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The paper presents the results of an experimental and reaction kinetic investigation of hydrogen ignition at
different pressures in a closed vessel, highlighting its non-linear behavior and the effects of radical wall termi-
nation. The reaction kinetic simulation predicts the three characteristic ignition limits of hydrogen caused by
radical and thermal auto-ignition and is in close agreement with the experimental measurements. The first
ignition limit is determined by the chain branching reaction H+ O,—0 + OH. This limit shows strong sensitivity
towards the wall termination of O, H and OH radicals. The second ignition limit is influenced by the wall
termination of O, H, OH, HO2 and H3O» radicals. The third ignition limit is dominated by the reaction paths
HO3 + HO;—H50;5 + O2 and H20, + M—2 OH+ M, which is why it shows strong sensitivity towards wall
termination of HO: and H:0: radicals. Increasing the radical wall termination rate by increasing the sticking
coefficient of the radicals at the wall or the surface-to-volume-ratio leads to an increase of the auto-ignition
temperature at the same pressure. The introduction of radical wall termination reactions improved the predic-
tion of ignition limits and highlighted the profound effect of the autoclave wall and vessel size on the hydrogen

ignition behavior.

1. Introduction

As the demand for energy continues to grow, the urgent need to
reduce carbon emissions has placed hydrogen in focus due to its high
energy density and clean combustion. Hydrogen can be used as a fuel in
internal combustion engines (ICE) [1], offering advantages such as high
burning velocity, wide flammability range, and high energy content [2].
To safely integrate hydrogen into ICEs, it is essential to thoroughly
assess the risk of spontaneous ignition by determining the minimum
auto-ignition temperature (AIT) at which ignition occurs. AIT data for
hydrogen is typically obtained using standardized test methods at at-
mospheric pressure [3]. However, the AIT is not a constant value but is
significantly influenced by several factors such as equivalence ratio,
pressure, vessel size, wall material, and flow conditions. Commonly, the
AIT is defined as the lowest temperature at which ignition of a flam-
mable gas in a mixture of air can occur, for any given amount of a
substance. The AIT values for hydrogen measured at 1 atm using
different test methods range from 520 °C to 585 °C, as summarized in
Table 1. An initial remark is that AIT is significantly influenced by the
apparatus used in the experiments.
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Most studies focus on ignition from the perspective of hot surface
ignition of hydrogen-air mixtures, with a particular emphasis on the
influence of surface diameter [9]. However, these conditions do not
adequately capture the auto-ignition characteristics of hydrogen. AIT
measurements require a uniformly heated vessel with a sufficient vol-
ume to reduce wall quenching effects and achieve homogeneous gas
heating [10]. Lewis [11] experimentally investigated the influence of
vessel size on the ignition temperature of hydrogen and found that
smaller vessels led to higher ignition temperatures due to increased
radical loss at the walls, resulting from shorter diffusion paths. The study
also highlighted the significant effect of surface coating on ignition
temperature, by either promoting radical reflection into the gas phase or
facilitating their destruction at the vessel walls. Furthermore, initial
pressure is identified as a critical factor affecting AIT. Loving [8] con-
ducted experiments to determine the pressure dependent AIT of a stoi-
chiometric hydrogen-air mixture in a closed vessel. His results showed
that increasing the pressure from 1 to 30 atm significantly lowered the
autoignition temperature, from 550 °C to 400 °C respectively, due to the
enhanced formation of OH radicals, which accelerate chain-branching
reactions.
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Table 1

Comparison of experimentally measured AIT of hydrogen in air at 1 atm.
Source Test method (Volume) AIT [ °C]
Furno et al. [4] Open flask 550

(0.2L)

Nabert, K.; Schon, G [5] Open flask (0.2 L) 560
Dixon et al. [6] Open-flow system 585
Zabetakis et al. [7] Closed vessel 520
Loving [8] Closed vessel (0.615 L) 550

The ignition behavior of hydrogen at different pressures introduces
additional complexity. This pressure dependence results from the
interplay between the chain branching reaction (H + O2 — OH + 0), the
pressure dependent chain propagation reaction (H + Oz + M — HO2 +
M) and the exothermic high-pressure reaction (H20> — 20H). In addi-
tion, radical termination at the vessel walls plays a critical role in
shaping these ignition limits and significantly influences the overall
ignition behavior. As radicals diffuse towards the walls, they are
absorbed, triggering wall termination reactions that compete with gas
phase reactions, thereby inhibiting the ignition process. Wang et al. [12]
used simulations to show that the wall termination of H and HO: is
primary in determining the first and third ignition limits, with the roles
of O, OH, and H:0: being secondary in determining these limits. In
contrast, Glassman [13] emphasized the importance of wall termination
reactions involving O or OH in explaining the first ignition limit.

Most research on the AIT of hydrogen has been conducted at atmo-
spheric pressure, with limited research at elevated pressures. This study
aims to fill this gap by investigating the AIT of hydrogen at high pres-
sures, with a focus on the influence of wall termination reactions on
ignition behavior. The second and third sections introduce the experi-
mental apparatus and simulation methodology. The fourth section pre-
sents the experimental results of the pressure effects on the ignition
characteristics of hydrogen-air mixtures, the role of radical wall termi-
nation reactions, and the influence of vessel size.

2. Experimental apparatus and procedure

The AIT was measured at different pressures ranging from 1 to 20 bar
for stoichiometric hydrogen-air mixtures using three similar cylindrical
stainless steel ignition autoclaves, each with a vessel volume of 200 ml
(H =115 mm, D = 50 mm, Material: 1.4122). More detailed information
can be found in the Supplementary material (SM, S8). A schematic of the
experimental setup is shown in Fig. 1. The test mixture, consisting of
hydrogen (99.999 % purity) and zero grade dry air, is prepared in a
separate mixing autoclave (V = 6.5 1) using the partial pressure method
at room temperature. A stirrer in the mixing autoclave ensures a ho-
mogeneous mixture. The mixing time was at least 5 min. Before filling
the ignition autoclave with the gas mixture, it is evacuated to a pressure
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of less than 0.001 bar using a vacuum pump to remove residual gases.
Subsequently, the autoclave is preheated to the test temperature. Once
the homogenized mixture is prepared, it is transferred to one of the
autoclaves, for the ignition test. Pressure and temperature are recorded
during the filling procedure and for 3 min after at a frequency of 2000
Hz. The filling speed is maintained at approximately 1.54 bar/s. After
the ignition test, the gas mixture is released from the autoclave. When
ignition occurs, the temperature of the ignition autoclave is gradually
reduced by 10 K decrements until no spontaneous ignition occurs. This
temperature represents the conditions under which the gas mixture will
not ignite. This method avoids that any pre-reaction could alter the
composition. Following the same procedure, the ignition test is con-
ducted using the other autoclaves, to reduce the overall test time.
Ignition is defined when the maximum pressure exceeds the initial
pressure by at least 20 % according to the SAFEKINIX Standard Oper-
ating Procedure [14]. If ignition does not occur within 3 min, the
mixture is considered 'non-ignited’ at this initial temperature. The dif-
ference between the ’'no ignition” and ’ignition’ temperatures was 10 K.
To ensure reliability of the measured AIT values, each experiment was
repeated five times for non-ignited cases, specifically at temperatures
below the lowest temperature at which ignition was observed. All
experimental data is included as SM.

3. Simulation methodology

The ignition limits of hydrogen are simulated using the zero-
dimensional adiabatic isochoric reactor available in LOGEresearch.
The simulation does not consider the filling process and initializes a
homogeneous mixture. Simulations were performed at an equivalence
ratio of 1.0, in a temperature range of 300-2500 K and over a pressure
range of 4 Pa to 4-107 Pa. The simulation time is set to 10 s. Ignition is
defined using the same criterion as in the experiments, when the
maximum pressure exceeded the initial pressure by 20 %.

The reaction mechanism published by Shrestha et al. [15] and vali-
dated over a wide range of temperatures and pressures, is used in this
work. The reaction mechanism consists of 15 species and 42 reactions. In
this work the mechanism is extended by introducing radical wall
termination reactions for O, H, OH, HO5 and H5O..

The radical wall termination reactions describe the adsorption of O,
H, OH, HO, and H,05 radicals on the surface, which effectively acts as a
sink for the gas-phase radicals, since desorption reactions are not
considered. Furthermore, the enthalpies of the gas-phase and adsorbed
radicals are the same, which is why the adsorption step remains ener-
getically neutral, neither releasing nor absorbing energy.

The radical wall termination reactions can be represented as follows:

H, O, OH, HO,, Hy09 —k> Wall terminated radicals with the reaction
rate constant k per unit volume defined according to [2]:

Hydrogen 4 —poq ;:HO:" X
Air

Exhaust

| E_ > Exhaust

>> Exhaust

Ignition Autoclaves

Mixing Autoclave

Fig. 1. Schematic representation of the AIT experimental setup.
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Fig. 2. Adiabatic isochoric reactor simulation results of ignition limits of a
stoichiometric Hs—air mixture (solid line) compared to experiments
(blue symbols).
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where ¢ is the sticking coefficient, which is defined as the probability of a
gas molecule sticking to or reacting with a surface [16]. S and V are the
surface area in m? and volume in m? of the vessel, and v is the average
thermal velocity of the radicals. The velocity is defined according to the
following equation:

V= +/8ks-T/m-m (2)

where m is the molecule mass, defined as m = M/N,, M is the molar
weight, N, is Avogadro’s number, kg is the Boltzmann constant, and T is
the temperature.

Inserting Eq. (2) into Eq. (1), and rearranging the terms yields the
default Arrhenius equation for the reaction rate constant k. Replacing
the default exponent of 0.5 with the parameter n yields the final Eq. (3):

1 8R S E,
=L BES 1o ) -

The first term on the right-hand side represents the pre-exponential
factor A, n represents the temperature dependence of the pre-
exponential factor, and the exponential term includes the activation
energy E, [2]. In this study, the impact of the radical wall termination
reactions on the ignition limits was investigated by changing the sticking
coefficient ¢, and the surface-to-volume-ratio S/V. The temperature
dependence of the pre-exponential factor is set to 1, while the activation
energy E, is set to 0 J/mol.
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4. Results and discussion
4.1. Experimental results

Fig. 2 shows the experimentally measured AIT of hydrogen-air
mixtures at pressures of 5, 10, and 20 bar alongside the constant vol-
ume reactor simulation results. At pressures of 5 to 20 bar, the hydrogen-
air mixture ignites at temperatures between 783.15 K and 733.15 K. The
simulation captures the trend of the experiments but underestimates the
ignition temperature at low pressure. The reduction in AIT with
increasing pressure is attributed to the exothermic dissociation of H202
into two OH radicals. As a result, self-heating drives the ignition at high
pressures [17]. Additional experiments were conducted at pressures of 1
and 2 bar pressure across a temperature range of 753.15 K to 813.15 K,
with increments of 10 K (see Fig. 3). The maximum temperature is
limited to 813.15 K because of the melting point of aluminum in the
heating jacket attached to the ignition autoclaves.

The hydrogen-air mixture ignited prematurely at 763.15 K at
approximately 0.04 bar for the 1 bar experiment and 0.07 bar for the 2
bar experiment. This is attributed to the increased reactivity of the
hydrogen-air mixture at sub-atmospheric pressures (see Fig. 2). Ignition
occurred during the filling process, causing the target test pressure (1
and 2 bar) to shift toward the upper end of the second limit. At these
conditions the ignition is highly unstable, as can be seen in the pressure
fluctuation before the final pressure is achieved (see Fig. 3). This
behavior is observed for all experiments conducted at 1 and 2 bar
pressure and at temperatures between 753.15 K and 813.15 K (see S1
and S2 of the SM). Consequently, AIT measurements at 1 and 2 bar are
excluded from Fig. 2, as stable ignition conditions could not be reached
due to temperature limitations.

4.2. Impact of radical wall termination on hydrogen ignition limits

Fig. 4 shows the sensitivity analysis of the Hy~O, mixture and the
sticking coefficients of the radical wall termination reactions. Fig. 4(a)
shows the impact of radical wall termination for H, O, OH, HO, and
H20: with the sticking coefficient set to 1072 respectively. Including
radical wall termination reactions in the reaction mechanism shifts the
ignition limits toward higher temperatures at the same pressure. The
wall termination of H, O, and OH mainly affects the first and second
ignition limit, while the wall termination of HO2 and H.0- mainly affects
the third ignition limit and extends the second limit. The influence of the
H radical wall termination reaction is more significant than that of O and
OH radicals. This observation is attributed to the competition between
the chain branching reaction H + Oy — OH + O and wall termination
reaction as shown in Fig. 5. An increase of the sticking coefficient ey
“steals” H radicals from the chain branching reaction and reduces the
reactivity of the gas mixture. Through this reaction pathway, the
depletion of H radicals in the gas phase also changes the concentrations
of OH and O, which in turn consume Hy, further reducing the reactivity.

For the second ignition limit, as the pressure increases, the chain
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Fig. 3. Premature ignition of Hy—air mixtures during the filling process at (a) 1 bar and (b) 2 bar pressure and at 763.15 K.
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Fig. 4. Adiabatic isochoric reactor simulation results for the ignition limits of H>-O2 mixtures with radical wall termination. (a) Impact of radical wall termination
using the same sticking coefficient for OH, O, H, HOz, and Hz0: (colored lines). (b-f) Variation of the sticking coefficient of the radical wall termination of H, O, OH,
HO2, and Hz0: (dashed lines). The solid black line shows the simulation result without radical wall termination.

termination reactions H + Oz + M — HO, + M becomes more active and
competes with the chain branching reaction H + O, — O + OH.
Increasing the sticking coefficient ey of the wall termination of H radi-
cals leads to an increased consumption of H radicals, causing the second
ignition limit to shift to higher temperatures.

For the third ignition limit, HOz and H-0: radicals play a crucial role

[17-18]. The wall termination reaction of these radicals extends the
transition point between the second and third ignition limit and shifts
the third limit to higher temperatures. The impact of changing the
sticking coefficient of the HO: wall termination reaction is larger than
that of H202. Through the reaction pathway outlined in Fig. 6, the
consumption of HO: radicals due to wall termination affects the
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Fig. 5. Reaction pathways for the H radical and wall termination reaction.
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Fig. 6. Reaction pathways for the HO, radical and wall termination reaction.

formation of H and H20.. As a result, the ignition temperature is
increased at high pressure compared to conditions without wall termi-
nation reactions.

Next, the impact of wall termination reactions for individual radicals
on the ignition limits is evaluated. The sticking coefficients of each
radical wall termination reaction is varied from 10> to 1. Fig. 4(b) il-
lustrates the impact of H radical wall termination on the ignition limits.
As the sticking coefficient of H radicals increases, the first ignition limit
shifts to higher temperatures, and the second limit shortens signifi-
cantly, while the third limit remains unchanged. At a higher sticking
coefficient of 1072, the second limit disappears completely, resulting in
the loss of the characteristic S-shaped ignition limits. This disappearance
is attributed to the dominance of the chain termination reaction H + O,
+ M - HO; + M and H radical wall termination, which override the
branched chain reactions that support the ignition limits.

In Fig. 4(c), increasing the sticking coefficient of the O radical wall
termination causes the first ignition limit to shift to higher temperatures.
Similarly, the second ignition limit also shifts to higher temperatures.
With a sticking coefficient of 1, the characteristic S-shaped ignition
limits are lost. A similar trend is observed in Fig. 4(d) where the wall
termination reaction of OH is considered. The wall termination of OH
radicals disrupt the branched chain reactions, and the ignition temper-
ature for the first ignition limit increases significantly.

In Fig. 4(e), the first ignition limit remains unchanged with
increasing the sticking coefficient of the HO, radical wall termination.
However, as the sticking coefficient of HO: increases, the transition
between the second and third limit is extended to higher temperatures,
and the third limit shifts to higher temperatures. The wall termination of
H20: radicals shows a similar effect, but with less variation, as shown in
Fig. 4(f). Increasing the sticking coefficient ego02 from 1072 up to 1, no
more changes are observed. This observation is attributed to the chain
branching reaction H202 + M — 20H + M, which increases the reactivity

Table 2
Arrhenius parameters and sticking coefficients of the radical wall termination
reactions at S/V = 0.98 cm ™.

Reaction Als ] n E, [J/mol] e [-]
H —H(wall) 3.570-1072 1 0 10°
0 —O(wall) 8.940-107 1 0 10°
OH —OH(wall) 8.670-1072 1 0 1074
HO,—HO, (wall) 6.220-1072 1 0 107
H,0,—H,0,(wall) 6.130-107° 1 0 107

by releasing heat, thereby accelerating the ignition process.

Subsequently, the sticking coefficient € (H, O, OH, HO,, H205) of the
radical wall termination reactions are fitted based on the sensitivity
study in Fig. 4 and our experimental data and data from the literature [8,
11,19]. The best fit of the Arrhenius parameters and sticking coefficients
is summarized in Table 2.

The comparison of the simulations with and without the radical wall
termination reactions including the fitted sticking coefficients is shown
in Fig. 7(a) and (b). The comparison is shown for H,~O, mixture and Ho-
air mixture. The simulation results for the Ho—O» mixture are compared
to experiments from Lewis who was using a salt-coated (potassium
chloride, KCL) ignition chamber with different layer thickness [11]. The
simulation with radical wall termination and fitted sticking coefficients
show a good agreement with the experiments, while the transition be-
tween second and third ignition limit for KCL and thinly-KCL wall ma-
terial is slightly underpredicted. The simulation results for the Hp-air
mixture are compared with experimental data from Loving [8], and
BAM [19]. The experimental setup used by BAM is similar to the setup
used in this work. The simulation results with radical wall termination
and fitted sticking coefficients show a good agreement for the third
ignition limit with pressure up to 30 bar. Only the experiments of Loving
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Fig. 8. Experiments and adiabatic isochoric simulation results for ignition
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with pressures of 25 and 30 atm show a significant difference to the
simulation results and the experiments by BAM. The differences can be
attributed to the different experimental setup and measurement pro-
cedure used by Loving. The vessel used by Loving is 615 ml compared to
the 200 ml vessel used in this study and BAM [19]. Additionally, a
temperature screening step size of 25-50 °C was used by Loving, Finally,
it appears that no repeat tests were carried out for validation purposes.
Due to the extremely low minimum ignition energy of stoichiometric
Ho-air mixtures at high pressures, the results could be affected by un-
expected ignition sources in individual tests. Additional experiments are
required to validate the AIT of Hy—air at pressures above 30 bar.

4.3. Impact of vessel diameter on radical wall termination

Previous research has confirmed that vessel diameter has a signifi-
cant impact on ignition temperature, with smaller vessels requiring
higher temperatures for ignition compared to larger vessels [11,20].
Using the fitted sticking coefficients given in Table 2, simulations for
different vessel diameters are performed and compared to the experi-
ments from Lewis [11] for a KCL-coated spherical vessel. The
surface-to-volume-ratio is increasing from 0.30 cm™ over 0.4 cm™! to
0.76 cm™! with decreasing vessel diameter from 10 cm over 7.4 cm to 3.9
cm. As shown in Fig. 8, experiments and simulations show a significant
increase of the AIT for the first and third ignition limit with decreasing
vessel diameter, while the effect decreases with increasing pressure.
With decreasing vessel diameter, the surface-to-volume-ratio increases

and the reaction rate constant increases. As a result, more radicals
interact with the walls, and the radical wall termination reaction gets
promoted. The difference in absolute values arises from the fact that the
simulation was adjusted for the BAM vessel. Furthermore, variations in
experimental procedures, materials and vessel design also contribute to
these differences. Lewis employed dynamic methods involving either
gradual pressure reduction or temperature increase until ignition
occurred, thereby creating transient thermal and radical conditions. In
contrast, our method operates at a fixed temperature and pressure to
ensure steady-state conditions. These differences influence reaction ki-
netics, resulting in variations in ignition thresholds.

5. Conclusions

The ignition behavior of stoichiometric Hy-air and Hy-O2 mixtures
at different pressures has been investigated experimentally and
numerically. Including radical wall termination reactions in the
hydrogen reaction mechanism shows a significant improvement in the
prediction of the hydrogen ignition limits for different pressures and
different vessel sizes. Thereby, the H radical wall termination reaction
showed the largest influence for the first and second ignition limit, while
the HO, radical wall termination reaction has the strongest impact for
the third ignition limit. Based on the experiments and simulations a set
of fitted sticking coefficients and Arrhenius parameters for the H, O, OH,
HO; and H30- radical wall termination reactions is proposed. The re-
sults indicate that further experiments above 30 bar are needed to
determine the third ignition limit.

Novelty and significance statement

This study presents the investigation of hydrogen ignition limits by
measuring the auto-ignition temperature (AIT) in a heated closed vessel.
The experimental dataset offers substantial value to the combustion
research community and can serve as validation data. The novelty of this
work lies in its detailed investigation of the AIT of hydrogen across
various pressures (1 to 20 bar), along with the provision of validated
data on its increased reactivity under sub-atmospheric conditions. This
increased reactivity poses significant experimental challenges, particu-
larly due to premature ignition during the filling process at low pres-
sures of 1 and 2 bar. Additionally, the study examines the influence of
radical wall termination and vessel surface-to-volume ratio on the
ignition limits of hydrogen. It provides a fitted set of Arrhenius param-
eters for radical wall termination reactions which improved the pre-
diction of hydrogen ignition limits compared to our own experiments
and experiments from literature.
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