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A B S T R A C T

Ammonia is an attractive hydrogen carrier and potential fuel which could play a role in decarbonizing process
heat, power or transport applications. However, the combustion properties of ammonia are disadvantageous
for many technical processes. Hydrogen addition has been shown to mitigate this challenge by increasing the
laminar burning velocity and extending the lean blow-off limit. In this work, the ignition characteristics of
hydrogen enriched ammonia/air mixtures are investigated experimentally. A capacitive discharge is used to
ignite the mixture. The effects of an increasing share of hydrogen in the fuel are a drastic decrease in ignition
energy as well as an increase in explosion pressure and the rate of pressure rise. Further, schlieren imaging
was employed to study the structure and evolution of the flame kernel shortly after ignition. Due to the high
discharge energy necessary to ignite ammonia/air, the flame kernel evolution is dominated by the discharge.
1. Introduction

The use of ammonia as a hydrogen carrier and fuel is currently
discussed as one path towards the de-fossilization of the energy sys-
tem [1]. Its main benefits are high energy density and lack of carbon
atoms which make for an efficient, carbon-neutral energy carrier. Fur-
ther, as ammonia is a widely used chemical, a worldwide infrastructure
is already in place and significant experience with safe handling of
ammonia exists. According to a recent study, ammonia is projected to
be the most cost-effective fuel of all Power-to-X fuels currently under
discussion for import to Germany [2]. The direct combustion of am-
monia is an interesting application for power [3], transport [4,5] and
process heat applications [1]. While ammonia combustion does not lead
to emission of carbon dioxide, other emissions need to be considered. In
particular, ammonia slip (NH3) resulting from incomplete combustion,
nitrous oxide (N2O) as a very potent greenhouse gas and nitrogen
oxides (NOx) can have a large environmental and health impact [6,7].
NOx reduction strategies have been proposed to address the latter
issue [8,9]. Furthermore, the reactivity of ammonia/air mixtures is low
when compared to typical hydrocarbons [10]. For instance, the laminar
burning velocity is below 10 cm∕s [10–13] as compared to 45 cm∕s to
50 cm∕s for gasoline [14]. Further, flame blow-off and frequent flame
extinction may occur [15,16]. Moreover, ammonia is not easily ignited
which can present a challenge in practical ignition systems [10]. This
raises an issue regarding the efficiency and applicability of ammonia
to existing combustion processes. A possible method to improve the
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burning characteristics is the addition of hydrogen [10]. Hydrogen, as
a carbon free fuel, is very reactive and has a high laminar burning ve-
locity (> 200 cm∕s) [17]. This will result in better auto-ignitability [18],
higher burning velocity [19] and better resistance to flame extinc-
tion [20]. Furthermore, various works have numerically investigated
the spark ignition behaviour of the ammonia/hydrogen/air mixture in
different geometries and under different combustion conditions based
on full chemical mechanisms [20–22]. The work by Fernández-Tarrazo
et al. [22] focussed on the effect of ammonia addition on the igni-
tion energy by numerical simulations. They found an approximately
exponential decrease of the ignition energy with increasing hydrogen
content.

From the aspect of experimental investigation, there exist already
several studies related to the ignition energy of ammonia-based com-
bustion systems. For instance, Pfahl et al. [30] intensively measured the
ignition energy of ammonia/air and ammonia/nitrous oxide/nitrogen
mixtures. Lesmana et al. [29] focused on the dissociation of ammonia in
air and discussed the effect of spark gap and duration on the minimum
ignition energy. Oh et al. [31] studied experimentally the spark ignition
behaviour of natural gas/ammonia mixtures under load conditions of
spark-ignited engines. Table 1 lists previous experimental works that
report on the MIE of ammonia/air mixtures and dissociated ammo-
nia/air mixtures. The addition of hydrogen is in the scope of only two
works [22,23] by means of partially dissociated ammonia. However,
direct replacement of ammonia with hydrogen has not been investi-
gated experimentally yet. Hence, there is a lack of experimental data
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Table 1
Overview of literature reporting MIE values for NH3/air mixtures.

Mixtures Details of experimental setup MIE value Reference

NH3/air at 𝜙 = 0.7 to 1.2,
dissociation degree 0% to
28%

Cylindrical electrodes ⌀0.572mm,
high-speed steel, distance optimized for
each mixture (values not given)

8mJ at 𝜙 = 0.9 Verkamp et al. [23]

NH3/air in flammable
range

3.175mm wire electrodes 680mJ Buckley and Husa [24]

NH3/air, 𝜙 not specified Capacitance spark 170mJ Harris and MacDermott [25]

NH3/air at 𝜙 = 0.7 to 1.3 Ball electrodes ⌀5mm, 8mm and 15mm,
stainless steel, distance: 4mm to 16mm

14mJ at 𝜙 = 0.9 Krämer [26]

NH3/air, 𝜙 not specified According to ASTM E582 (2007) 15mJ to 20mJ Davis et al. [27]

NH3/air at 𝜙 = 0.7 to 1.2 According to EN 1839. Cylindrical
electrodes ⌀3.2mm with 60◦ cone tip,
tungsten, distance 5mm

(18.0 ± 1.4)mJ at 𝜙 = 0.9 Sadaghiani et al. [28]

NH3/air at 𝜙 = 0.7 to 1.2,
dissociation degree 0% to
10%

3.0mm wire electrodes with 28.5◦ cone
tip, tungsten, distance 4mm to 8mm,
spark duration 5 μs to 150 μs

18mJ at 𝜙 = 0.9 Lesmana et al. [29]
t

𝛼

concerning the forced ignition of ammonia/hydrogen/air mixtures.
Such data will be useful for designing ignition systems for practical
applications, in order to validate numerical and kinetic models and
finally, to assess the explosion risk connected to these mixtures.

For a detailed description of the ignition process, a distinction must
be made between the early spark-dominated phase and the subsequent
self-sustained flame propagation. This work focuses on the early phase
of ignition. Since the energy required for ignition differs between am-
monia in air and hydrogen in air by almost three orders of magnitude
(Table 2), it is also important to investigate the influence of energy
on this early phase. Here, it is not only the value of the energy that is
important. A higher energy also results in a larger spark radius [32,33],
which has a significant influence on the energy density, which is
decisive for ignition. In addition, the importance of spark assisted flame
propagation depends on the energy used [34]. At a higher energy, the
transition to self-sustained flame propagation occurs at larger radii.
In order to better understand the ignition of NH3/H2/air mixtures by
lectrical discharges and to be able to describe them numerically in the
uture, it is therefore important to investigate the influences described
bove.

Therefore, in this study the ignition characteristics of ammonia/
ydrogen/air mixtures with varying hydrogen content are examined
xperimentally for a given electrode configuration. The most ignitable
mmonia/air mixture at equivalence ratio 𝜙 = 0.9 [26] is taken as the
ase case. This also removes the difficulties in finding out the optimal
r reasonable spark gap and duration for different fuel/air equivalent
atios. Keeping the equivalence ratio constant, mixtures with a growing
ontent of hydrogen in the fuel are ignited using a capacitive discharge.
he energy required to ignite the mixtures is in the focus of the present
tudy. Further, the pressure evolution is analysed. Finally, schlieren
maging is employed to study the ignition process and transition to
elf-sustained flame propagation.

The paper is structured as follows. First, the experiment is explained
nd justification of the choice of experimental parameters is given.
hen, the experimental results are presented. The effect of hydrogen
ontent in the fuel on the pressure evolution, the ignition energy
nd the development of the flame kernel are discussed. Lastly, the
mplications of these results for process safety and applications of
mmonia/hydrogen/air mixtures are explored.

. Materials and methods

.1. Choice of experimental parameters

As indicated in Table 2, the minimum ignition energy (MIE) of
mmonia and hydrogen differ by three orders of magnitude. It is,
herefore, challenging to choose experimental conditions that allow
2

Table 2
Safety characteristic parameters of ammonia and hydrogen. Data from
Chemsafe database [37]. Note that the maximum explosion pressure is
the absolute pressure after ignition at atmospheric conditions.

NH3 H2

Max. explosion pressure 6.9 bar 8.3 bar
Most ignitable mixture 20 vol% 22 vol%
Lower explosion limit 14 vol% 4 vol%
Upper explosion limit 32.5 vol% 77 vol%
Minimum ignition energy 14mJ 0.017mJ

for ignition of all possible mixtures close to the MIE. For this, sev-
eral parameters such as the electrode distance, electrode geometry,
and discharge characteristics would need to be optimized for each
mixture composition. It is important to note that there are various
definitions of the MIE in the literature. For combustion applications
such as internal combustion engines, where ignition is desired, the MIE
is often interpreted as the energy which leads to ignition with 50%
probability [35]. In process safety, it is defined at 1% probability [36].
In this work, we will follow the latter definition. The goal of this work is
explicitly not to determine the MIE of ammonia/hydrogen/air mixtures
but to investigate the influence of hydrogen content in the fuel on
the ignition characteristics in general, i.e. the explosion pressure, the
ignition energy and the flame kernel development. The experimental
parameters that need to be defined are the mixture composition and
the electrodes (shape, material and distance).

2.1.1. Mixture composition
Existing works indicate that even small hydrogen admixtures of

10% to 20% significantly change the burning characteristics of the gas
mixture [10,15,19,38]. This could extend the application possibilities of
ammonia-based fuels [1,10]. The hydrogen content of the gas mixture
will be expressed in terms of its mole fraction in the fuel 𝛼H2

according
o the global reaction equation:

H2
H2 +

(

1 − 𝛼H2

)

NH3 +
3 − 𝛼H2

4
(

O2 + 3.76N2
)

→
𝛼H2

+ 2
3

H2O +
(

3.32 − 1.44𝛼H2

)

N2 (1)

For ammonia, the most ignitable mixture is at equivalence ratio 𝜙 = 0.9
while for hydrogen, it is more lean at 𝜙 = 0.7 (Table 2). However,
the ignition limit curve of hydrogen is very flat between 𝜙 = 0.7 and
𝜙 = 1.0. Hence, it is expected that the most ignitable equivalence ratio
for ammonia/air mixtures with small admixtures of hydrogen is close
to 𝜙 = 0.9 and the mixtures investigated are chosen at this equiva-
lence ratio. 𝛼H2

is varied in the range 0 to 0.2. This range is relevant
for technical applications of ammonia/hydrogen/air mixtures [39,40],
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Table 3
Mole fractions of species in investigated mixtures (𝜙 =
0.9).
𝛼H2

Mole fraction

NH3 H2

0.000 0.201 0.0
0.025 0.198 0.005
0.049 0.194 0.010
0.075 0.190 0.015
0.099 0.186 0.021
0.125 0.182 0.026
0.150 0.178 0.031
0.175 0.174 0.037
0.200 0.170 0.043
1.000 0.0 0.274

even though higher concentrations of hydrogen have also been used
successfully [3,41,42]. It will be seen later that this range is sensible
for the selected experimental parameters. In addition, 𝛼H2

= 1 is
investigated as a reference case. The mole fractions of the chosen gas
mixtures are listed in Table 3.

Before digging into the influence of the hydrogen content 𝛼H2
on

the spark ignition process, it is worth re-visiting how some important
combustion properties depends on 𝛼H2

, which would help us to better
understand the ignition characteristics. Fig. 1 shows the adiabatic flame
temperature 𝑇ad of ammonia/hydrogen/air mixtures as a function of
𝛼H2

alongside several further parameters. 𝑇ad was calculated using
Cantera [43] and the thermodynamic data of Okafor et al. [44]. For
the mixtures investigated here, where 𝜙 = 0.9 is kept constant, 𝑇ad is
between 1980K and 2300K and increases with 𝛼H2

. The flame thick-
ess 𝛥𝐹 was determined from a stationary 1D flame simulation using
antera by placing a tangent in the turning point of the temperature
rofile and finding the intersections of this tangent with the burned
nd unburned gas temperature. The flame thickness is the length on
he abscissa between these intersection points [45]. It decreases almost
inearly as 𝛼H2

is increased from 0 to 0.6. For 𝛼H2
> 0.8, it is nearly

constant. On the other hand, the laminar burning velocity 𝑢L – calcu-
lated from the same stationary 1D flame simulation – increases with
𝛼H2

in a seemingly exponential fashion. For instance, 𝑢L increases by
29% as 𝛼H2

goes from 0 to 0.1 and by 69% as 𝛼H2
is further increased

to 0.2. Experimental data matches this behaviour very well [10,11,15].
This suggests faster chemical reaction with increasing 𝛼H2

, leading to
possible lower required spark ignition energy and faster flame propa-
gation during the ignition process. Finally, the effective Lewis number
of the mixture 𝐿𝑒eff is displayed in Fig. 1. The Lewis number is an
important parameter both for combustion [46] and ignition [34,47]
as it influences the behaviour of flames experiencing stretch. For the
mixtures investigated in this work, 𝐿𝑒eff is smaller than unity with the
exception of 𝛼H2

= 0 where 𝐿𝑒eff = 1.03. Therefore, positive stretch
as is occurs in spherically expanding flames will enhance the flame
propagation. 𝐿𝑒eff was calculated using the formulation [48,49]

𝐿𝑒eff = 1 +

(

𝐿𝑒E − 1
)

+
(

𝐿𝑒D − 1
)


1 +

, (2)

here 𝐿𝑒E and 𝐿𝑒D are the Lewis numbers of the excess and deficient
eactants and

= 1 + 𝛽 (𝛷 − 1) . (3)

ere, 𝛽 is the Zel’dovich number and

=

{

𝜙 if 𝜙 ≥ 1
1∕𝜙 if 𝜙 < 1

(4)

s the ratio of mass of excess-to-deficient reactants in the mixture
elative to their stoichiometric mixture. The effective Lewis number for
he ammonia/hydrogen fuel is calculated via [50]
1
∗ =

𝛼NH3 +
𝛼H2 , (5)
3

𝐿𝑒 𝐿𝑒NH3
𝐿𝑒H2
where 𝛼NH3
and 𝛼H2

are the volume fractions of ammonia and hydrogen
in the fuel, respectively. 𝐿𝑒∗ is then used for 𝐿𝑒D in Eq. (2) since
𝜙 < 1. The Lewis number of the excess reactant is that of oxygen. The
el’dovich number is calculated as [51]

= 4
𝑇b − 𝑇u
𝑇b − 𝑇 ◦ , (6)

where 𝑇b and 𝑇u are the temperature of the burned and unburned
gas, respectively, and 𝑇 ◦ is the inner layer temperature. This inner
layer temperature is taken from a stationary 1D flame simulation using
Cantera as the temperature at the maximum temperature gradient [45].
Other formulations for the effective Lewis number have been used in
the literature. Bouvet et al. [52] found that the volumetric average was
the best approach for hydrogen/hydrocarbon fuel blends. Zitouni et al.
[13] investigated NH3/H2 and CH4/H2 blends. Here, the diffusion-
based formulation gave the best results for lean mixtures. Nevertheless,
the diffusion-based approach (Eq. (5)) by Dinkelacker et al. [50] was
used successfully by Wang et al. [53]. During forced ignition there is
a large variation of kernel temperature. Because we investigate forced
ignition of mixtures initially at room temperature, we used the natural
choice of defining the effective Lewis number for room temperature.

2.1.2. Electrodes
The electrode shape is a key parameter that is optimized when

determining the MIE of gases [54,55]. Common choices include sharp-
ened, flanged and spherical geometries. For hydrogen, the MIE is found
with ⌀2mm spherical electrodes spaced 0.5mm apart [56]. In case of
ammonia, only few previous works report minimum ignition energies
( Table 1). The value recommended by the database Chemsafe [37]
is 14mJ and was found by Krämer [26]. Much higher values were
found by Harris and MacDermott [25] (170mJ) and Buckley and Husa
[24] (680mJ), though these authors state the difficulty of optimizing
the electrodes to achieve the minimum energy. The work by Verkamp
et al. [23] states a value of 8mJ which is the lowest value reported
to date. A value of 18mJ was found by Sadaghiani et al. [28]. The
large deviations between these works can be due to different reasons,
but one important difference between these studies lies in the choice
of electrodes. Buckley and Husa [24] used ⌀0.125 in (3.175mm) wire
electrodes while Verkamp et al. [23] used ⌀0.572mm drills and Krämer
[26] used different spherical electrodes (⌀5mm, 8mm and 15mm).
Nevertheless, the work by Krämer [26] is well-documented and the
effects of electrode diameter and electrode distance were analysed.
Here, the lowest energy was found with ⌀5mm spherical electrodes
spaced 15mm apart. Based on the information available for hydro-
gen/air and ammonia/air mixtures, spherical electrodes with ⌀5mm
were selected. Tungsten was chosen as the electrode material owing to
its higher lifetime compared with the common stainless steel electrodes.
The electrode distance dictates the breakdown voltage which in turn is
the main factor influencing the ignition energy. It was chosen at 4mm
to allow for the ignition energy (cf. Section 2.4) to be adjusted in the
range 𝑊 = 1mJ to 240mJ. A larger electrode distance would increase
the lower limit of 𝑊 and result in a too high value. This would prevent
investigation of mixtures with large 𝛼H2

. A too small electrode distance
would likely increase the ignition energy for the ammonia/air mixture
due to loss processes [26]. In effect, the chosen value of 4mm is a
compromise which allowed to cover ignition energies adequate for the
selected gas mixtures.

2.2. Explosion vessel

The ignition experiments were carried out in a constant volume
vessel which had spherical inner geometry (⌀ 100mm, volume ≈ 0.5 L).
It is temperature stabilized via integrated cooling ducts and a ther-
mostat at (20 ± 4) ◦C. The electrodes (⌀ 5mm, tungsten) were fed into
the vessel from the top and bottom; the top electrode was adjustable

using a micrometer screw to set the electrode gap. The positional
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Fig. 1. Adiabatic flame temperature 𝑇ad, effective Lewis number 𝐿𝑒eff, laminar burning velocity 𝑢L and flame thickness 𝛥𝐹 of ammonia/hydrogen/air mixtures at 𝜙 = 0.9 as a
function of 𝛼H2

. The experimental values for 𝑢L are from Lhuillier et al. [11]. (a) 𝛼H2
= 0…0.2. (b) 𝛼H2

= 0…1.
olerance of the electrodes (including contributions from concentricity
nd parallelism) was smaller than 0.1mm. The vessel was optically
ccessible through eight windows with ⌀15mm. The gas mixture in the
essel was renewed after every ignition or at most five non-ignition
vents during one experiment.

.3. Mixture preparation and uncertainty

The method of partial pressures was used to prepare the mixtures
cf. Table 3) in a dedicated mixing vessel (volume 3.8 L). Prior to
reparing a mixture, the whole gas-handling system was flushed with
ry air (pressurized air dried in a silica gel cartridge), evacuated to
elow the vapour pressure of water and flushed with dry air a second
ime. Next, the mixing vessel was evacuated and the remaining pressure
as assumed to be residual dry air. Dry air was then let into the mixing
essel until the desired partial pressure was reached. The pressure
as measured with a piezoresistive pressure sensor (Kistler 4043A2)
nd amplifier (Kistler 4603) with a combined standard measurement
ncertainty of 1mbar. Before adding hydrogen, the gas-handling system
as evacuated and flushed with hydrogen, ensuring a positive pressure
radient from the gas-handling system to the mixing vessel to avoid
ackflow from the mixing vessel. Then, hydrogen was let into the mix-
ng vessel. Lastly, ammonia was added in the same fashion. The volume
f the prepared mixture was sufficient to perform five experiments
4

ithout the need to prepare another batch. Hence, the uncertainty
of the mixture preparation does not include the repeatability of the
process.

To avoid real gas effects from significantly influencing the molar
composition of the mixture, the maximum pressure in the mixing vessel
was kept below 2 bar. It was determined using Refprop [57] that for
mixtures of air, hydrogen and ammonia, the compressibility factor as
a measure of non-ideal behaviour does not deviate from unity by more
than 0.1% at room temperature and maximum pressures of the prepared
mixtures below 3.4 bar. Further, care was taken to minimize effects by
different temperatures of the gases. To this end, all gases were led
through 6m long spiral pipes and their temperature was controlled via
a type K thermocouple. The gas qualities were 5.0 for ammonia and
3.0 for hydrogen. The air was taken from the pressurized air outlet and
dried in a desiccant cartridge. Overall, the uncertainty in 𝛼H2

was at
most 0.5 vol% (absolute) or, expressed in terms of the equivalence ratio,
𝜙 = 0.900 ± 0.002.

2.4. Ignition system

The gas mixtures were ignited by a capacitive discharge. Its energy
can be estimated by the energy stored in the capacitor and stray
capacitances,

𝑊 = 1
2
𝐶𝑉 2, (7)

where 𝐶 is the capacitance and 𝑉 is the breakdown voltage. The energy
determined according to Eq. (7) is an upper bound for the actual energy
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Fig. 2. Electrical setup.
of the discharge as there is always a fraction of remaining charge on the
capacitor. For small values of 𝑊 the energy transfer is close to 100%.
However, substantial external ohmic losses are to be expected when
𝑊 > 10mJ [58].

The electrical setup used to generate the discharges is shown in
Fig. 2. It consisted of a high voltage source (FuG HCN40M-40000), a
charging resistor 𝑅 (variable) and an induction-free capacitor bank 𝐶.

he charging time constant of the capacitor is

= 𝑅𝐶, (8)

here 𝑅 is the resistance. The charging time of the capacitor to 99.3%
s 5𝜏. The breakdown voltage was slightly different for each mixture
change of 𝛼H2

) due to the different dielectric strengths of the gases.
hen the mixture was kept constant (𝛼H2

constant) the breakdown
oltage was also constant since the electrode distance was fixed at 4mm
n this work. Hence, the capacity 𝐶 was adjusted to vary the energy of

the discharge 𝑊 according to Eq. (7). 𝐶 was measured with a handheld
LCR meter (Agilent U1733C), 𝑅 was then selected to keep 𝜏 between
2 s and 5 s. This was a compromise between charging times that were
manageable (small 𝜏 desired) and sufficient time between discharges,
ensuring that no compound effect from multiple discharges in a short
time frame could occur (large 𝜏 desired). A high voltage divider (Spell-
man HVD-100, 10000:1) and a digital multimeter (Agilent 34410 A)
were used to measure the voltage. The voltage divider was placed
before the charging resistor on purpose. If it had been placed after the
resistor, the small current draw from the voltage divider would have
resulted in a significant voltage drop across the charging resistor. It
would have been impossible to achieve the breakdown voltage at the
spark gap. However, this placement of the voltage divider required that
the voltage was increased very slowly to ensure that the capacitor was
fully charged (cf. Eq. (8)) so there was virtually no current across the
charging resistor. Then, it can be assumed that the voltage across the
electrodes is the same as that measured by the voltage divider and
measurement with a high voltage probe were done to confirm this.
Further, a UV LED (Thorlabs LED250J) was positioned close to one of
the windows of the vessel pointed at the electrodes and electrode gap.
This was done to ensure that there was always a sufficient number of
start electrons for the discharge. Indeed, preliminary tests showed that
the breakdown voltage was fluctuating by more than 1 kV when the
LED was off. With the LED turned on, the variance in the breakdown
voltage was less than 100V. Lastly, a current transformer (Magnelab
CT-C1.0-B) was used to detect the discharge current.

2.5. Pressure measurement

The explosion pressure was measured with a piezoresistive pres-
sure transducer (Kistler 4011 A, maximum pressure 10 bar) and am-
plifier (Kistler 4624 A) and recorded on an oscilloscope (Yokogawa
5

DLM2054). While piezoelectric pressure sensors are usually preferable
when measuring explosion pressure [59], in this specific case a piezore-
sistive pressure sensor can be used. The reason is that the geometry of
the vessel is a simple sphere and no complicated flow patterns are to
be expected in the relevant time frame. Hence, the frequency response
of the chosen pressure transducer is sufficient to measure the explosion
pressure. The added benefit is that a single pressure transducer could
be used for measuring the initial pressure (static) and the explosion
pressure (dynamic). A 5 kHz low-pass filter was configured on the
amplifier to avoid aliasing effects [60]. The combined measurement
uncertainty of the pressure measurement chain was < 5.4% or < 0.23 bar
across all experiments.

2.6. Schlieren imaging and analysis

A schlieren imaging setup was employed to visualize the ignition
phase and the early flame propagation at 30 000 fps. It consisted of a
red LED (MTPS8065PT) with a central wavelength of 650 nm, two field
lenses (𝑓 = 162mm and 𝑓 = 500mm), a knife edge as the schlieren stop
and a high-speed camera (Photron SA5 colour) equipped with a zoom
lens (Sigma AF DL, 75–300 mm). The LED was chosen to match the
maximum quantum efficiency of the camera. Due to its small emitting
diameter (80 μm) and emitting angle (±5◦ half intensity) it can be
treated as a point source and no aperture is required. The resolution of
the system was determined to be 28 px∕mm based on the diameter of the
electrodes. In order to relate the discharge to the schlieren images, the
exposure signal of the camera was recorded on the same oscilloscope
as the discharge current. The images were analysed as follows:

1. Background correction: Take the mean of the frames preceding
the spark and divide all following frames by this mean image. A
correction factor was applied to scale the mean intensity of each
image equal to 1.

2. Masking: The mean image from step 1 is used to generate a mask
which is applied to the dataset.

3. Find the kernel radius:

(a) For each row smooth the intensity profile, take its deriva-
tive, smooth it and find the first extreme from either edge,
corresponding to the inflection points of the intensity
profile (Fig. 3), following the approach in [61].

(b) To eliminate rows that do not contain the kernel, take
only rows with an intensity maximum 𝐼∕𝐼0 > 1.05 and
a minimum 𝐼∕𝐼0 < 0.85 as well as maximum in the first
derivative of intensity four times higher than the noise.

(c) Find the row with the maximal distance between the two
maxima.

(d) Divide the distance found this way by 2 to find the kernel
radius. The uncertainty of the kernel radius is typically

< 0.1mm.
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Fig. 3. Analysis of the schlieren images. Top: Schlieren image after background
correction and masking. Middle: Intensity profiles after Gaussian smoothing and
Savitzky–Golay filtering. Bottom: First derivative of the intensity profiles taking the
smoothed and filtered data from the image above and again filtered. Red line: Row with
maximum kernel radius. Blue lines: Exemplary rows close to the row with maximum
kernel radius. Black dashed lines: Kernel diameter. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

4. Plot the kernel radius over time and fit it using the function
𝑟(𝑡) = 𝑎1 +

(

𝑎2𝑡 + 𝑎3
)

⋅
(

1 − exp
(

−𝑎4𝑡
))

, where 𝑟 is the radius, 𝑡
is time and 𝑎1 … 𝑎4 are fit parameters. For the 𝛼H2

= 1 mixture
use a linear fit.

5. Calculate the first derivative to find d𝑟∕d𝑡.

3. Results and discussion

3.1. Explosion pressure and rate of pressure rise

Fig. 4 shows the explosion pressure traces for the different amounts
of hydrogen addition. Small hydrogen contents already significantly
increase the maximum pressure as well as the rate of pressure rise.
These parameters are plotted in Fig. 5. The rate of pressure rise d𝑝∕d𝑡
was determined from the gradient of pressure from 10% to 90% of
its maximum value. Both show a nearly linear dependency on 𝛼H2
for the range 𝛼H2

= 0…0.2. For 𝛼H2
= 0.2, the maximum pressure

is about twice that of the ammonia/air mixture at (6.1 ± 0.2) bar and
(3.5 ± 0.2) bar, respectively. It then further increases to (7.4 ± 0.2) bar at
𝛼H2

= 1 (no ammonia in the mixture). The rate of pressure rise increases
from 22 bar∕s for the ammonia/air mixture to more than 100 bar∕s for
𝛼H2

= 0.2. At 𝛼H2
= 1, the rate of pressure rise is dramatically higher

at nearly 3500 bar∕s. Overall, the maximum explosion pressure is lower
than the literature values (Table 2). This is likely due to the fact that
the vessel used in this work has a rather small volume (0.5 L) and the
maximum explosion pressure is usually determined in a much larger
vessel of at least 5 L volume [62]. For smaller volumes, the effect of
the walls on the flame propagation and on the explosion pressure may
be more significant [58]. As an example, the explosion pressure for
𝛼H2

= 0 is 3.5 bar in this experiment (𝜙 = 0.9). The maximum explosion
pressures found by other authors are 4.9 bar in a 5 L cylindrical vessel
by Di Sarli et al. [63] and 5.0 bar in a 14 L spherical chamber by Li
et al. [64], both at 𝜙 = 1, as well as 4.4 bar in a 20 L semi-spherical
vessel by Davis et al. [27] (𝜙 not reported). Another interesting aspect
6

Fig. 4. Explosion pressure for varying 𝛼H2
. The pressure trace for the experiment with

lowest ignition energy for each fuel composition is shown. The time 0ms corresponds
to the trigger of the oscilloscope which was set at 2.2 bar (much larger than the noise
level but smaller than the expected maximum pressure).

Fig. 5. Maximum pressure and rate of pressure rise for varying 𝛼H2
. The experiment

with lowest ignition energy for each fuel composition is shown. The error bars indicate
the measurement uncertainty.

is the shape of the pressure traces for small 𝛼H2
. For 𝛼H2

= 0 a two-step
pressure rise is evident. A possible reason is the impact of buoyancy
which makes the flame kernel rise to the top of the vessel. Once the
flame reaches the top, the further combustion is limited by the walls,
resulting in a decrease of the rate of pressure rise.

3.2. Ignition energy

The influence of hydrogen mole fraction in the fuel on the ignition
energy is shown in Fig. 6. Here, the smallest value leading to ignition
and the highest energy value which did not lead to ignition in five
sparks are indicated. It is evident that even a small proportion of
hydrogen in the mixture with ammonia in air leads to a significant
decrease in the energy required for ignition. For example, at 𝛼H2

= 0.099
the ignition energy is reduced by a factor of 10. This result is expected
and in the same order of magnitude as the results by Verkamp et al.
[23]. The ammonia/air mixture (𝛼H2

= 0) was ignited at 𝑊 = 114.5mJ.
This value is close to the value given by Krämer [26] under the same
conditions.

The energy plateaus that are visible in Fig. 6, for instance at 𝛼H2
=

0.05 and 0.075, are due to the discrete capacitance values that can be
chosen from the capacitor bank. These were interchangeable with a
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Fig. 6. Ignition and non-ignition for varying 𝛼H2
. The uncertainty in 𝑊 is smaller than

the symbol size.

factor of 2 (Fig. 2). It is important to note that the ignition energies
shown in Fig. 6 are not minimum ignition energies (MIE). To determine
the MIE, an optimization of the electrode geometry and distance is
required for every 𝛼H2

and a large number of experiments according
to the standard ASTM E582 [36] would be needed which is beyond the
scope of this work. Rather, the general trend can be obtained from this
data and the values are specific to the chosen setup. Energies below
1mJ were not achievable with the chosen setup for the reasons given
in Section 2.1. The ignitions for 𝛼H2

= 0.175 and 0.200 occurred with
no additional capacitance and represent the minimum discharge energy
which can be achieved for the chosen electrode configuration. Hence,
no effect of 𝛼H2

on the ignition energy was observed for 𝛼H2
> 0.175,

hich is clearly a limitation of the experiment. It is expected that the
gnition energy will further reduce with increasing 𝛼H2

(the MIE of
ydrogen is 17 μJ). The electrode distance would need to be reduced
o arrive at such low energy values.

The measurement uncertainty of 𝑊 based on Eq. (7) is too small to
e conceivable in this plot. However, the fraction of remaining charge
n the capacitor bank is not known and could be significant, especially
t high values of 𝑊 . Hence, the data points in Fig. 6 represent an upper
ound of the energy transferred to the gas mixture in the discharge.

.3. Flame kernel development

Schlieren images of the ignition and flame kernel development
re shown in Fig. 7. Due to the strongly deviating kernel growth
ates, the time interval between the frames shown is different for each
onfiguration. Also, note that the schlieren images represent the exper-
ment with the lowest achieved ignition energy for the specific mixture
omposition. Hence, 𝑊 is largest for 𝛼H2

= 0 and smallest for 𝛼H2
= 0.2.

his effect of ignition energy is well observable in the first frame shown.
or 𝛼H2

= 0.15 and 0.20 the initial kernel is cylindrical. As 𝛼H2
is reduced

and 𝑊 is increased), the discharge channel becomes visible as a bright
ine. Both the discharge radius and the heated channel radius increase.
or the highest ignition energies, the heated channel grows so rapidly
hat already in the first frame a non-cylindrical shape is observed. The
ransformation from a cylindrical to a more compact (approximately
pherical) shape occurs on different time scales, depending on the
gnition energy and mixture composition. Due to the arrangement of
he electrodes (vertical rather than horizontal), the top electrode may
nterfere with the flame propagation for buoyant flames. On the other
7

w

and, the arrangement ensures minimal interference of the electrodes
ith the kernel radii determined according to Section 2.6.

For the cases 𝛼H2
= 0.049, 0.099 and 0.150 a toroidal flame shape

s observed as the kernel radius increases. Yet it becomes less clear as
H2

increases. At 𝛼H2
= 0.2, this effect is not visible. Generally speaking,

he flame shape is governed by the relative contributions from burning
elocity and flow velocity as well as its interaction with stretch. For
he mixtures considered here, 𝐿𝑒eff < 1. Thus, the flame propagation
s enhanced by positive stretch rates. In the case of spark ignition,
he flow is induced by the discharge and the flow velocity scales with
he discharge energy [65]. Its properties are further influenced by the
lectrode shape and configuration [66,67]. As 𝛼H2

is increased, the
urning velocity increases significantly (Fig. 1). At the same time 𝑊
s decreased, leading to a weaker flow field induced by the discharge.
oth effects combined change the ratio of burning velocity and flow
elocity substantially, resulting in the observed change of flame struc-
ure from toroidal to spherical as 𝛼H2

is increased. However, as 𝑊
s decreased by a factor of 100 (114.5mJ to 1.1mJ) and 𝑢L increases
y only a factor of < 2 (0.058m∕s to 0.098m∕s), the change in 𝑊
ust be seen as the dominating factor here. For 𝛼H2

= 0 the toroidal
lame shape is also present. Here, the transition occurs very fast due
o the high ignition energy 𝑊 = 114.5mJ and low burning velocity. It
an be seen already in the third and fourth frame (113 μs and 213 μs).
ue to the strong flow, the flame is perturbed more than in the other
ases and appears less symmetric. Nevertheless, it is known that the
orticity induced by the discharge and hence the outward jet velocity
re dependent on the electrode distance [68]. As the electrode distance
as kept constant in this work, it is not possible to isolate the effects
f 𝑊 and 𝛼H2

on the kernel shape.
The kernel radii extracted from the schlieren images and their

erivatives are displayed in Fig. 8. Note that both 𝛼H2
and 𝑊 are

aried at the same time. The main differences between the datasets
tem from the vastly different discharge energies. For small 𝛼H2

, a large
energy is necessary to ignite the mixture. One effect of large 𝑊 is
that the initial radius detected in the schlieren images is much larger,
e.g., 3mm at 𝑊 = 114.5mJ as compared to 1mm at 𝑊 = 13.0mJ.
This has been observed before, albeit at much lower energy levels,
for capacitive discharges in air [33]. Further, the kernel evolution
is dominated by the discharge for most datasets shown. This regime
is known as spark assisted flame propagation [69]. For the mixtures

ith relatively high 𝛼H2
> 0.1, the transition to a self-sustained flame

ropagation is captured. This is indicated by the approximately linear
radient and a nearly constant propagation speed. The mixtures with
H2

< 0.1 also exhibit this behaviour, but it was not observed in this
xperiment due to the limited field of view of the schlieren setup. A
pecial case is the 𝛼H2

= 1 mixture. Here, 𝑊 is much greater than
he MIE and the mixture instantly ignites. Nevertheless, the laminar
urning velocity of hydrogen is so large that the spark assisted flame
ropagation is barely noticeable. The comparison with 𝛼H2

= 0 again
mphasizes how disparate the ignition and burning characteristics of
ydrogen and ammonia are. Overall, it is not possible to separate
he effects of hydrogen addition and discharge energy on the kernel
volution from the data in Fig. 8.

Hence, Fig. 9 shows the same quantities for a constant mixture
omposition (𝛼H2

= 0.099) and two discharge energies. The same effects
s described above are clearly visible, i.e., the initial radius is larger and
he initial speed d𝑟∕d𝑡 also increases with 𝑊 . As the radius increases,
he kernel growth rates for both cases approach each other. After
round 1ms or at a radius of 4mm, the effect of spark ignition is not
oticeable any more in d𝑟∕d𝑡.

Comparing the plateau values of the radial expansion speed found
n Fig. 8 (> 1m∕s) with literature values and numerical simulations
< 0.2m∕s, cf. Fig. 1), the speeds obtained here are much higher. This
s mainly due to the curvature of the flame at this early stage which
eeds to be accounted for. Further, the evaluated radius range is too
mall and researchers aiming to investigate the laminar flame speed

ould usually omit this data from their evaluation [70,71].
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Fig. 7. Schlieren images of the ignition and development of the flame kernel. Note the time interval between frames is different for each configuration. The time below each
image is the mid-time of the frame. The exposure time for each frame was 33.3 μs so that the uncertainty for the time is ±16.7 μs. For reference, the electrode diameter is 5mm.
Fig. 8. Temporal evolution of the hot gas kernel for varying 𝛼H2
and 𝑊 . (a) Evolution of the kernel radius. (b) Change in radius plotted against the radius. The shaded areas

indicate the standard measurement uncertainty.
4. Conclusions

In this work, the effect of hydrogen content in ammonia/hydrogen/
air mixtures on its ignition characteristics was examined experimen-
tally. Previous research mainly dealt with pure ammonia/air mixtures
and found significantly varying minimum ignition energies. As for am-
monia/hydrogen/air mixtures, only partially dissociated ammonia/air
mixtures have been investigated experimentally so far. Hence, this
study contributes to a better understanding of the ignition properties
of ammonia/hydrogen/air mixtures under atmospheric conditions. The
8

experimental setup was chosen to match the MIE conditions of pure
ammonia as closely as possible while also allowing for the investigation
of mixtures with a mole fraction of hydrogen in the fuel 𝛼H2

between
0 and 0.2. The key findings were as follows:

• The maximum pressure 𝑝max increases strongly with 𝛼H2
.

• The rate of pressure rise d𝑝∕d𝑡 also increases with 𝛼H2
.

• The ignition energy 𝑊 decreases very quickly as 𝛼H2
is increased

(by a factor of 10 as 𝛼 goes from 0 to 0.1).
H2
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Fig. 9. Influence of discharge energy on the hot kernel. The mixture composition was kept constant at 𝛼H2
= 0.099 and the energy was varied at 𝑊 = 13.0mJ and 29.9mJ. (a)

volution of the kernel radius. (b) Change in radius plotted against the radius. The shaded areas indicate the standard measurement uncertainty.
• The early flame kernel development is dominated by the electric
discharge for small 𝛼H2

due to the large required ignition energy.
A toroidal flame is observed for small 𝛼H2

.

The results confirm the enhancement of burning characteristics
hich was previously reported by other authors. Hence, hydrogen
lending of ammonia is a feasible way to improve its applicabil-
ty to technical combustion processes. Also, the ignitability is im-
roved already with small 𝛼H2

. For desired ignition processes, this
roperty can be used to enhance the efficiency. On the other hand,
he findings should be considered for handling and utilization of am-
onia/hydrogen mixtures to avoid accidents. Further research could

nvestigate the effect of electrode shape and geometry and possibly
wider range of 𝛼H2

than was possible here. Also, the results could
e compared to numerical simulations of the ignition by an electrical
ischarge. To provide the correct initial conditions and arrive at mean-
ngful results, the discharge characteristics will need to be explored in
ore detail in an experiment.
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