region for the energy deposition. The resulting MIE 
was seen to be approximately constant for a radius lower than 100 μm, 
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whereas beyond this limit MIE was seen to increase with growing radius. 
The authors concluded that gas compressibility effects need to be 
included to describe the formation of shock waves for short energy 
deposition time. Their simulations results were shown to underpredict 
MIE experimental measurements in Refs. [5,6,8,11]. The authors 
attributed this difference in predictions to the absence of electrodes in 
modelling, and thus the associated heat losses. It is inferred from pre
vious studies in Refs. [22,23] that distancing the assumptions of the 
numerical studies from real experimental conditions may be the cause of 
inaccurate MIE estimations for mixtures of hydrogen with air up to now. 

Current hydrogen storage and transport applications often employ 
liquid hydrogen (boiling temperature 20.3 K at ambient pressure) or 
cryo-compressed hydrogen (T ≤ 150 K), due to the higher densities that 
can be achieved at lower temperatures [24]. In the event of loss of LH2 
containment or release of cryogenic hydrogen from the storage or 
equipment, there could be formation of hydrogen-air mixtures at tem
perature below atmospheric. While ignition hazards for hydrogen-air 
mixtures at ambient temperature have been extensively investigated, 
lesser studies have been performed on hazards for mixtures at cryogenic 
temperature. In 2023, Cirrone et al. [25] proposed a theoretical model to 
reproduce MIE experimental measurements for hydrogen-air mixtures 
with initial temperature in the range 123–290 K. Theoretical results 
confirmed the experimental observations of a slight increase of MIE for 
decreasing temperature of the mixture. 

This research aims at developing a CFD three-dimensional (3D) 
approach to estimate numerically the MIE curve for varying concen
tration and temperature of the hydrogen-air mixture. The CFD approach 
includes modelling of radiation and heat losses to the electrodes. Sim
ulations reproduce the experimental set-up in Ref. [8], including elec
trodes’ dimensions and gap configuration. Experimental measurements 
in Refs. [6,8] are compared to simulation results to assess the predictive 
capability of the proposed numerical model for mixtures of hydrogen 
with air at ambient temperature. Furthermore, the CFD model validation 
was extended to mixtures at cryogenic temperature by comparison 
against the experimental tests performed by INERIS in the frame of 
PRESLHY project “Pre-normative Research for Safe Use of Liquid 
Hydrogen” funded by the Clean Hydrogen Partnership (Grant Agree
ment No. 779613) [25,26]. The contemporary CFD model is intended to 
complement the theoretical model published by the authors in 2023 
[25]. While this theoretical model can predict accurately MIE for H2-air 
mixtures requiring knowledge of only their composition and tempera
ture, the CFD modelling is deemed to give insights into the spark ignition 
phenomenon, dynamics and flame kernel development. Simulations of a 
realistic experimental layout also allow to assess the effect on MIE of the 
testing design and characteristics, such as electrodes’ dimension, 
conductive losses to the electrodes and radiative losses, etc. 

2. Validation experiments 

The experimental measurements used to build the MIE curve for 
mixtures of hydrogen with air at initial ambient temperature have been 
selected from the sets of experiments in Refs. [6,8,25]. Numerical sim
ulations reproduce the experimental apparatus employed in Ref. [8], 
which used a capacitive spark discharge for mixtures with concentration 
in the range 7–68% of hydrogen by vol. in air. The needle to needle 
tungsten electrodes had diameter of 1.0 mm with a 40◦ angle tip ending 
with a diameter estimated to be in the range of 0.1–0.2 mm [27]. The 
MIE was measured for a variable gap distance between the electrodes. 
The MIE measurements for Lgap = 0.5, 1.0, 2.0 mm are used for com
parison against numerical simulations for varying hydrogen concen
tration in air. Experiments in Ref. [6] were performed on mixtures with 
hydrogen concentrations in air within 7–57% vol. range. The gap be
tween the needle-to-needle electrodes was 0.5 mm, whereas other 
characteristics are not known to the authors. In 2020, Proust [26] con
ducted experiments for mixtures with concentration range 10–50% vol. 
The tungsten electrodes had an ending diameter of 0.1 mm, whereas Lgap 

was equal to 0.5 mm. The same electrodes configuration was used for the 
tests performed at cryogenic temperature of 173 K for mixtures with 
composition 10%, 20%, 30% and 40% of hydrogen by vol. in air and at 
123 K for the 40% composition reported in Ref. [25]. Further details on 
the experiments are available in Refs. [25,26,28]. 

3. CFD modelling approach 

The CFD approach employs a pressure-based solver considering the 
flow as a laminar and compressible ideal gas following conclusions by 
Fernández-Tarrazo et al., in 2023 [23] to include gas compressibility 
effects to describe the formation of shock waves following the energy 
discharge in a short deposition time. The modelling of combustion em
ploys the Finite Rate model with a detailed chemical kinetic mechanism 
[29] involving 13 species and 37 elementary reactions to describe in 
detail the ignition process and effect of multi-step reactions. The 
approach includes radiation modelling via the Discrete Ordinates (DO) 
model [30], as found to well represent radiation losses in Ref. [31] and 
hydrogen jet flames in Refs. [32,33]. ANSYS Fluent version 14.5 has 
been employed as a computational engine. 

3.1. Assumptions and selection of simulation tests 

The spark energy is discharged only as a capacitive component, given 
that it is the most recurrent method for MIE measurement [2]. Validity 
of this assumption is confirmed by Babrauskas in 2003 [10] stating that 
generally the capacitance and voltage of the circuit are used to measure 
the nominal energy. The spark is assumed to have a duration of 1 μs, as 
per the capacitive discharge in Ref. [19]. The chosen spark duration is 
also an intermediate value of the wider range of 0.01–100 μs indicated in 
Ref. [16]. The energy dissipation in the circuit is neglected and ionisa
tion processes are not taken into account into modelling. The electrodes 
configuration in our simulations reproduce the experimental set-up in 
Ref. [8], considering tungsten electrodes with diameter equal to 1 mm. 
The electrodes’ tip side is inclined by an angle of 40◦ with respect to the 
electrodes’ symmetry axis, and it ends with a flat circular surface with 
diameter of 0.2 mm, whereas experiments could present a rounded tip. 
The energy discharge occurs in a cylindrical channel between the 
needle-to-needle electrodes. Lgap varies from 0.5 to 2.0 mm according to 
the experimental conditions in tests by Ono et al. [8] simulated in our 
study for T0 = 288 K. Table 1 shows the electrode gaps used in the nu
merical tests for hydrogen concentration in air within the range of 
10–55% vol. For the mixtures at cryogenic temperature, Lgap is 0.5 mm 
[26]. 

Table 2 reports the mixture composition for the simulations at 
cryogenic temperatures equal to 173 K and 123 K. 

The spark discharge results in the formation of a very thin plasma 
channel with radius in the order of 10–100 μm [15]. The spark channel 
radius had been analytically estimated as 100 μm by Bane et al., in 2013 
[34]. In 2018, Benmuffok et al. [35] gathered the data on initial radius 
of the spark channel indicated by different authors from the literature. 
The sources showed some differences with the spark channel radius 
varying from 100 μm to 200 μm. However, the majority of sources 

Table 1 
Hydrogen concentration in air and electrode gap distance in simulation tests at 
initial ambient temperature selected for comparison with experiments in 
Ref. [8], with exception for test 4 from Ref. [6].  

Test T0, K H2 concentration, % vol. Lgap, mm 

1 288 10 2.0 
2 288 14 1.0 
3 288 22 0.5 
4 288 29 0.5 
5 288 35 1.0 
6 288 45 1.0 
7 288 55 2.0  
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indicated a spark channel radius of approximately 100 μm, similarly to 
Refs. [15,34]. Thus, a spark channel radius (Rc) equal to 100 μm is 
assumed in the present study for the determination of MIE. Nevertheless, 
preliminary simulations to assess the model sensitivity to numerical 
details and spark channel radius were conducted also for Rc ≤ 60 μm and 
described in the section “Initial assessment of the model sensitivity to 
numerical and experimental details” below. Energy in the spark channel 
E is released uniformly in the cylindric volume Vspark by imposing a 
constant source term SE to the energy equation, calculated as SE = E

Δt•Vspark 

J/s/m3, during the ignition time Δt. This assumption is in line with 
experimental observations of MIE resulting approximately constant for 
Δt = 5ns-1ms [8]. It is considered that modelling the spark discharge as 
an energy deposition in a cylindrical volume corresponding to the spark 
channel allows to assess the MIE, similarly to the theoretical approaches 
described in Ref. [25] where the MIE was estimated as the energy 
required to heat up the flammable mixture at initial temperature of the 
unburnt mixture to that of the flame and to compensate the heat losses 
from the surface of the mixture portion heated by the released energy. 

3.2. Numerical details 

Given the axisymmetric nature of the simulated flame kernel for
mation, only a latitudinal quarter of a sphere is considered as the 
calculation domain (see Fig. 1a). The hexahedral mesh has radius equal 
to 5 mm and is built through ICEM CFD 18.0 (see Fig. 1b) and control 
volumes (CV) had minimum orthogonal quality equal to 0.32. The 
minimum CV size in the numerical domain is 8 μm, which provided 12 
CVs along the 100 μm radius of the spark cylindrical channel, shown in 

detail in Fig. 1c. The cell size is set to increase with a growth ratio of 1.05 
towards the domain boundaries. The number of CVs in the numerical 
domain is approximately 138,600 for the simulation tests with Lgap equal 
to 0.5 mm, whereas it increases to approximately 184,000 for the tests 
with Lgap = 1.0 mm and 208,200 for Lgap = 2.0 mm. Sensitivity to the 
numerical grid refinement and symmetry angle will be demonstrated in 
section “Initial assessment of the model sensitivity to numerical and 
experimental details”. 

The solid electrodes are embedded in the numerical mesh to account 
for the associated conductive losses. Tungsten properties are applied for 
the electrodes, being the material used in the experiments: specific heat 
equal to 134 J/kg/K, density equal to 19,300 kg/m3 and thermal con
ductivity equal to 173 W/m/K [36]. Conjugate heat transfer problem is 
solved on the electrode surfaces to ensure continued and smooth solu
tion for temperature and heat fluxes on the fluid-solid boundary. The 
surface emissivity coefficient is assumed to be 0.032 as per tungsten 
aged filaments [37]. For each investigated case, the domain is initialised 
with composition and temperature given in Tables 1 and 2, and ambient 
pressure (101,325 Pa). A negligible velocity equal to 10− 8 m/s is applied 
at initialisation, as suggested for compressible flows solution strategies 
in Ref. [38]. 

The external boundary (see Fig. 1a) is defined as a non-reflecting 
pressure outlet to avoid reflection of waves in the selected compress
ible solver and has same conditions as per the initialisation. A constant 
time step equal to 0.01 μs is used for the first 1 μs simulated time period 
to ensure 100 time steps throughout the discharge of the spark energy. 
Afterwards, the time step size is gradually increased and adapted in 
calculations to maintain a constant Courant Friedrichs Lewis (CFL) 
number through the original time step adapting technique presented in 
Ref. [39]. A CFL = 0.3 is employed in the numerical study. 

The angular discretisation of the DO model employs 5x5 angular 
divisions, as shown to well represent effect of radiation losses in 
Ref. [31]. Water vapour is considered as the only emitting/absorbing gas 
substance in hydrogen-air combustion, as this assumption was seen to 
well represent emitted radiation by hydrogen jet fires in Refs. [32,33] 
with absorption coefficient determined following the data in Ref. [40]. 
The high temperature spark channel (T > 5000 K) is assumed to behave 
as a blackbody radiative source following the observations in Ref. [41]. 
Thus, an emissivity equal to 1 is considered for the mixture at temper
ature beyond 5000 K. To avoid sudden variation in the absorption and 
thus emissivity coefficient, a transition stage increases gradually the 
absorption coefficient up to 1 within the range of temperature 

Table 2 
Hydrogen concentration in air and electrode gap distance in simulation tests at 
initial cryogenic temperature selected for comparison with experiments in 
Ref. [26].  

Test T0, K H2 concentration, % vol. Lgap, mm 

1c 173 20 0.5 
2c 173 30 0.5 
3c 173 40 0.5 
4c 173 60 0.5 
5c 123 20 0.5 
6c 123 30 0.5 
7c 123 40 0.5 
8c 123 60 0.5  

Fig. 1. Calculation domain on the x-y plane (a), numerical grid (b) and zoomed-in at the spark gap grid (c).  
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4000–5000 K. 
The solver employs a PISO algorithm, as recommended for transient 

formulations and to reduce convergence difficulties associated with 
distorted meshes [38], and second-order upwind scheme for space 
discretisation. 

4. Results and discussion 

The scope of this study is to develop and validate a CFD approach for 
numerical prediction of MIE in mixtures of hydrogen with air capable to 
shed light on the spark kernel development process and flame propa
gation dynamics. Nevertheless, prior to proceeding with the core study, 
a comprehensive initial assessment has been performed to test the val
idity and suitability of the numerical details and physical assumptions 
described in Section “CFD modelling approach” and employed here for 
ignition and MIE modelling study. These characteristics will be high
lighted and discussed in detail in Section “Initial assessment of the 
model sensitivity to numerical and experimental details”. 

4.1. Initial assessment of the model sensitivity to numerical and 
experimental details 

The first assessment was performed on the sensitivity to the grid 
refinement and angle of symmetry for the numerical domain. Results for 
a grid with symmetry angle of 12◦ and minimum CV size equal to 4 μm 
(total 93,035 CVs for a 2 mm domain radial extension) are compared to 
outcomes of a grid with symmetry angle of 90◦ and minimum CV size 
equal to 8 μm. The numerical grids have been tested for the case of 
stoichiometric hydrogen-air mixture, IE = 17 μJ, Rc = 60 μm, Lgap = 0.5 
mm and without presence of the electrodes in the domain. It is observed 
that the coarse mesh would result as expected in a “thicker” flame front, 
due to the numerical requirements of 3–5 CVs to represent discontinu
ities and gradients such as a flame front [39]. This effect is assessed to 
cause an approximately 6% longer distance reached by the flame front at 
140 μs. Nevertheless, the difference in maximum temperature of the 
flame resulting from the two grids is negligible, and deviation in average 
flame front velocity is below 2%, verifying the achievement of the 
practical independence of solution on numerical grid. Thus, the coarser 
grid with symmetry angle of 90◦ is selected for the following simula
tions. Furthermore, grids with low symmetry angles of a sphere, despite 
decreasing the number of control volumes for finer grids, would be 
affected by high skewness and low quality of the numerical grid, which 
could be a reason for numerical oscillations and instabilities in such a 
challenging process. 

A CFL number sensitivity assessment was conducted by analysing the 
effect of CFL decrease from 0.3 to 0.1 on the front of the propagating 
flame. The test with stoichiometric hydrogen concentration in air with 
IE = 17 μJ, Rc = 60 μm, Lgap = 0.5 mm in absence of the electrodes in the 
numerical grid to minimize losses was selected to perform a conservative 
assessment. The temperature distribution in time along the x-axis indi
cated that simulation for CFL = 0.3 results in a slightly slower flame 
front. The effect is seen to increase with time, yet at 156 μs, the average 
relative difference in the flame front velocity is about 4.5%, which is 
considered to be acceptable in comparison to the gain in computational 
time. Thus, a CFL = 0.3 was employed in the numerical study. 

The high energy discharge may lead to the occurrence of tempera
tures higher than 10,000 K [4] in the spark channel, and thus significant 
radiation losses. A further simulation test was performed to compare two 
limiting cases in presence and absence of radiation modelling for a 55% 
hydrogen-air mixture, IE = 45 μJ, Rc = 60 μm, Lgap = 2.0 mm, Rel = 0.1 
mm [8], where Rel is the radius of the electrodes. Simulations results 
showed that taking into account radiation can impact greatly the 
maximum temperature achieved during the energy release, causing a 
decrease from 7124 K to 5546 K, i.e., by almost 30%. The variation of 
temperature causes a corresponding decrease in produced maximum 
hydroxyl (OH) mole fraction by approximately 48%. Once this 55% 

hydrogen-air mixture is ignited, the flame temperature stabilises at 
about 1000 K, and the difference between the simulated temperature 
accounting for radiation losses or not decreases to approximately 9% at 
100 μs. The effect of radiation losses increases significantly for larger 
releases of energy and narrower electrodes gaps, as observed for a 
simulation test with 10% hydrogen-air mixture, IE = 110 μJ, Rc = 60 μm, 
Lgap = 0.5 mm, Rel = 0.1 mm [6]. In this case the test without considering 
radiation losses reached a maximum temperature 4 times larger than the 
test including radiation into modelling (53,676 and 13,291 K respec
tively). The larger radiation losses are caused by the emissivity equal to 
1 for the plasma above 5000 K and the higher temperature reached in 
the spark channel. As the energy discharge is ended and flame propa
gates outwards the spark channel, the maximum flame temperature 
stabilises at about 1500 K at 100 μs when radiation losses are consid
ered, which is about 20% less than when radiation modelling is not 
included into simulation. Despite the effect on the dynamics of the 
maximum temperature reached throughout the simulation, the simu
lated MIE did not vary for the test with 10% hydrogen-air mixture and 
Lgap of 0.5 mm. The MIE for this test is determined by progressively 
decreasing the discharged energy by a factor of two. It should be 
remarked that an eventual more gradual decrease of discharged energy 
from one simulation to another may estimate more precisely MIE and 
possibly lead to a noticeable effect on MIE determination. 

A similar approach was used to analyse the impact of conductive 
losses to the electrodes through comparison of two limiting domain 
configurations in presence and absence of electrodes. An electrodes’ 
diameter of 1.0 mm was considered to maximise the effect of electrodes 
presence and conduct a conservative assessment. Simulation results 
showed a noticeable effect on MIE for lean H2-air mixtures and Lgap =

0.5 mm. A second analysis instead assessed the effect of the electrodes’ 
tips diameter for the test with 10% hydrogen-air mixture with IE = 30 
μJ, Rc = 60 μm, Lgap = 2.0 mm [8] by decreasing it from 1.0 mm to 0.2 
mm. As expected, simulation results recorded lower temperature and 
OH concentration during the energy discharge for the larger electrodes 
diameter, due to greater heat losses to the electrodes. However, for both 
electrodes’ sizes the mixture ignited for IE = 30 μJ, whereas it failed to 
ignite for IE = 20 μJ. The lack of variation in the MIE for Lgap = 2.0 mm is 
in line with conclusions of study [22], since Lgap is close to the quenching 
distance for this concentration [42] and thus may not be affected by the 
electrodes’ size. Nevertheless, a more gradual decrease in IE may show 
potentially a different ignition limit also for Lgap = 2 mm. 

The formation of a plasma channel during the breakdown phase is a 
very unstable and variable process. The assumption of suitable spark 
channel dimensions is essential for an accurate reproduction of the en
ergy deposition and MIE estimation. A final assessment has been per
formed varying the spark channel radius for the case with 10% 
hydrogen-air mixture and Lgap = 0.5 mm by variation within the range 
indicated in Ref. [15] for the breakdown phase: Rc = 20 μm, Rc = 40 μm, 
Rc = 60 μm and Rc = 100 μm. A finer mesh with minimum CV size of 4 
μm has been used for the cases with lower Rc to ensure at least 5 CVs 
along the spark channel radius. Simulation results showed that for Rc ≤

60 μm the MIE levelled off to 9 μJ, whereas the mixture failed to ignite 
for energy E = 6 μJ. The case with Rc = 100 μm predicted a MIE equal to 
15 μJ for the stoichiometric hydrogen-air mixture, whereas energy E =
12 μJ failed to ignite the mixture. The simulated MIE is in perfect 
agreement with the widely accepted MIE = 17 μJ. A spark channel radius 
Rc = 100 μm is thus considered to be a better assumption to represent a 
spark channel size after the breakdown and during the arc phase in 
numerical simulations. This is also supported by majority of experi
mental observations presented in Ref. [35]. Therefore, spark channel 
radius Rc = 100 μm is selected and employed for the simulations of MIE 
in the following sections. 
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4.2. Validation of the CFD MIE model for hydrogen-air mixtures at 
ambient temperature 

The numerical tests to estimate the MIE in a mixture of hydrogen 
with air at T0 = 288 K are conducted according to the assumptions and 
numerical details described in Section “Assumptions and selection of 
simulation tests”, namely Rc = 100 μm and Rel = 0.1 mm. The MIE is 
determined by a sequence of simulations for varying progressively the 
energy released in the spark channel. As an example, let us consider a 
stoichiometric hydrogen concentration in air with Rc = 100 μm and Lgap 
= 0.5 mm: after verifying ignition for IE = 17 μJ as observed in exper
iments [6], a simulation test was performed for IE reduced to 15 μJ, 
which still resulted in ignition. In a following simulation test, the IE was 
further reduced to 12 μJ resulting in failure to ignite the mixture and 
establishing 15 μJ as simulated MIE. The energy is discharged in the 
spark channel within 1 μs, causing a sharp rise of temperature to 
approximately 2300 K. Once the energy discharge is stopped, the 
mixture will undergo a rapid decrease of temperature due to the pres
ence of losses, occurrence of thermal expansion and mixing with the 
unburnt components. The formation of a propagating flame is consid
ered to verify the occurrence of ignition. The criteria used to indicate a 
successful ignition are the stable presence of hydroxyl (radical OH) mole 
fraction, high temperature and increase of water vapour integral mass. 
On the other hand, the ignition failure is considered to occur when the 
maximum temperature in the domain decreases below the limit value of 
600 K, absence of stable radical OH generation and water vapour build 
up, similarly to our study [43]. Fig. 2 reports the example on MIE 
determination for the case with 29% hydrogen-air mixture. The 
maximum temperature rapidly increases to about 2300 K in the spark 
channel when an IE equal to 15 μJ is applied. As soon as the ignition 
source is stopped in 1 μs, the maximum temperature decreases to 
approximately 1300 K to then rise again once combustion becomes 
self-sustainable, as proved by the similar trend in maximum OH mole 
fraction and increasing water vapour integral mass. On the other hand, 

when an energy equal to 12 μJ is applied, the temperature reaches a 
maximum of approximately 1600 K, followed by a rapid decrease to the 
limit to ascertain ignition failure within 40 μs. 

Simulations were performed for all the cases presented in Table 1 for 
ambient temperature mixtures. The values of energy leading to a suc
cessful or failed ignition are shown in Fig. 3. It can be observed that the 
mixture with hydrogen concentration in air within 22% and 29% vol. 
provides an absolute MIE equal to 15 μJ, whereas the mixture fails to 
ignite with deposited energy E = 12 μJ. The simulated absolute MIE well 
reproduces the experimental widely accepted MIE of 17 μJ. The exper
imental MIE curve for lean and rich compositions of the mixture is ob
tained for spark gaps larger than 0.5 mm. Simulations were performed 
by changing the spark gap according to experiments, and simulated 
ignition energies perfectly agree with experimental measurements for 
hydrogen concentration 10% by vol. in air and Lgap = 2.0 mm, and 
concentration 14% for Lgap = 1.0 mm [8]. Experimental data for rich 
mixtures are predicted conservatively by simulations. The slight differ
ence may be associated to an increase of losses into the circuit resistance 
and ionisation losses in the experiments, which are not taken into ac
count into modelling. The latter losses would increase for larger released 
energy [44]. In conclusion, simulations for hydrogen-air mixtures at T0 
= 288 K are seen to well reproduce experimental measurements of MIE. 

4.3. Flame kernel development 

CFD simulations results allow visualising the evolution of the flame 
kernel. The simulation test with T0 = 288 K, H2 = 29% by vol. in air and 
Lgap = 0.5 mm is reported here as a representative case. The energy 
discharge is equivalent to the numerically determined MIE of 15 μJ. 
Fig. 4a shows the temperature distribution at 1 μs, i.e. at the end of the 
energy deposition. The recorded maximum temperature is 2300 K. 
Fig. 4b shows the associated OH mole fraction distribution, which re
cords a maximum in of about 5•10− 6. 

Distributions of temperature and OH mole fraction are used to show 

Fig. 2. Assessment of maximum temperature (a), maximum OH mole fraction (b) and H2O integral mass in the domain (c) for the determination of MIE for T0 = 288 
K, 29% hydrogen-air mixture, Rc = 100 μm, Rel = 0.1 mm. 
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the evolution of the flame kernel in Fig. 5 in the time interval from 45 μs 
to 500 μs. It can be observed that at 45 μs temperature is higher within 
the central zone of the spark, because of heat losses to the electrodes. 
The OH species presence and mole fraction starts to increase at 100 μs, 
indicating the sustained development of the flame kernel that proceeds 
to expand spherically. This can also be observed in Fig. 6 for the dis
tributions of temperature and OH species perpendicularly to the axis of 
the spark channel up to 500 μs. Temperature within and in proximity of 
the spark channel (up to about 1 mm distance) tends to decrease in time 
due to heat losses to the electrodes, whereas it increases in correspon
dence of the flame, which is signalled by the presence of OH species. As 
expected, the temperature profile at the flame front follows that of OH 
species. The temperature distribution shows that the flame front tends to 
stabilise at a temperature of approximately 2200 K (see Fig. 6), whereas 
the adiabatic flame temperature is equal to 2388 K. The lower temper
ature in simulations is caused by the radiative and conductive losses to 
the electrodes. The OH mole fraction distribution along the same di
rection (see Fig. 6) indicates flame front location in time. The flame 
propagation velocity is estimated to be about 12 m/s in numerical 
simulations, whereas analytical estimation using Cantera v.2.4.0 soft
ware [45] with GRI 3.0 chemical mechanisms results in about 14.3 m/s. 
The reason for this discrepancy is thought to be due to 
three-dimensionality of the flame propagating outwards the spark 

channel in numerical simulations, which includes flame stretch, and 
losses to the electrodes, whereas theoretical calculations consider a 
freely propagating adiabatic one-dimensional flame. 

4.4. Simulation results for hydrogen-air mixtures at cryogenic 
temperature 

This section presents the results of numerical simulations to estimate 
numerically the MIE in cryogenic hydrogen-air mixtures following the 
same procedure as for ambient temperature mixtures. The numerical 
tests were conducted on H2-air mixtures with concentration 20–60% H2 
by vol. (see Table 2). All simulations and experiments for the mixtures at 
cryogenic temperature are performed for Lgap = 0.5 mm. Fig. 7 shows the 
comparison of numerically determined MIE against experimentally 
measured [26] at the initial mixture temperature 173 K. The experi
ments were performed within the PRESLHY project and are also re
ported in Ref. [25]. The numerical MIE is seen to increase from 15 μJ to 
30 μJ when the initial temperature decreases from T0 = 288 K to T0 =

173 K, confirming the trend observed in experiments. A deposition of 
energy equal to 23 μJ failed to ignite the mixture for simulations at T0 =

173 K. The simulated MIE is more conservative compared to the 
experimental measurements for hydrogen concentrations in the range 
20–30% vol. in air, which recorded MIE = 46 μJ for H2 = 30% vol. in air. 

Fig. 3. MIE in hydrogen-air mixture at T0 = 288 K: CFD simulations against experimental data by Refs. [6,8,26].  

Fig. 4. Distribution of temperature (a) and OH mole fraction (b) on the symmetry plane at 1 μs for T0 = 288 K, 29% hydrogen-air mixture, Lgap = 0.5 mm, MIE =
15 μJ. 
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For higher hydrogen concentration of H2 = 40% vol. numerical 

simulations result in IE equal to 30 μJ as per a stoichiometric mixture, 
which is lower than the experimental measurement. Nevertheless, the 
lower number of tests conducted for H2 = 40% vol. may not be sufficient 
to estimate accurately the MIE and assess the predictive capability of the 
numerical model. It should be remarked as well, that simulations do not 
take into account the losses into the circuit resistance and ionisation 
losses that may occur in the experiments and would increase for larger 
released energy [44]. 

A set of numerical tests were conducted on mixtures of hydrogen 
with air at initial cryogenic T0 = 123 K. The numerical MIE is found to be 
equal to 40 μJ for the mixture 20–30% H2 vol. in air, whereas an energy 
of 30 μJ is not sufficient to ignite the mixture. Experimental measure
ments of MIE for H2 = 20–30% vol. in air are available only down to 158 
K, recording MIE = 60 μJ [25]. Prediction of MIE by the validated 
theoretical tool [25] provides MIE = 104 μJ for H2 = 20% vol. in air at 
T0 = 123 K. Discrepancy between numerical simulations and theoretical 
calculations or experimental measurements could be associated with the 
numerical assumptions on the spark channel radius and discharge 
duration, which could differ for very low temperature T0 = 123 K. 

Fig. 5. Flame kernel development for T0 = 288 K, 29% hydrogen-air mixture, Lgap = 0.5 mm, MIE = 15 μJ.  

Fig. 6. Distribution of temperature (solid lines) and OH mole fraction (dashed 
lines) perpendicularly to the spark channel axis for T0 = 288 K, 29% hydrogen- 
air mixture, Lgap = 0.5 mm, MIE = 15 μJ. 

Fig. 7. MIE in hydrogen-air mixture at T0 = 173 K: CFD simulations against PRESLHY experiments (2021) [25].  
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Further experiments are required to clarify these aspects and consolidate 
the basis for more accurate assumptions of numerical studies at such low 
temperatures. It should be remarked, nevertheless, that the complexity 
of the problem under investigation and the high sensitivity of mea
surements to the experimental device parameters could lead up to one 
order of magnitude of deviation in MIE as noted by comparison with 
experimental data [6,8]. 

Fig. 8 shows the flame kernel growth in the time interval 50–660 μs 
through the temperature and OH concentration distributions for the 
numerical test with T0 = 173 K, H2 = 30% vol. in air, Lgap = 0.5 mm, MIE 
= 30 μJ. The spherically expanding flame front presents some distur
bances, whereas these were not noticeable for the ignition test at T0 =

288 K shown in Fig. 5. The disturbances are believed to be associated 
with combustion instabilities enhanced by mixture’s low temperature. 
These observations are deemed to support the considerations withdrawn 
by the theoretical modelling in Ref. [25] hypothesizing the enhance
ment of flame stretch and preferential diffusion effects and instabilities 
for hydrogen-air mixtures at lower temperature. The boundaries of the 
domain are reached by the flame in 660 μs, whereas a minor time was 
required by the flame in the ambient temperature numerical tests (500 
μs). 

Fig. 9 shows the temperature and OH concentration distributions 
perpendicularly to the spark channel axis. Temperature of approxi
mately 4000 K (not visible in Fig. 9) is achieved during the first 1 μs 
corresponding to the spark duration. Once the energy discharge is 
stopped, the heat losses and gas expansion lead to a quick decrease in 
temperature, until flame propagation starts, and temperature increases 
again. It can be observed that the flame front is established at a tem
perature of approximately 2100 K. As observed for mixtures at T0 = 288 
K, this value is lower than the adiabatic flame temperature (2323 K). At 
500 μs the simulated flame propagation velocity is about 9.9 m/s, but 
since this is seen to not be yet stabilised and to have an increasing trend, 
it is considered that a larger domain should be used for accurate esti
mation of the flame propagation velocity. 

In conclusion, the developed CFD model is widely validated through 
comparison with experimental MIE curve for H2-air mixture at ambient 
temperature, and is proved to be a suitable and reliable predictive tool 
for the use of stakeholders in hydrogen safety complementarily to the 
simpler theoretical tool developed in Ref. [25]. The application of the 
developed CFD approach is also extended to cryogenic mixtures of 
hydrogen with air, as capable to capture the dependency of MIE on the 

mixture temperature and provide conservative MIE assessment. Never
theless, further experimental research should be performed for lower 
mixture temperature (below 173 K) to clarify the behaviour of a flame 
development during ignition. 

5. Conclusions 

The research originality resides in the provision of a CFD three- 
dimensional approach to model spark ignition phenomenon for mix
tures at arbitrary initial conditions of hydrogen concentration in air and 
temperature, including cryogenic mixtures, and determine the resulting 
MIE. The novel CFD approach takes into account the effect of radiative 
losses and conductive heat losses to the electrodes. 

The research significance is established by the provision of a validated 
CFD approach for the use of stakeholders in safety engineering to esti
mate numerically the ignition potential of mixtures of hydrogen with air 
at arbitrary concentration and temperature for a given energy deposi
tion and “electrodes” configuration. The CFD model is further intended 
to complement the theoretical modelling tool for determination of MIE 
developed by the authors [25]. 

A wide set of experiments available in literature for mixtures at 
initial ambient temperature was used for the validation of the novel CFD 
approach, establishing the research rigour. The validity of the model was 
expanded to mixtures of hydrogen with air at 173 K through comparison 
against the INERIS cryogenic experimental tests performed within the 

Fig. 8. Flame kernel development for T0 = 173 K, 30% hydrogen-air mixture, Lgap = 0.5 mm, MIE = 30 μJ.  

Fig. 9. Distribution of temperature (solid lines) and OH mole fraction (dashed 
lines) perpendicularly to the spark channel axis for T0 = 173 K, H2 = 30% by 
vol. in air, Lgap = 0.5 mm, MIE = 30 μJ. 
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project PRESLHY [25,26]. The CFD model reproduced accurately the 
MIE experimental measurements for both ambient and cryogenic initial 
temperature of the mixture. Results of numerical simulations showed a 
decrease of MIE with the increase of initial temperature, in line with 
theoretical and experimental conclusions in Ref. [25]. Therefore, it is 
deemed that current safety measures established for ambient tempera
ture mixtures can conservatively be implemented for cryogenic appli
cations. To further establish the rigour of the research, the study 
included a parametric assessment to examine the impact of relevant 
numerical and experimental details on modelling results. It is deemed 
that CFD modelling should always include conductive heat losses to the 
electrodes, as they were observed to affect the numerical outcomes. 
Inclusion of radiation modelling was found to impact significantly the 
temperature achieved for the high energy deposits and this is considered 
to potentially affect the numerically determined MIE and the flame 
kernel development. Furthermore, experimental evidence demonstrated 
the MIE dependence on the electrodes’ gap distance. It is fundamental 
for numerical simulations to consider a configuration representing as 
much as possible the experimental design to accurately reproduce 
measured MIE. 
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