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HIGHLIGHTS

e Development and validation of model to determine MIE for hydrogen-air mixtures.
e The model is applicable for arbitrary concentration and temperature of the mixture.
e The model employs the laminar flame thickness to calculate a critical flame kernel.
o Effect of flame stretch and preferential diffusion on laminar burning velocity.

¢ Validation against experiments at ambient and cryogenic temperatures.
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The ignition and combustion of hydrogen in air is considered more hazardous compared to
other fuels due to the lower minimum ignition energy (MIE) and the wider flammability
range. Spark discharge is the most common type of electrostatic ignition hazard. There is a
need in validated safety engineering tools to accurately calculate MIE in a wide range of
temperatures from atmospheric to cryogenic which are characteristic for hydrogen sys-
tems and infrastructure. Current MIE assessment methodologies rely on the availability of
experimental data on quenching distance and/or laminar burning velocity and thus are
mostly empirical correlations. This prevents their application beyond the limited number
of experimental data, i.e. to arbitrary composition of the hydrogen-air mixture at arbitrary
temperatures including cryogenic. This work aims at the development of a model able to
accurately predict MIE for hydrogen-air mixtures with arbitrary initial composition and
temperature. Cantera and Chemkin software are used to calculate the properties and
unstretched laminar burning velocity of hydrogen-air mixtures. The flame thickness is
found to well represent the critical flame kernel in the suggested model. The model is
validated against experimental data on MIE for mixtures at ambient and cryogenic (down
to 123 K) temperatures. Results show that the effect of flame stretch and preferential
diffusion shall be considered to accurately predict MIE for lean hydrogen-air mixtures,
which was not possible for previous models.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Nomenclature

Acronyms

MIE Minimum Ignition Energy, J

Greeks

oL Laminar flame thickness, m

0 Diffusive flame thickness, m

6? Thermal flame thickness, m

o Laminar flame thickness calculated using Blint
definition, m

oBS Laminar flame thickness calculated using Blint
definition and Sutherland law simplification, m

i Stoichiometric coefficient

p Density, kg/m?

Latins

@ Capacitance, F

Cp Specific heat at constant pressure, J/kg/K

d Diameter of the critical flame kernel, m

I Energy, J

Enin Minimum energy to ensure ignition, J

k Thermal conductivity, W/m/K

S Flame propagation velocity, m/s

Su Laminar burning velocity, m/s

SO Unstretched laminar burning velocity, m/s

o Stretched laminar burning velocity accounting
for selective diffusion, m/s

Ty Temperature of burnt mixture, K

T, Temperature of unburnt mixture, K

\4 Voltage, V

Xsp Parameter of the effect of flame stretch and
preferential diffusion on the laminar burning
velocity

Subscripts

av Averaged between parameter value for burnt
and unburnt properties

b Burnt mixture

1L Laminar
Unburnt mixture

Superscripts

0 Parameter referring to unstretched laminar
burning velocity

B Blint definition for laminar flame thickness

BS Blint definition and Sutherland law
simplification for laminar flame thickness

SD Parameter accounting for flame stretch and
selective diffusion

Introduction

Hydrogen release into air can easily be ignited due to the lower
minimum ignition energy (MIE) and propagate flame due to
the wider flammability range of 4—75% of hydrogen in air by
volume compared to other fuels. If MIE is usually greater than
100 pJ for flammable gases such as methane or ethane, MIE for
hydrogen in air in standard conditions is as low as 17 uJ [1].

Therefore, the ignition potential for hydrogen-air mixtures
can be considered greater than for other fuels. The content of
oxygen in the mixture affects the value of MIE, causing its
decrease to 5.7  for air enriched by oxygen to 35% vol [2]. In
experiments with hydrogen combustion in oxygen, it was not
possible to measure the MIE due to the limited capability of
the experimental apparatus with minimum measurable en-
ergy of 4 pJ. The authors of [3] reported that the ignition energy
of hydrogen-oxygen can be as low as 1.2 .

The conventional experimental technique to determine
the MIE for flammable mixtures is a spark capacitive
discharge [2]. From the safety point of view, an investigation of
a spark discharge is of great interest as it is the most common
type of electric discharge associated to ignition hazards [4].
Furthermore, the deployment of hydrogen-powered vehicles
makes the study of electrostatic discharge hazards of primary
importance. The energy E of a capacitive spark is defined as:

Ccv?

E=— 1)
where C is the capacitance and V is the applied voltage.

The MIE for hydrogen-air mixtures at ambient temperature
has been widely investigated experimentally, e.g. Refs. [1,5,6].
Tests in Ref. [7] demonstrated that the MIE for hydrogen-air
mixtures strongly depends on the gap distance between the
electrodes, which was varied in the range 0.5—4 mm. It was
observed that for near to stoichiometric composition, the MIE
is achieved for the 0.5 mm gap. However, when changing the
hydrogen content in the mixture, the MIE is achieved for
different gap lengths. For instance, MIE for a mixture with 10%
vol. Hydrogen in air is obtained for a gap equal to 2 mm,
whereas for 50% hydrogen-air mixture the MIE is obtained for a
gap of 1 mm. Similar dependence was found in Ref. [2] for
mixtures enriched with oxygen (35% vol of oxygen in air) for
electrodes’ gap in the range 0.3—1 mm. The authors of [7]
compared their MIE measurements with previous studies
conducted in Refs. [1,5], observing up to twice deviation in MIE
values measured for lean mixtures using different electrodes
gap. The discrepancy was explained to be originated by dif-
ferencesin the experimental apparatus, such as the electrodes
configuration (e.g., shape, gap, tip diameter, etc.) and material.

The effect of spark duration on the MIE was assessed in
Ref. [7]. It was found that for a mixture with 22% vol. of
hydrogen in air, the MIE did not present significant differences
when the spark duration was varied in the range from 5 ns to
1 ms. The variation of initial temperature of the flammable
mixture affects its capability to ignite and combustion char-
acteristics. Semi-empirical correlations [8] give the increase of
MIE for stoichiometric hydrogen-air mixtures to approxi-
mately 100 pJ at temperature 200 K. In 2022, Ghosh et al. [9]
measured the MIE for 6.3% hydrogen-air mixture with tem-
perature in the range 200—295 K. The MIE was seen to increase
linearly from about 450 pJ at 295 K to about 1.2 mJ at 205 K. This
experimental study confirmed the high variability of ignition
energy for lean hydrogen-air mixtures at temperature lower
than ambient. At 245 K the decrease in MIE by a factor of eight
was observed when increasing hydrogen concentration in air
from 6.3% to 7.7%.

There are several studies built on dependence of MIE on the
quenching distance. In 1961, Lewis and von Elbe [1] assessed
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the MIE dependence on the quenching distance and mixture
temperature through their theoretical considerations. Their
first equation considers the MIE as the amount of energy
required to heat up a sphere of flammable mixture at initial
temperature T, of the unburnt mixture, to that of the flame,
Ty,. The quenching distance, d, is considered as the diameter of
the critical flame kernel [1]:

1
Emin = g ﬂd3pbcp,au (Tp —Ty) )

where p, is the density of the burnt mixture and ¢, 4, is the heat
capacity averaged between the fresh and burnt mixtures.
Their second equation considers the minimum ignition en-
ergy to compensate the heat losses from the surface of the
sphere heated by the released energy as [1]:

N 0

Emin =

where ko, and S, are the average heat conductivity and the
burning velocity respectively. The authors found that for
“strong” flames, En, is proportional to d3, whereas for
“weaker” flames the proportionality was found to be as d? [1].

In 1986, Monakhov [10] reported that the MIE of flammable
vapours and gases in the air expressed in millijoules may be
calculated as E,;, = 0.01d?°, where d is the critical extin-
guishing diameter, i.e. the quenching distance, expressed in
millimetres.

In 2006, the proportionality of E,;, to d*> was stated by Law
[11] based on the experimental results [5] for a variety of fuels
including hydrogen. Law considered that the quenching dis-
tance should be of the same order of the laminar flame
thickness 4y, as this is the distance characterising heat losses.
In this formulation, E,;, is proportional to the amount of en-
ergy needed to heat up a spherical volume of unburnt mixture
with density p, and radius 6., from the unburnt mixture
temperature T, to that of the burnt mixture, assumed to be
equal to the adiabatic flame temperature Tyq [11]:

Epmin ~ Pu(‘sL)gcp(Tad - Tu)‘ (4)

In 2007, Chen and Ju [12] investigated analytically and
numerically the dynamics of flame kernel evolution with and
without external energy addition. It was found that radiation
losses affect the resulting flame regimes and increase signif-
icantly the critical ignition radius, which would determine the
self-extinguishment of the flame or the successful ignition of
the mixture. The results showed that the minimum ignition
power would present three different dependencies on the
Lewis number.

Despite theoretical considerations done in the past, the
validated theoretical models to determine MIE in hydrogen-air
mixtures at different concentrations and temperatures are
still missing. The authors of [13] limited application of Egs. (2)
and (3) to only stoichiometric hydrogen-air mixture. They
concluded that there is no relationship between quenching
distance and laminar flame thickness, that is conversely to
Ref. [11]. Furthermore, the previous models employed exper-
imental data on quenching distance and laminar burning
velocity. This would prevent the application of these models
in conditions where experimental data are not available, such
as mixtures with arbitrary hydrogen concentration and/or

temperature. To overcome these uncertainties and short-
comings, the present study aims at developing a model for
calculation of MIE requiring as input only hydrogen-air
mixture composition and temperature. The study in-
vestigates the use of the laminar flame thickness to estimate
the critical flame kernel. Cantera and Chemkin software are
used to calculate the flame and mixtures parameters, and
their performance is compared. To assess the validity of the
correlation, results are compared against experiments
described in Refs. [1,7] for the range of hydrogen concentra-
tion in air in the range 9—75% vol. With initial temperature
equal to ambient. The applicability of the model is then
extended to hydrogen-air mixtures formed by releases from
storage and equipment at cryogenic temperature. The corre-
lation is validated against unique experiments performed at
INERIS facility within the Clean Hydrogen Joint Undertaking
funded project “Pre-normative Research for Safe Use of Liquid
Hydrogen” (PRESLHY, Grant Agreement No. 779613), where
experiments were performed on hydrogen-air mixture with
temperature in the range 123—293 K. Hydrogen-air mixtures at
temperature below atmospheric can be formed during loss of
liquid hydrogen containment or released from storage or
equipment at cryogenic temperature (<150 K [14]). The model
can be applied to the entire range of temperatures of
hydrogen-air mixtures from atmospheric down to lowest
where gaseous mixture can exist without condensation of air
components, i.e. 90 K (liquid oxygen boiling point). This is
close to the model validation temperature domain of 123 K in
the PRESLHY experiments.

Description of validation experiments
Hydrogen-air mixtures at ambient temperature

Validation data on MIE for hydrogen-air mixtures at ambient
temperature are taken from three experimental campaigns,
conducted in 1961 [1], 2007 [7] and 2020 [15] respectively.
Conditions prior to ignition were ambient temperature and
pressure. Earliest experiments [1] were conducted on
hydrogen-air mixtures in the range of hydrogen concentra-
tions in air 7-57% vol. The gap between electrodes was
0.5 mm. The MIE in Ref. [7] was measured using a capacitive
spark discharge in a stainless-steel chamber of 1 L volume,
and the tests were performed with 7—68% hydrogen-air
mixtures. Needle to needle electrodes made of tungsten
were used and located at the centre of the chamber. Fifty
tests with gap between electrodes of 0.5 mm, 1 mm and
2 mm are selected for validation, as these test configurations
provided the lower measurements of MIE. Spark duration
was below 100 ns. Proust [15] proposed a technique to pro-
duce well controlled electrical sparks and promote repro-
ducibility of tests. Transparent cylindrical chamber of 7 L
volume was used to visualise the development of the spark
and produced flame kernel. Tests were conducted for
hydrogen concentration in air in the range 10—50% vol. The
MIE measurements are reported in Table 1. These experi-
ments were performed within the PRESLHY project for
comparison with tests at cryogenic temperature, which are
described in the following section.
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Table 1 — MIE for hydrogen-air mixtures at ambient [15] and
cryogenic temperature (PRESLHY project).

Hydrogen concentration MIE at MIE at

in air (% vol.) T=298K (W) T=173K (W)
10 - 315.8

12 165.2 -

20 19.8 53.4

30 314 45.8

40 47.7 72.3

50 164.0 -

Hydrogen-air mixtures at cryogenic temperature

Tests on MIE measurements at cryogenic temperature were
performed within the PRESLHY project [16]. The experimental
set-up consisted of a vertical and tubular burner with height of
400 mm and diameter of 40 mm. The device was foam-
insulated and filled with glass beads (Fig. 1). Liquid nitrogen
was poured from the open top of the device into the glass
beads to cool them down prior to the ignition tests. Three
thermocouples at different heights of the burner were used to
monitor the temperature within the system. The air and
hydrogen were injected from the bottom of the burner and
diffused in upward direction into the glass beads. The
hydrogen-air mixture concentration was calibrated through
mass flowmeters. The uniformity of concentration across and
along the vertical burner were verified. The accuracy of con-
centration measurements was +0.5% vol. The spark ignitor
was located at the open top of the burner. The electrodes were
made of tungsten of 0.1 mm diameter. The electrodes gap was
fixed to 0.5 mm. A series of tests was performed at 173 K
(=100 °C) for concentration of hydrogen in air equal to 10%,
20%, 30% and 40% vol. Table 1 reports a summary of the MIE
measurements at 173 K (—100 °C). For example, the MIE for the
30% vol. of hydrogen in air was found to be 46 pJ Further ex-
periments were conducted on hydrogen-air mixtures with
concentration of 20%, 30% and 40% at variable initial tem-
perature decreasing from ambient further down to 123 K
(=150 °C) for the case of the 40% mixture. Results of this
experimental campaign are shown in Fig. 12 along with the
model predictions.

Analysis of MIE determination by existing
quenching distance models [1]

The first attempt of MIE determination by Egs. (2) and (3) was
done in Ref. [13] with limitation to a stoichiometric hydrogen-
air mixture at ambient temperature. Both equations resulted in
MIE = 40 uJ [13], which is more than twice higher than the
experimental measurements [1]. In the present study, Egs. (2)
and (3) are employed to calculate the ignition energy for mix-
tures with hydrogen concentration in air in the range 11-50%
vol. as follows. Properties for the fresh and burnt mixtures
were calculated through Cantera v.2.4.0. The quenching dis-
tance was retrieved from experimental data in Ref. [17],
available for mixtures at ambient temperature with hydrogen
content in air 11-50% vol., hence limiting the model calcula-
tion range. Burning velocity in Eq. (3) was calculated using the

data on laminar burning velocity in Ref. [18]. Results are
compared to experimental MIE in hydrogen-air mixtures
[1,7,15] in Fig. 2. Equation (2) predicts well the MIE for a stoi-
chiometric and rich mixtures. Predictions worsen for lean
mixtures, possibly due to a less accurate determination of the
quenching distance in experiments. Equation (3) results in
lower calculated ignition energy, meaning that the energy
needed to compensate the heatlosses is lower than the energy
required to heat up the fresh mixture to the flame temperature.

Despite the reasonable agreement of previous models
with experiments for near-stoichiometric and rich mixtures
(they still somewhat underpredict MIE for this range of
concentrations), both models seriously overpredict the
measured values of MIE for lean mixtures. This is unac-
ceptable from safety point of view. Furthermore, these two
equations employ experimental data for d and S, which are
currently available in literature only for mixtures at certain
concentrations and temperatures, preventing the application
of these two models for mixtures at arbitrary concentration
and temperature.

Development and validation of the model for MIE
determination

The former models presented by Egs. (2) and (3) [1] are further
developed here to calculate the MIE by knowing only initial
temperature and composition of the hydrogen-air mixture.
The model is validated against MIE experiments that are
available at ambient pressure but is expected to reproduce MIE
athigher pressures when they will be available. The variants of
the model are summarised in Table 2. Firstly, Eq. (2) was
modified to consider the density and specific heat of the un-
burntmixture, as these are the properties determining the heat
needed to bring a sphere of unburnt mixture with defined
critical diameter to the adiabatic flame temperature (Models 1-
B and 1-BS). The diameter of the critical flame kernel is
considered to be proportional to the laminar flame front
thickness similar to Ref. [11], see Eq. (4). It is reasonable to as-
sume that a flame kernel should have a diameter of at least
twice the laminar flame thickness to initiate the flame propa-
gation. Babrauskas [19] analysed different literature sources
and reported the quenching distance as d=2—-2.2¢; or d =
3.16;, with ¢, being the laminar flame front thickness. The
averaging of these expressions is employed here to calculate
the critical flame kernel as:

d=254, (5)

The sections below show the assumptions and step by step
procedure to calculate each of the parameters used in the
revised Egs. (2) and (3), i.e. the flame thickness, mixture
properties and laminar burning velocity.

Laminar flame thickness

There are several ways to define the laminar flame thickness,
01, and a brief review as reported in Ref. [20] is provided here. A
flame thickness can be retrieved from scaling laws. Following
denomination in Ref. [20], this is called “diffusive” flame
thickness, ¢, and is defined as:
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Fig. 1 — Burner configurations scheme (a) and photographs from the side (b) and top (c).
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Fig. 2 — MIE calculated using previous quenching distance models (Egs. (2) and (3) [1]) against experimental MIE [1,7,15].

Table 2 — Model variants for determination of MIE in
hydrogen-air mixtures.

Model MIE equation Flame thickness
variant equation
Model 1-B 1 k
Emin — é"rdspucp,u(Tb - TU) 58 — 25 b/Cva
i =A==
u/ Cpu
Model 2-B ke (To = Tu) kp
o —wds—u 5 :zék/Cp,b
u/ Cpu
Model 1-BS 1 o7
Enin =g PncoulTo ~To) o ~25()
Model 2-BS gk (To —Tw)
min —

u

0.7
&5 = 26 (%)

u

Note: relationship between “d” in the MIE equation (second col-
umn) and the flame thickness equation (third column) is given by

Eq. (5).

o= Ry
PuCpuSu

(6)

where k, is the thermal conductivity, p, is the density, ¢, is
the specific heat at constant pressure for unburnt mixture,
and S, is the laminar burning velocity.

A “thermal” flame front thickness is defined by the tem-
perature gradient, it is considered to be more appropriate in
Ref. [20]. This quantity is defined as:

0 _ Tb - Tu
b max(Z)

)

Simpler correlations can be applied as the one proposed by
Blint and reported in Ref. [20]:

kb/ Cp.b
Ruj

u Cou

=26 ®)
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The equation may be further simplified by using the
Sutherland law to estimate k and the assumptions of constant
Prandtl number and c, [20]:

T 0.7
5 =25 (Tl>
u

The latter correlation requires only the knowledge of the
temperature for the burnt mixture, which is easily obtain-
able from thermochemistry equilibrium calculations (see
Section Parameters of unburnt and burnt mixtures). As re-
ported by the authors [20], Egs. (8) and (9) give a good esti-

©)

mation of 62. Furthermore, they allow to estimate the
laminar flame thickness through parameters that could be
computed by easily available software. Therefore, these two
equations are employed for estimating ¢; in the calculation
of the critical flame kernel diameter and their results are
compared. For all calculations unless otherwise specified,
the initial conditions of the hydrogen-air mixtures are
ambient temperature (298 K) and pressure (1 atm). The
flame kernel formation is assumed to be an isobaric process.
In conclusion, four models resulting by the combination of
two equations to calculate the MIE and two expressions to
calculate the flame thickness are assessed and compared.
The four model variants are summarised in Table 2 and the
showed denomination will be used in figures comparing the
results of their application. It should be noted that the
laminar flame thickness may be also retrieved through the
software mentioned in Section Parameters of unburnt and
burnt mixtures. However, this approach is not pursued in
the present study to allow extension of applicability of the
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model to lean and cryogenic hydrogen-air mixtures (see
following sections).

Parameters of unburnt and burnt mixtures

Application of the models in Table 2 and calculation of the
laminar flame thickness require the knowledge of the
following thermophysical properties characterising the un-
burnt and burnt mixture: density, thermal conductivity, spe-
cific heat at constant pressure and temperature that is
assumed to be the adiabatic flame temperature. These pa-
rameters are calculated through the equilibrium solver avail-
able in Cantera v.2.4.0 [21], assuming a constant pressure
equal to 1 atm. Results are reported in Fig. 3 as a function of
the hydrogen concentration in air. The use of either “mixture-
averaged” or “multicomponent” transport models did not
affect the results. The calculation of laminar burning velocity
will be described in the following section.

The present work aims to develop a model applicable to
cryogenic hydrogen-air mixtures as well. Cantera is used to
calculate the thermophysical properties for the cryogenic
mixtures, following the work [22] performed within the PRE-
SLHY project, which used the STANJAN code [23] and Cantera
[21] for the analysis of adiabatic combustion temperature in
cryogenic hydrogen-air mixtures with temperature down to
78 K and 200 K, respectively. Fig. 4 reports the thermophysical
properties for mixtures with initial temperature in the range
100—250 K. As expected, the largest effect of initial temperature
is observable on the properties of the unburnt mixtures, espe-
cially density and thermal conductivity. The effect is less
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Fig. 3 — Thermophysical properties of the unburnt and burnt mixture as a function of hydrogen concentration in air for

ambient temperature T,, = 298 K and atmospheric pressure.
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Fig. 4 — Thermophysical properties of the unburnt (dashed lines) and burnt mixture (solid lines) as a function of hydrogen
concentration in air for the temperature range T, = 100—250 K and atmospheric pressure.

pronounced for the properties of the burnt mixtures. When
Cantera is not available for a user, Figs. 3 and 4 can be used to
retrieve graphically the properties required to apply the model.

Laminar burning velocity

The laminar burning velocity is estimated through simulation
of a freely propagating adiabatic one-dimensional (1D) flame in
Canterav.2.4.0[21] employing GRI 3.0 chemical mechanisms. A
uniform spatial grid of width 3 cm was specified for calcula-
tions, following the best practices [24]. Additional points are
automatically added in the region with the steepest gradients
according to the defined ratio, slope and curve. A sensitivity
study was conducted on the parameters defining the refine-
ment of the grid to ensure independency of the solution. The
grid width was decreased to 1 cm, leading to a maximum dif-
ference of 3% for the mixture with hydrogen concentration in
air 10% vol., whereas difference is unnoticeable for richer
mixtures. The “ratio” parameter of Cantera determines the
minimum spacing between grid points in simulations and if
this value is exceeded, additional points will be added to the 1D
grid. The “ratio” was decreased to the minimum possible, i.e., 2,
from the default value of 10. Variation caused a negligible dif-
ference in results and calculation time. However, the ratio of 2
was maintained in the following simulations to achieve a
better accuracy. The slope represents the maximum difference
in value between two adjacent points. Default value is 0.06 and
it can be varied in the range 0—1. The slope was decreased to
0.008, as lower values led to convergence issues. The decrease
of slope caused a slightincrease of laminar burning velocity for

lean mixtures, and convergence was reached for a slope equal
to 0.01, which was then applied for the follow-up calculations.
The final tuning software parameter is the curve, which de-
termines the maximum difference in the slope between two
adjacent intervals. The curve value may be maximum 1. In the
sensitivity study, the value was decreased to 0.03 and since no
appreciable difference was noted in the results, a value of 0.09
was used for calculations to maintain a low computational
time. Several studies reported dependence of the laminar
burning velocity solution on the employed chemical mecha-
nisms, especially for lean mixtures [25]. Thus, GRI 3.0 mecha-
nisms were compared to Dryer's chemical mechanisms [25].
Results for GRI 3.0 and Dryer's mechanisms are reported in
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Fig. 5 — Laminar burning velocity calculated by Cantera and
Chemkin software as a function of hydrogen concentration
in air (T,=298K): comparison of GRI3.0 [21], Dryer [25] and
Peters and Rogg's [27] chemical mechanisms against
experiments [18].
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Fig. 5. In the second stage of the analysis, Chemkin software
[26] was employed to estimate the laminar burning velocity for
a freely propagating adiabatic 1D flame at atmospheric pres-
sure. The laminar burning velocity, by definition, is calculated
as the relative velocity between the unburnt gas mixture and
the flame front. Detailed chemical mechanism considers a
subset of Peters and Rogg's [27] mechanism with 18-step
reduced chemical reaction mechanism for hydrogen combus-
tion in air and 9 chemical specie. The numerical grid had a
domain width of 10 cm and was not uniform, butit was adapted
based on the temperature profile estimate: 1000 adaptive grid
points were defined with maximum curvature equal to 0.5. The
increase of adaptive grid points by two orders of magnitude
and the decrease of maximum curvature to 0.2 presented a
negligible difference in the results.

Fig. 5 shows the results of the laminar burning velocity
calculations by Cantera [21] and Chemkin [26]. Results of
laminar burning velocity computations are compared with
data provided in Ref. [18] on unstretched laminar burning
velocity retrieved from experiments. GRI3.0 mechanism
resulted in a larger burning velocity for very lean mixture
when compared to Dryer's mechanism employed in Cantera,
reaching approximately 40% increase for the mixture with
hydrogen content in air of 10% vol. On the other hand, cal-
culations employing the subset by Peters and Rogg in Chem-
kin resulted in a larger laminar burning velocity by
approximately 90% for the same hydrogen concentration
(10%), with closer prediction of the experimental data. Thus,
Chemkin has been selected for calculation of the laminar
burning velocity further in the model.

Chemkin has been used to calculate the unstretched
laminar burning velocity for the cryogenic hydrogen-air mix-
tures with temperature in the range 100—298 K. To confirm the
validity of the theoretical calculations via the thermodynamic
databases and chemical reaction mechanisms available in
Chemkin, the calculated laminar burning velocity was
compared to the processed experimental data for hydrogen-
air mixtures with temperature in the range 100—300 K by
Ref. [28], reported in Ref. [22]. Results have shown a good
agreement for the mixtures with concentration equal or
higher than stoichiometric, presenting a maximum variation
of 12% for the mixtures at initial ambient temperature. The
deviation between data by Ref. [28] and calculations in this
study was seen to reduce with the decrease of temperature.
The mixture with stoichiometric coefficient of 0.6 achieved a
maximum deviation of about 30% at ambient temperature,
whereas it decreased for lower temperatures of the mixture.
Thus, it is concluded that Chemkin software with the avail-
able thermodynamic database and chemical reaction mech-
anism can still be used for the assessment of laminar burning
velocity and MIE of cryogenic hydrogen-air mixtures.

Fig. 6 shows the results of calculation by Chemkin of the
unstretched laminar burning velocity as a function of
hydrogen concentration in air for initial temperature of the
mixture in the range 100—298 K. This can be applied by a user
to retrieve graphically the laminar burning velocity to be
applied in the specific case.

The following equation is also used to assess the depen-
dence of laminar burning velocity on mixture temperature at
constant pressure [29]:

—Tu=298K

Laminar burning velocity, m/s

0 10 20 30 40 50 60 70 80
Hydrogen concentration by vol, %

Fig. 6 — Unstretched laminar burning velocity calculated by
Chemkin software as a function of hydrogen concentration
in air and temperature of the unburnt hydrogen-air
mixture at atmospheric pressure.

Su.T = Su.vef' < T ) (10)

Tref

where S,.s and Ty are the laminar burning velocity and
temperature at the reference state, here considered as the
ambient conditions, and « is the temperature exponent. The
authors of study [29] observed a decrease of a« with the
equivalence ratio, but nevertheless recorded a large scattering
in results. The average value of « = 1.57 was found for
hydrogen-air mixtures with equivalence ratio in the range
0.5—-1.0 and temperature 300—430 K. As reported in Ref. [29],
this was found to be well comparable for the same range of
concentration with « = 1.64 reported in Ref. [30] for the tem-
perature range of 293—523 K, and « = 1.53 in Ref. [31] for the
temperature range of 291-500 K. These values of « are com-
parable to the temperature exponent of 1.48 found for the
maximum laminar burning velocity in Ref. [32] and the values
reported in Ref. [22] for temperature lower than ambient. A
constant exponent a« = 1.48 will be considered in the present
study for hydrogen-air mixtures at temperatures below
ambient. Nevertheless, it should be highlighted that « de-
pends on the equivalence ratio, even if a strong scattering was
observed for changing concentration of hydrogen in air [29].

Results and discussion

The model variants presented in Table 2 are applied to
calculate MIE. Results are shown in Figs. 7 and 8 with legends
following notation in Table 2. The calculations are limited to
the range 9—70% vol. of hydrogen in air. Below 9% vol., the
software used to calculate the laminar burning velocity does
not reach a converged solution. Results of MIE calculations
using “Blint” expression for a flame thickness are shown in
Fig. 7. Model 1-B presents a good agreement with experimen-
tally measured ignition energy but only for rich mixtures. The
absolute minimum through hydrogen concentrations MIE is
found to be 22.9 pJ for 35% hydrogen-air mixture, whereas for
near-stochiometric 30% mixture MIE is equal to 29.3 pJ. These
predictions correspond to the MIE of 17 W measured experi-
mentally for the range of hydrogen concentrations in air
22—30% vol. On the other hand, performance of Model 1-B
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thickness.

deteriorates strongly for lean mixtures, overestimating the
ignition energy by 3—4 orders of magnitude. Models 1-B and 2-B
give a larger difference in calculated MIE against measured
MIE if compared to the two original Egs. (2) and (3) presented
in Fig. 2. This is mainly due to the use of the density and
specific heat for unburnt mixtures in Model 1-B. Model 2-B
presents a significant underestimation of MIE for the near-
stoichiometric and rich mixtures, indicating probably that
the energy losses through the surface of the flame kernel are
potentially lower than the energy needed to heat the flame
kernel from the initial temperature in the mixture to the
adiabatic flame temperature, i.e. temperature of combustion
products. The theoretical reasoning for Model 1-B is considered
to be more valid for the problem under analysis and will be
considered for the further development of the theoretical
model for MIE determination in this study. This is in line with
observation by Lewis and von Elbe's that for strong flames,

such as hydrogen, the MIE shall be proportional to the cubic
critical flame kernel diameter [1]. Yet, the poor performance of
these models in the area of lean hydrogen-air mixtures is not
acceptable and must be properly addressed.

Generally, the definition of flame thickness including the
use of Sutherland law to calculate the mixture properties
leads to a flame thickness larger than “pure” Blint definition.
Consequently, the calculated MIE by either of the two theo-
retical models is higher (Model 1-BS and Model 2-BS). Fig. 8
shows the comparison between calculations and experi-
ments. The absolute minimum of MIE for Model 1-BS is found
to be 58.9 pJ for the rich 40% hydrogen-air mixture, whereas
the absolute minimum of MIE in experiments is found to be 17
W in rather lean and near-stoichiometric range 22—30% vol. of
hydrogen concentration in air [1,7,15]. Overall, definition of
flame thickness by Blint, and thus Model 1-B, is considered to
be more accurate, as it is free from calculation of properties
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from the Sutherland law and the assumption of constant
Prandtl number. Therefore, this definition will be employed
for further model development.

Calculations of MIE employing Model 1-B were also per-
formed by using the unstretched laminar burning velocity
calculated through the Cantera software. In the range of
hydrogen concentration in air 25—60% vol. The obtained MIE
presented negligible variation from calculations using
Chemkin laminar burning velocity. Outside this range, dif-
ference in calculations increased up to 50% for the 70%
hydrogen-air mixture and to more than 90% for lean mixtures
with hydrogen concentrations below 12% vol. The latter
variation is due to a lower calculated unstretched laminar
burning velocity by Cantera (thus resulting in higher MIE),
which achieves an order of magnitude difference at hydrogen
concentration in air 10% vol. This comparison supports the
choice of Chemkin software for the unstretched laminar
burning velocity calculations in the rest of this study.

Flame stretch and preferential diffusivity effects on the
laminar burning velocity

Fig. 7 shows that Model 1-B represents the MIE curve well for
rich hydrogen-air mixtures, whereas it overestimates it for
lean mixtures. This is thought to be associated with the
calculated laminar burning velocity, which is then used to
calculate the flame thickness. Cantera and Chemkin software
assume a 1D freely propagating premixed flat flame. Therefore,
they allow calculation of the unstretched laminar burning
velocity, hereby indicated as SJ. However, in 3D ignition pro-
cess and outwards expanding flames, the local stretch due to
the curvature and the strain rate cause the burning velocity to
be different from that of a planar flame. Depending on the
mixture composition, the spatial velocity will increase or
decrease as the stretch is enhanced, as stated in Ref. [18].
Thermal-diffusive flame instability affects combustion rate
depending on the effective Lewis number of the reactants. The
combined effect of preferential diffusion and flame stretch
may result in a local redistribution of the element mass frac-
tion and enthalpy, leading to fuel enriched zones in a lean
flame and resulting locally in more intense burning. Prefer-
ential diffusion was investigated in Ref. [33] for laminar
counterflow flames. The authors observed a strong effect of
preferential diffusion in blends with hydrogen, leading to sig-
nificant changes of the flame structure and dynamics. On the
other hand, preferential diffusion effects were found to be
negligible for pure methane. Kishore et al. [34] reported as well
that unstable flames were observed for lean mixtures of fuels
with high hydrogen content due to preferential diffusion ef-
fects. The Markstein number represents the sensitivity of
laminar burning velocities: if positive the flame is in a stable
regime; otherwise (i.e., Ma<0) the flame is in the preferential
diffusion instability regime. This is confirmed by experimental
observations in Ref. [35], leading to the conclusion that a
negative Markstein length indicates the flame surface is dis-
torted due to thermal-diffusional instability causing accelera-
tion of flame and formation of a cellular structure. The
preferential diffusion of hydrogen in curved reaction zones,
e.g. in conditions of turbulence generated by ignition source, is
considered to be the mechanism of burning velocity increase

through so-called leading points in lean mixtures [36]. There-
fore, the combined effect of flame stretch and preferential
diffusion causes the increase of burning velocity in lean
hydrogen-air mixtures, which are in an unstable propagation
regime. As cited in Ref. [34], Kwon and Faeth [37] indicated that
the transition from unstable to stable regime is verified for a
stoichiometric coefficient (®) equal to 0.6 in H,—0,-Ar mix-
tures. A hydrogen concentration of 24—26% by vol. (® = 0.8)
was found to be the limit for unstable-stable flame propagation
in air [18]. This is approximately the hydrogen concentration
limit below which Model 1-B worsen in prediction of the MIE
curve, hinting that considering the unstretched laminar flame
as calculated by Chemkin without inclusion of stretch effect
and preferential diffusion may lead to underprediction of S,
and as consequence to overestimation of 6¢ and MIE.

Lamourex et al. [18] determined experimentally the
laminar burning velocity for spherical expanding flames in
hydrogen mixtures with equivalence ratio in the range
0.28-3.75 (approximately 10—61% vol. of hydrogen in air). In
the same study, the authors calculated the unstretched
laminar burning velocity S? through a zero-stretch linear
extrapolation. Alekseev et al. [38] collected data on the
unstretched laminar burning velocity S) extrapolated by
non-linear models for ® = 0.3—0.6. Data on the stretched
laminar burning velocity taking into account preferential
diffusion were given in Ref. [39] and are hereby indicated as
SSP. To include effects of both flame stretch and selective
diffusion, a new parameter is calculated as the ratio of S3P
and the unstretched laminar burning velocity S? given by the
dataset from Alekseev et al. [38] for hydrogen-air mixtures
within the range of equivalence ratios & = 0.3—-0.6 (11-20%
vol. of hydrogen in air) and data of Lamourex et al. [18] for
equivalence ratios ® = 0.6—3.75 (20—61% vol. of hydrogen in
air):

SM

Xsp= 5 (11)

Results of the calculated factor Xgsp are reported in Fig. 9 as
a function of hydrogen concentration in the range 12—50% of
hydrogen by volume in air (® = 0.32—2.4) [18,38,39]. Factor Xsp
has a steep rise as hydrogen concentration decreases in lean
mixtures, reflecting on the increasing effect of stretch rate and
selective diffusion. For hydrogen concentrations higher than
35%, the coefficient Xsp (triangles in Fig. 9) tends to the unity
indicating that the combined effect of stretch rate and selec-
tive diffusion is negligible for rich mixtures, as also observed
in Ref. [40].

The calculated factor Xsp, is compared in Fig. 9 with
parameter Xq, 5 fitting experimental data on MIE given in
Refs. [1,7] and calculated as follows:

sexp.ﬁt
Xexp.fit = 14570 (12)
u

where S0 is the unstretched laminar burning velocity calcu-

lated by Chemkin and S2# is the laminar burning velocity
retrieved from the experimental data by the inverse problem:
experimental measurements of MIE [1,7] are used to calculate
the critical flame kernel “d” through Model 1-B (see Table 2);
once the critical flame kernel diameter is known, the laminar
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Fig. 9 — Factor Xsp accounting for the effect of flame stretch
and preferential diffusion on laminar burning velocity as a
function of hydrogen concentration: factor X, s (White
diamonds) fitting experimental data on MIE given in Refs.
[1,7] and calculated as in Eq. (12); factor Xsp (grey triangles)
calculated from experimental data on laminar burning
velocity [18,38,39]; Xsp approximation (dashed black line)
to be used in MIE calculation for arbitrary concentration
according to Eq. (13).

flame thickness can be calculated from Eq. (5), d = 2.56¢, and
used in Eq. (8) to calculate the “diffusive” flame thickness, ;
finally, Eq. (6) is used to calculate the laminar burning velocity
from 6 calculated at the previous step as follows: S2Pt =
Ru / (0uCpu 9)-

Fig. 9 shows that several values of factor X5 may be
attributed to the same hydrogen concentration. This is due to
the fact that different values of MIE can be measured for the
same concentration but different electrodes gap. Fig. 9 com-
pares the estimated values of Xey g, EQ. (12), against the
introduced here factor Xsp calculated from data on laminar
burning velocity [18,38,39]. It can be observed that factor Xsp
agrees well with maximum values of factor X, 5: up to the
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minimum concentration for which experimental data
[18,38,39] are available (12% hydrogen-air mixture). To intro-
duce factor Xsp in the MIE calculation for arbitrary concentra-
tion, three following functions of hydrogen concentration in
air Cy, are proposed:

Xsp = 12980- (CH2 for 9% < CHZ < 20%,
Xsp = 100+ (Cyr,) > for 20% < Cy, <35%, (13)
XSD =1.0 for CHZ > 35%

) -2.98

For rich hydrogen-air mixtures, X =1 is applied,
following the distribution given by data available in literature
[40], where it is explained that the effect of preferential
diffusion of hydrogen compared to air in stretched flames is
significant for the premixed combustion of lean hydrogen-air
mixtures and it can be neglected for rich mixtures. The Xsp
approximation is showed as black dashed lines in Fig. 9 and it
is seen to correlate well with maximum values of factor Xexp it
calculated from experimental fit of MIE measurements, con-
firming the validity of the model down to the lowest concen-
tration included in calculations (9% vol. of hydrogen in air).

The Model 1-B was expanded further to take into account
the effect of flame stretch and selective diffusivity by using
factor Xsp to correct the 1D unstretched laminar burning ve-
locity calculated by Chemkin to real 3D cellular flame with
wrinkles initiated at the electrodes gap. The calculated
laminar burning velocity is then employed in Model 1-B to
determine the corresponding laminar flame thickness (see
Table 2). Fig. 10 compares MIE calculated by the model with
and without factor Xsp with experimental MIE. Fig. 10 includes
MIE measurement by Ref. [9] for a mixture of 6.3% hydrogen-
air mixture for comparison with other experimental data by
Refs. [1,7,15]. For rich mixtures with hydrogen concentration
above 35% vol. There is no difference between prediction of
MIE by previous models and developed in this study model, as
expected, due to the fact that Xsp =1 for this range of con-
centrations. The model agrees well with experiments,
providing a conservative estimation of the MIE. In the
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Fig. 10 — Experimental MIE data against calculations without (Model 1-B) and with (Model 1-B, X-SD) correction factor Xsp for
flame stretch and preferential diffusion as a function of hydrogen concentration for ambient temperature (T, = 298 K).
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Fig. 11 — Comparison of results from the developed model using the laminar burning velocity calculated either by
correlation of Eq. (10) (Model 1-B, X-SD, Su_corr) or by Chemkin software (Model 1-B, X-SD, Su_chem) against PRESLHY
experiments on hydrogen-air mixtures at initial temperature 173 K.

proximity of 30% hydrogen concentration, the developed
model presents an increase in the MIE curve following the
experimental data. The MIE for the stoichiometric mixture is
13 J predicting well and conservatively the widely accepted in
the literature value of 17 pJ. For hydrogen concentrations
below 30% down to 9% vol., the model conservatively esti-
mates the ignition energy, with exception of 10% hydrogen-air
mixture where calculated value is somewhat higher than
measured MIE. The somewhat deviation of the model pre-
dictions for very lean hydrogen-air mixtures below 10% vol.
From experimental data may be associated to the following
factors:

e Temperature of the flame is low and there could be more
uncertainties in the employed chemical mechanisms [41];

e The onset of instabilities may occur earlier in the flame
propagation, leading to a higher burning rate [41];

e The effect of flame stretch on the laminar burning velocity
could also depend on the curvature of the flame relative to
the flow;

e The model assumes spherical flame at constant pressure
with a uniform stretch rate over the flame surface. This
assumption may be inadequate for high energy discharges
that generate turbulence that increase burning velocity
further (not accounted in the current model).

Overall, the implementation of factor Xsp accounting for
the effect of flame stretch and selective diffusion on the
laminar burning velocity resolves the problem of poor pre-
dictive capabilities of Model 1-B for lean hydrogen-air mix-
tures. Thus, the developed model is found to predict well the
MIE of hydrogen-air mixtures in the range of hydrogen con-
centration 9—70% vol.

MIE for hydrogen-air mixtures at temperatures below
atmospheric

After validation against ambient temperature experiments,
the developed model is applied firstly to reproduce tests at

cryogenic temperature T, = 173 K that were performed by
INERIS within the PRESLHY project. Calculations in this sec-
tion assume that the factor taking into account a flame stretch
and selective diffusion, Xsp, does not depend on initial tem-
perature. Fig. 11 compares the model predictions versus
experimental results for the ignition energy leading to ignition
(Ign) and to no ignition (No Ign) of a mixture. Two model
curves are included in Fig. 11: “Model 1-B, X-SD, Sy ory” that
uses the correlation of Eq. (10) with o = 1.48 to calculate the
laminar burning velocity corrected by factor Xsp at tempera-
tures below atmospheric; “Model 1-B, X-SD, Sy chem” that uses
Chemkin software for calculation of the laminar burning ve-
locity at cryogenic temperature corrected by factor Xsp.

Firstly, the results for Model 1-B, X-SD, S, crr are discussed.
The lowest MIE = 43 yJ is calculated for a 25% hydrogen-air
mixture. The model reasonably reproduces the experimental
lowest MIE = 46 pJ associated to the range of hydrogen con-
centrations 20—30% vol. For 40% hydrogen-air mixture, the
model results are in a slight overestimation with MIE = 81 pJ
compared to the measured in the experiments MIE =72 . The
model is in excellent agreement with experimental mea-
surements for 10% hydrogen-air mixture, resulting in a
calculated 309 yJ versus 316 yj recorded in the experiments. On
the other hand, the Model 1-B, X-SD, S, chem iS S€en to over-
predict experimental data for the lean hydrogen-air mixtures
at 173 K, whereas it gives close prediction of MIE values for
concentrations larger than stoichiometric.

It should be highlighted that for the experiments at 10%
vol. of hydrogen in air and low temperature, it was found that
small deviations in the hydrogen-air flow rate may results in
large variations of MIE affecting the reliability of measure-
ments. This could be the reason why a number of experi-
mental tests resulting in the absence of ignition have a spark
energy higher than the lowest recorded MIE of 316 yJ for the
mixture with 10% hydrogen by vol. in air.

Fig. 12 compares the model predictions against PRESLHY
experimental measurements for hydrogen-air mixtures with
temperature in the range 123-293 K, and hydrogen concen-
tration in air equal to 20%, 30% and 40% by volume. The general
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Fig. 12 — Comparison of results from the developed model using laminar burning velocity calculated either by correlation of
Eq. (10) (Model 1-B, X-SD, Su_corr) or by Chemkin software (Model 1-B, X-SD, Su_chem) against PRESLHY experiments on
hydrogen-air mixtures at initial temperature in the range 123—-293 K and concentration of 20%, 30% and 40% vol. of

hydrogen in air.

trend in experiments is the increase in MIE with the decrease of
temperature. The decrease of initial temperature for the 20%
hydrogen-air mixture from ambient 293 K—158 K leads to the
increase of experimental MIE from 23 yJ to 60 pJ. For the 40%
hydrogen-air mixture, the decrease of temperature from 293 K
to 123 K leads to the increase of MIE from 58 pJ to 188 yJ.

Model 1-B, X-SD, S, corr predictions agree well with the
experimental trend. On the other hand, predictions are seen
to somewhat overestimate the experimental measurements
for the 30% hydrogen-air mixture at temperature below 200 K.
This could be related to the model assumption on the inde-
pendence of factor Xsp responsible for flame stretch and
preferential diffusion on temperature. This could be consid-
ered for the further development of the model when more
experimental data on burning velocity in a wider range of
temperatures below atmospheric would be available.

The lowest temperature used in experiments was 123 K
and measurements are available only for 40% hydrogen-air
mixture with MIE = 188 pJ, which is conservatively

estimated by the model MIE = 175 pJ. Fig. 12 shows that the
lowest MIE = 104 uJ at 123 K is calculated by Model 1-B, X-SD,
Su_corr fOor 20% hydrogen-air mixture. The application of the
model for mixture at temperature 100 K results in further in-
crease of lowest MIE to 153 ypJ. It is recommended to handle
carefully results obtained below 100 K due to the condensation
of the air components starting from oxygen at 90 K.

Model 1-B, X-SD, S, chem predictions result in a poorer
agreement with experimental data, signalling that correlation
in Eq. (10) with temperature exponent retrieved for cryogenic
hydrogen-air mixture may be more accurate in the estimation
of laminar burning velocity compared to Chemkin software
for the selected chemical mechanism. For 20% hydrogen-air
mixture, Model 1-B, X-SD, S, chem ShOows a steeper increase of
MIE with the decrease of temperature, resulting at 123 K in
about twice the MIE calculated by the model employing cor-
relation of Eq. (10). On the other hand, for hydrogen concen-
tration equal to 30% and 40%, Model 1-B, X-SD, S, chem results in
a slightly lower MIE.

Table 3 — The developed model and calculation procedure for the determination of MIE of hydrogen-air mixtures for known

hydrogen concentration, Cy,, and initial mixture temperature, T,,.

Step Parameter to be calculated Calculation tool or equation
1 Unstretched laminar burning velocity, SO “Freely propagating adiabatic 1D flame” solver in Chemkin or Fig. 6 or Eq.
(210) if T < Tamp

2 Parameter accounting for the effect of flame stretch For 9%< Cy, <20%: Xsp = 12980-(Cy,) >%

32{:(1)21;;fe}1{r:;1t1a1 diffusion on the laminar burning For 20%< C}:2A<35%: Xsp = 100+ (Cy,)

’ For CH; >35%: Xsp = 1.0

3 Stretched laminar burning velocity, S5P S0 = Xgp-SY

Thermophysical properties for the unburnt and Equilibrium solver available in Cantera v.2.4.0 or Figs. 3 and 4

burnt mixture: py, ku, Ry, Cpu, ¢p, Tn
5 Diffusive laminar flame thickness, & Eq. (6): 6 = ky _

Pucp.usu

6 Laminar flame thickness calculated using Blint ky /e )

definition, 5} Eq. (8): & =205 —*

M/ Cpu

7 Diameter of the critical flame kernel, d Eq. (5):d = 2.56¢

Minimum ignition energy, Ei,

Table 2 - Model 1-B: En = %nd%uc,,_um )
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Given the observed increase of MIE with the decrease of
temperature, it can be recommended in practice that the
safety measures and guidelines indicated for ambient tem-
perature mixtures can be applied for cryogenic hydrogen-air
mixtures [42]. Table 3 summarises the full procedure and
equations of the developed and validated model for the
calculation of MIE in hydrogen-air mixtures at temperature
equal to and below atmospheric.

Conclusions

The significance of this study is in the capability of the
developed and validated model to be used as a contempo-
rary hydrogen safety engineering tool to assess the ignition
potential of hydrogen-air mixture by calculation of MIE for
arbitrary hydrogen concentration in air and mixture tem-
perature. The developed model for MIE employs the laminar
flame thickness to calculate the critical flame kernel needed
for a spark ignition of hydrogen-air mixture. It does not
require the performance of experiments on quenching dis-
tance as a critical flame kernel and laminar burning velocity
as in former models that was a serious limiting factor
for their use in hydrogen safety engineering. The experi-
mental data required by previous models are limited and
available only for mixtures at certain concentrations and
initial conditions, preventing the application of those
models to mixtures at cryogenic temperatures and arbitrary
concentration.

The originality of the developed model is in the inclusion of
the flame stretch and preferential diffusion effects on laminar
burning velocity which is beyond the current capabilities of
Cantera and Chemkin software. This feature of the model al-
lows to reproduce available experimental MIE in the range
9—70% vol. of hydrogen in air, including the challenging lean
mixtures, that was not possible before.

The rigour of the research is underpinned by the validation
of the model against experiments at ambient temperature
from multiple sources. The model reproduces experimental
data on MIE of hydrogen-air mixtures within the concentra-
tion range of 9—70% vol. of hydrogen in air, and the theoretical
lowest MIE = 13 1J is close to the widely accepted MIE = 17 yJ
measured for near-stoichiometric hydrogen-air mixtures. The
model validation domain is extended to cryogenic mixtures at
temperatures down to 123 K by the comparison against
unique experimental data obtained within the PRESLHY
project. It is demonstrated that the calculation of MIE by using
the dependency of laminar burning velocity on temperature
with exponent o = 1.48 can accurately represent experimental
measurements at temperatures below atmospheric down to
cryogenic temperatures. The decrease of temperature from
ambient 298 K—173 K leads to the increase of experimental
MIE from 17 pJ to about 46 yJ. This increase in measured MIE is
well reproduced by the model (43 pj). The calculated
MIE = 175 pJ conservatively estimates the experimentally
measured MIE = 188 pJ at the lowest tested temperature of
123 K for the 40% hydrogen-air mixture.
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