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1 Introduction

Given the strict political regulations for reducing greenhouse gas (GHG) emissions, efforts have been
made to develop the application of renewable energies. Since there are many applications that cannot be
fully electrified, e.g., power generation, steel/cement industry, marine and aviation, alternative energy
carriers are being investigated. Among the other candidates, ammonia is attracting more attention due to
its preferred characteristics such as carbon-free, high energy density, and mature infrastructure for trans-
portation and storage [1]. Additionally, ammonia can be synthesized directly via power-to-ammonia
method applying renewable energy sources [2]. Recently, the application scenarios of ammonia as fuel
in boilers, internal combustion engines, gas turbines as well as fuel cells have been comprehensively re-
viewed, along with detailed safety aspects [1]. However, there was no systematical assessment reported
in the literature for the ignition energy of ammonia that is essential for the hazards prevention in the
practical applications.

A particularly important case for technical applications are mixtures of ammonia with hydrogen (H2)
and with methane (CH4) [1]. By-mixing hydrogen to ammonia can be used to enhance the reactivity of
ammonia. Also, in technical applications that use NH3, hydrogen often appears as a co-product, and the
ignition properties of the ammonia/hydrogen mixtures are important, e.g., to assess possible safety risks
by accidental ignition. Similarly, methane, as the main component of natural gas, is a co-fuel candidate
for enhancing ammonia combustion. For both H2 and CH4, the knowledge base on ignition properties
of their mixtures with NH3 is still scarce.

Although most practical combustion devices are operating under turbulent conditions, the complex inter-
action between the chemistry and the turbulence complicates the understanding of the whole processes.
The laminar flame, on the other hand, provides a suitable flame analysis, which enables us to understand
the interaction between the chemistry and the flow conditions.
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2 Mathematical Modeling and Numerical Calculation

Our simulations address the question under which conditions an ignition in flows of premixtures of air
with methane (CH4)/ammonia and hydrogen (H2)/ammonia is successful, i.e., leads to a self-sustaining
flame propagation. The dependence of ignition success on ignition source properties, initial mixture
composition, and strength of flow is determined. Figure 1 depicts the counterflow configuration modeled
by our simulations.

Figure 1: Illustration of a counterflow configuration with an igniter

From two gas inlets, unburned NH3/CH4/H2/air mixtures with the same states (temperature Tub, fuel/air
equivalence ratio Φ, pressure p) and the same absolute value of velocity vub emerge and then impinge
into each other. A spark igniter centered at (z = 0, r = 0) provides thermal energy to heat up and ignite
the gas mixture. In case of successful ignition, a flame in the r−plane results. This configuration can be
modeled as a one-dimensional system, with the flame-normal coordinate z as spatial variable [3]. The
resulting system of partial differential equations (PDE) is a two-parameter formulation, in which two
independent parameters (tangential pressure gradient J and radial velocity gradient G) are introduced
[3]. This formulation was shown to be applicable to both stationary and non-stationary problems [3].

By considering the spark ignition, there is an additional external ignition energy q̇s(z, t) appearing in
the conservation equation for energy. The q̇s(z, t) is the provided ignition power density modeled as [4]:

q̇s(z, t) =

 Ds
τs

· exp
[
−
(

z
δW

)8
]

(0 ≤ t ≤ τs),

0 (otherwise)
(1)

where Ds is the energy density (J/m3) at z = 0, and δW is the spark width in m. Note that the present
work focuses on the effect of the strain rate, gas mixture thermo-kinetic states, spark igniter geometry
and spark energy on the spark ignition process. Therefore we simplify the modeling of the external
spark energy, assuming that it solely depends on the z-coordinate (symmetry around r-axis). A study of
spark ignition in more complex, two dimensional geometries can be found in e.g. [5]. For the considered
combustion system (c.f. Fig.1), Es is the deposited energy per surface and has units of J/m2, which can
be determined as:

Es =

∫ +∞

z=−∞

∫ τs

t=0
q̇s(z, t)dtdz = 2 ·Ds · δW · Γ

(
9

8

)
(2)

where Γ(·) is the gamma function (Γ(9/8) ≈ 0.94174).

The ”strength” of the flow is represented by the tangential pressure gradient J , which is constant for a
given flow configuration. The strain rate a is related to J by a =

√
− J

ρub
, where ρub is the density of the

unburned mixture.

It is assumed that the pressure is spatially and temporally uniform, which corresponds to the low Mach
number approximation. As shown in [6], this uniform pressure assumption is a very good approximation
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for τs > 10µs. All substances involved in the flow are treated as ideal gases. The system of PDEs
requires initial and boundary conditions for a unique solution. Initially, all the thermo-kinetic states
such as temperature (T (z, t)) and species concentrations (mass fraction wi(z, t)) are homogeneously
distributed through the whole spatial domain. In other words, no spatial gradients of temperature and
species concentrations exist:

T (z, t = 0) = Tub, wi(z, t = 0) = wi,0. (3)

For left boundary, we set the symmetry line (z = 0 in Fig.1)y. Neumann boundary conditions are speci-
fied for temperature T (z, t) and species concentrations wi(z, t): ∂T/∂z|z=0 = 0, and ∂wi/∂z|z=0 = 0.
The velocity is v = 0 because it corresponds to the stagnation point.

For right boundary, Dirichlet boundary conditions are specified. Values of temperature T = Tub and
species concentrations wi = wi,0 remain unchanged at any time here. Furthermore, a constant value of
the tangential pressure gradient J is specified to define the strain rate.

For a given co-fuel (CH4 or H2) of ammonia, the composition of unburned fuel/air mixture is parame-
terized by the mole fraction α of NH3 in the fuel, and the fuel/air equivalence ratio Φ. The molar shares
of fuel, O2 and N2 are given by

(1− α)H2 + αNH3 +
1

Φ

(
0.5 +

α

4

)
(O2 +

79

21
N2)

and

(1− α)CH4 + αNH3 +
1

Φ

(
2− 5α

4

)
(O2 +

79

21
N2)

The chemical reactions are treated by a detailed reaction mechanism from [7]. This mechanism is
originally developed by Li and co-workers for ammonia/methane/hydrogen mixtures [8] and further im-
proved due to better accuracy following the suggestion by [7]. The numerical computation is performed
using the in-house code INSFLA [9], which has been extended to enable the simulation of counterflow
flames based on the governing equations proposed in [3]. A detailed transport model including thermal
diffusion (Soret effect) is considered [10].

3 Successful and failed ignition

Spark ignition is a complex process which is governed by chemical reaction, convection and diffusion.
Furthermore, the supply of energy by the spark and the flow condition (e.g. strain rate) also play a
significant role.

The interaction of these processes leads to two qualitative outcomes, namely a failed SI or a successful
SI. To distinguish both, Fig.2 shows one representative temperature development of a NH3/H2/air com-
bustion system over time and spatial coordinates. The red lines stand for the temperature profiles during
SI duration, and the blue lines for those after SI. For both cases, the only difference is the deposited SI
energy: for the failed SI Ds = 310 kJ/m3, and for a successful SI Ds = 320 kJ/m3 (corresponding to the
minimum spark ignition energy Dmin

s for a successful SI). It is obvious that the temperature increases
continuously during the SI duration, because the gas mixture is heated up through the spark igniter.
After the spark duration time, one obtains:

• a failed SI: as shown in Fig.2(left), if at the steady state the temperature of the whole system is
again the same as the initial temperature (homogeneous temperature distribution), or

• a successful SI: as shown in Fig.2(right), if after a certain time we obtain a stable steady burning
flame at steady state.
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Figure 2: Temporal development of spatial temperature profiles for a failed SI (left) and a successful SI
(right). The imposed strain rate is a=100 s−1; spark width δW=1 mm; spark duration time τs =1.5 ms.
Gas mixture: NH3:H2 = 0.9:0.1 with stoichiometric mixture.

4 Results and Discussion

In the following discussion, we will focus on the minimum ignition energy density Dmin
s required for

a successful ignition. The effect of the spark duration τs, the fuel/air equivalence ratio Φ, the amount
of added co-fuel (H2 or CH4), the strain rate a and the gas mixture temperature Tub on the Dmin

s will
be investigated and discussed in detail. In all calculations, the pressure is set to 1 bar and the initial
temperature over the whole domain is 298 K. In the spark model a spark width δW = 1 mm is used (c.f.
Eq.1). This choice is a typical value for technical applications [11–13].

We first investigate the effect of the spark duration τs on Dmin
s . Fig.3 shows the dependence Dmin

s (τs)
for stoichiometric fuel-air mixtures of ammonia/CH4 and ammonia/H2 fuels.
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Figure 3: Dependence of Dmin
s on different spark duration τs for different gas mixture with Φ = 1.0.

It is observed that at very short spark durations (here, 0.01 ms ≤ τs ≤ 0.1 ms), Dmin
s is almost indepen-

dent of τs. In contrast, Dmin
s increases strongly with τs for τs near and above 1 ms. As analyzed in [9],

this phenomenon can be explained by considering the competition between the energy dissipation rate
caused by heat conductivity and the heat-up rate caused by the external spark energy source:

• at short spark durations, the rate of energy transport out of the spark volume is much smaller
than the heat-up rate. Practical all spark ignition energy will therefore be deposited into the spark
volume, rather than getting distributed into the ambience during the spark duration. Therefore,
the Dmin

s almost does not depend on the short spark duration,

• at long spark durations, significant part of the spark energy will get transported out of the spark
volume within the duration of the spark. Therefore, more spark energy must be supplied to cre-
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ate high temperatures in the spark volume that allow chemical reactions to commence. Larger
Dmin

s therefore result for longer spark durations.

Fig.4 shows Dmin
s as a function of strain rate for different mixtures. We observe the following depen-

dencies:

• Dmin
s decreases with increasing content of H2 or CH4 in the fuel; This is because the increase of

H2 and CH4 accelerate the chemical reaction.

• the NH3/CH4/air mixture requires higher Dmin
s than the NH3/H2/air mixture. This is because

the NH3/H2/air mixture has much higher reaction rate than the NH3/CH4/air mixture, which is
described in terms of ignition delay times [7, 8].

• the addition of H2 has a larger effect on the Dmin
s than the addition of CH4. More precise, a

decrease of Dmin
s by adding H2 is larger than by adding the same mole content of CH4 in the

ammonia gas. This is mainly because with more addition of H2 the gas mixtures require higher
reaction rate to win over the high molecular diffusivity, where the molecular diffusitivity remains
almost the same by adding more content of CH4 in the gas mixture.
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Figure 4: Dependence of Dmin
s on strain rate for gas mixtures with different compositions. τs = 1.5 ms.

5 Conclusion

The present paper studies the spark ignition properties of ammonia/methane/air and ammonia/hydrogen/air
gas mixtures by numerical simulations. Laminar strained premixed flame calculations, which are based
on a detailed treatment of chemical reactions and molecular transport, are used to assess the dependence
of minimum ignition energy Dmin

s on spark properties, strain rate and mixture composition.

It is mainly found that Dmin
s is nearly independent of spark duration τs at short spark durations, while

it increases rapidly with τs at larger τs. Secondly, flows with higher strain rates require higher Dmin
s .

Furthermore,both for ammonia/H2 and ammonia/CH4 mixtures, Dmin
s decreases when the content of

the co-fuel H2 or CH4 is increased. Moreover, with increasing H2-content, ammonia/H2 mixtures re-
quire higher reaction rates for initiating and maintaining combustion, while ammonia/CH4 mixtures are
not notably affected by this, because the mixture’s molecular diffusivity remains almost unchanged by
addition of CH4 to ammonia.
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