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Ammonia (NH;3), with its higher energy density and easer storage and transportation as a
hydrogen carrier, is emerging as a promising green alternative fuel. However, its application
in power generation is limited by challenges such as a low burning velocity, slow oxidation at
low temperatures, ignition difficulties, and nitrous oxide formation. This study
computationally examines the role of non-equilibrium energy transfer with nanosecond
discharges on NHj; ignition and flame propagation in NH;/H,-air flows at 700 K and 1 atm
using two-dimensional simulations. A non-monotonic relationship between ignition kernel
volume and applied voltage is observed, with optimal ignition enhancement occurring at 200
Td. At this reduced electric field, the production of radicals and electronically excited species
is maximized. The study identifies an optimal electrode gap size for a given pulse energy. While
smaller gap sizes increase energy density, enhancing temperature and radical concentrations,
overly small gaps restrict the ignition kernel size. A nonlinear dependency between pulse
repetition frequency and ignition kernel volume is observed in nanosecond pulsed high-
frequency discharges (NPHFD). There is an optimal frequency of plasma discharge for a given
plasma energy and the number of discharge pulses. These findings provide valuable insights
for designing controlled plasma discharge strategies to improve NHj ignition in reactive flows,
with potential applications in internal combustion engines and gas turbines.

1. Introduction

The COP21 Paris Agreement [1] has catalyzed global efforts toward reducing carbon emissions and advancing
sustainable energy solutions. Among the many alternative fuels explored, ammonia (NH;) emerges as a promising
candidate due to its renewable production potential and high hydrogen content [2-6]. With properties such as ease of
liquefaction and carbon-neutral combustion, NH; offers an attractive alternative to hydrogen (H,) for energy storage
and transportation [2-3]. However, NHj; still faces significant challenges to efficient combustion in engines and
turbines [7-8], including a low burning velocity, elevated NO, emissions, and poor low-temperature reactivity.

Addressing these limitations requires enhancing NH3’s reactivity at low temperatures.

Advancements in plasma-assisted ignition technologies have revolutionized NH; combustion strategies [9-10].
Nanosecond plasma discharges, in particular, have demonstrated their capability to generate reactive species such as
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electrons, radicals, and ions, excited species, which can drastically lower ignition barriers [11-13]. These non-
equilibrium processes enable novel pathways for NH; combustion at low temperatures. Experimental and numerical
studies have explored the role of plasma discharges in enhancing NHj ignition [14-20]. Choe et al. [14] demonstrated
that plasma-assisted flames could reduce NO4 emissions while improving flame stability under lean conditions. Zhong
et al. [9] investigated plasma-assisted NH; oxidation at ambient conditions and developed a kinetic model
incorporating non-equilibrium pathways. Mao et al. [15] computationally analyzed plasma-assisted NHj/air ignition
under nanosecond discharges, revealing that optimal ignition enhancement occurs at a reduced electric field of 250
Td, where radical production and electronic excitation are maximized. Similarly, Liu et al. [16] highlighted that H,
blending influences NH; oxidation differently due to enhanced HO, formation and NO-driven pathways under plasma
conditions. These studies have demonstrated the potential of non-equilibrium plasma in enhancing NH;’s reactivity at
low temperatures.

However, current studies often rely on simplified models that fail to capture the intricate dynamics of plasma
discharge and flame propagation in real-world applications, such as engines and turbines. Efficient NH; ignition and
sustained combustion in these systems require a deeper understanding of the interactions between heat release, radical
generation, and fluid dynamics. Mao et al. [21] examined the streamer propagation, its transition to spark and the
ignition kernel development in H,/air mixtures, highlighting the sensitivity of ignition enhancement to electrode
geometry and electric field distribution. Lefkowitz and Ombrello [22-23] demonstrated the importance of the
discharge interelectrode distance in forming effective ignition kernels in CH4/air mixtures. More recently, nanosecond
pulsed high-frequency discharges (NPHFD) have gained attention for their role in ignition enhancement [24-26]. Mao
et al. [27] observed that for a fixed discharge energy, ignition kernel development in H,/air flows is non-monotonically
influenced by pulse frequency and number, indicating the need for optimized discharge parameters. Given NHj’s
unique combustion characteristics, it is critical to explore its ignition and flame propagation under non-equilibrium
plasma conditions using detailed chemistry and multi-dimensional modeling.

This study investigates the plasma-assisted ignition and flame propagation of NH3/H,-air mixtures under
nanosecond discharges using two-dimensional (2D) simulations. The analysis addresses several key aspects: (1) the
role of applied voltage and reduced electric field in electron energy deposition and ignition enhancement, (2) the
influence of electrode gap size on ignition kernel development and flame propagation, and (3) the effects of discharge
pulse frequency on radical accumulation and ignition efficiency for NPHFD. By identifying optimal non-equilibrium
conditions, this work aims to advance ignition technologies for NH;-based sustainable energy systems, contributing
to the broader goal of energy innovation.

II. Numerical methods

The plasma modeling in this study is conducted using the 2D Multi-Scale Adaptive Reduced Chemistry Solver for
Plasma-Assisted Combustion (MARCS-PAC), a tool developed at Princeton University [21, 27-29]. This framework
integrates two solvers: the 2D plasma solver PASSKEy [30-32] and the adaptive reactive flow solver ASURF+ [33-
36]. PASSKEy handles the drift-diffusion-reaction equations for plasma species, Helmholtz equations for
photoionization, the Poisson equation for electric fields, and the energy conservation equation for plasma discharge.
ASURF+ solves the unsteady, multi-component, reactive, compressible Navier-Stokes equations. These solvers are
coupled using time-splitting methods, with detailed descriptions of the governing equations and numerical schemes
provided in [21].

Simulations are performed for fuel-rich NH;/Hy-air (0.190 NH;/0.082 H,/0.153 0,/0.575 N,) mixtures at an
equivalence ratio of 1.2, 700 K, and 1 atm. Rich conditions are chosen to minimize NO, emissions while increasing
unburned NHj, as typically done in gas turbines to balance NO, mitigation with efficient oxidation. To initiate the
discharge, a uniform pre-ionized mixture with an initial electron number density of 10* cm™3 is used [37], with initial
ion densities ensuring quasi-neutrality. A nanosecond discharge with a single pulse is used to investigate the effects
of applied voltage and electrode gap size, while nanosecond pulsed high-frequency discharges (NPHFD) are employed
to study the influence of pulse repetition frequency. Each pulse features a trapezoidal voltage waveform with a peak
of 1500-5000 V and a 2 ns rise time, with discharge duration adjusted to maintain constant plasma energy deposition
across simulations.

The kinetic model for NH3/O,/N, mixtures, validated against experimental data [9], is employed. This
comprehensive model includes 77 species and 894 reactions in the plasma kinetic sub-model, and 230 reactions in the
combustion kinetic sub-model. The reaction rate constants with large uncertainties at low temperatures have been
updated using experimental data as detailed in [9, 15]. To improve computational efficiency while maintaining
accuracy, a reduced plasma model with 47 species and 71 reactions is developed. For combustion chemistry, the
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detailed NH3/H,/O,/N, oxidation mechanism by Thorsen et al. [38] is employed, supplemented by an O3 sub-model
[39].

Figure 1 presents the 2D computational domain and axisymmetric geometry with needle-to-ring electrodes. To
simplify 3D plasma modeling, the simulation domain is restricted to a 2D section, as indicated by the shaded region.
The R-axis represents the radial direction of the electrode, while the Z-axis corresponds to the electrode’s length and
gas flow direction in cylindrical coordinates. The computational domain measures 3.5 mm by 15 mm, allowing
sufficient space for undisturbed flow and flame propagation to observe ignition kernel evolution. Flow is introduced
from the bottom at 20 m/s, maintaining the initial mixture composition, temperature, and pressure. Transparent
boundary conditions are applied for other external boundaries, while reflective boundary conditions are used for the
electrodes.

As shown in Fig. 1, the needle electrode is 4.3 mm long, with a 1 mm gap from the ring electrode unless otherwise
specified. The ring electrode, positioned at Z = 2.7 mm, mitigates high electric fields near the sharp edges of the
needle. The needle and ring radii are set to 60 pm and 40 pm, respectively, minimizing flow recirculation. To reduce
computational costs, a fine, uniform mesh (10 x 10 pm) is used in the plasma discharge area, with a coarser mesh (40
x 40 um) employed in outer regions.

Z (mm) {4

v=20m/s
Fig. 1 2D computational domain and geometry.

III. Results and discussion

The effects of discharge voltage (U) on plasma-assisted ignition enhancement are analyzed, with a particular focus
on how the reduced electric field E/N (the ratio of electric field strength to gas number density) influences non-
equilibrium energy transfer. The applied peak pulse voltage varies between 1.5 kV and 5.0 kV, while the discharge
energy is consistently maintained at 0.4 mJ. Figure 4(a) shows the time evolution of the ignition kernel volume for
various applied voltages. Here, the ignition kernel volume is defined as the integrated region where the temperature
exceeds 2000 K, which closely aligns with the flame front. In all cases, the ignition kernel volume increases over time.
The most efficient ignition enhancement occurs at U = 2.0 kV, producing the largest ignition kernel volume at ¢ =
0.3 ms. Figure 4 (b) shows the time evolution of the reduced electric field at the center of the discharge gap (R = 0.5
mm, Z = 2.75 mm). At U = 2.0 kV, the plateau after the initial breakdown corresponds to an E/N of approximately
200 Td, persisting until 10 ns. This suggests that £/N = 200 Td is optimal for ignition enhancement.
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Fig. 2 Time evolution of (a) the ignition kernel volume and (b) the reduced electric field at the center of the
discharge gap (R = 0.5 mm, Z = 2.75 mm) for different applied voltages, with a constant discharge energy of
0.4 mJ.

To explain the maximum ignition enhancement at U = 2.0 kV, Fig. 5(a) illustrates how electron energy is
distributed among various modes as a function of E/N in the 0.190 NH3/0.082 H,/0.153 0,/0.575 N, mixture,
calculated using BOLSIG+ [40]. At E/N < 10 Td, most of the electron energy is directed toward rotational and
vibrational excitation of NH;. As E/N increases, energy deposition shifts primarily to N, vibrational excitation, with
smaller contributions to the vibrational excitation of H, and O,. With further increases in E/N, the rotational and
vibrational excitation of NH; decreases, while energy deposition into NH; and O, dissociation, as well as N, electronic
excitation, becomes more significant. In the range of 100 Td < E/N < 300 Td, the dominant pathways include the
dissociation of NHj;, H,, O,, and N,, along with the electronic excitation of N,. At higher E/N values, ionization
pathways are strongly enhanced. This could explain the non-equilibrium energy transfer and its role in ignition
enhancement. An E/N of approximately 200 Td maximizes the production of electronically excited species and
radicals, effectively reducing ignition delay time. This observation is consistent with the findings of [19].
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Fig. 3 Fractions of electron energy deposition into different excitation modes as a function of E/N in the 0.190
NH3/0.082 H,/0.153 O,/0.575 N, mixture. (rot: rotational excitation; v: vibrational excitation; el: electronic
excitation; dis: dissociation; ion: ionization)

Previous studies on plasma assisted H, ignition [21] have demonstrated that electrode gap size significantly
impacts the spatial distribution of discharge energy. To investigate this effect in plasma-assisted NH;/H,-air ignition,
simulations are conducted with electrode gap sizes (D) ranging from 0.35 mm to 0.8 mm, while maintaining a constant
applied voltage of 5.0 kV and discharge energy of 0.2 mJ. Figure 4 (a) illustrates the time evolution of ignition kernel
volume for different gap sizes. The results reveal a non-monotonic relationship between ignition kernel volume and
electrode gap size, with the most effective ignition enhancement observed at D = 0.50 mm. Excessively large gap
sizes can lead to ignition failure due to the increased critical ignition radius. Fig. 4(b) presents the distributions of
temperature at £ = 150 ns and Z = 2.75 mm. This distribution pattern demonstrates that smaller electrode gap sizes
increase the energy density and thus elevate temperatures within the discharge region. With an effective ignition
threshold defined at 2000 K, optimal ignition is achieved at D = 0.50 mm, where the temperature throughout the
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discharge region consistently exceeds this threshold, maximizing the ignition kernel area. In contrast, for D = 0.80 mm,
ignition is limited to a small region near the needle electrode. At D = 0.35 mm, the highest reduced electric field and
concentrated energy deposition result in the highest temperature. However, the narrower discharge region restricts the
ignition kernel area compared to D = 0.50 mm.
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Fig. 4 (a) Time evolutions of the ignition kernel volume across different electrode gap sizes at the same
discharge energy of 0.2 mJ. (b) Distributions of temperature along the R-axis direction at =150 ns and Z =
2.75 mm across different electrode gap sizes. The dark yellow line indicates the needle electrode.

To investigate the synergistic effects of multiple discharge pulses on ignition, two consecutive pulses with identical
discharge energy but varying pulse repetition frequencies (f) are analyzed. The pulse energy of each pulse is 0.2 mJ,
with an applied voltage of 5.0 kV and an electrode gap size of 1.0 mm. It is noted that a single pulse of 0.2 mJ is
insufficient to ignite the mixture. Figure 12 illustrates the ignition kernel volume at different pulse repetition
frequencies, with dashed lines representing the ignition kernel volume for a single 0.4 mJ pulse. To further analyze
the ignition kernel development, two specific time points, # = 0.3 ms and ¢ = 0.5 ms, are considered. At lower pulse
repetition frequencies, ignition enhancement is less effective than with a single pulse, primarily due to radical
quenching and heat loss during the interval between pulses. However, when the pulse repetition frequency exceeds
100 kHz, ignition is significantly enhanced. The optimal frequency is determined to be 500 kHz, where the ignition
kernel volume increases by 98.7% at f = 0.3 ms and 68.4% at t = 0.5 ms compared to the single-pulse case. Beyond
this frequency, further increases lead to a decline in ignition kernel volume. As the pulse repetition frequency
approaches infinity, the two pulses effectively merge, producing ignition behavior similar to that of a single pulse with
0.4 mJ energy.
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Fig. 5 Ignition kernel volume with different pulse repetition frequencies at = 0.3 and 0.5 ms. In the cases
with 2 pulses, the discharge energy per pulse is set to 0.2 mJ. The dashed lines mark the ignition kernel
volume for a single pulse of 0.4 mJ.
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IV. Conclusion and future work

This study computationally examines the effects of non-equilibrium energy transfer, plasma properties, and
electrode gap size on NHj ignition and flame propagation using nanosecond discharges. The findings reveal a non-
monotonic relationship between ignition energy, and ignition kernel volume as well as the applied plasma voltage,
frequency, and the number pulses. It is shown that an E/N value of approximately 200 Td provides the highest ignition
enhancement due to enhanced radical production via electron impact reactions and contributions from electronically
excited species. Moreover, a non-monotonic dependency is observed between the ignition kernel volume and electrode
gap size, with the optimal enhancement occurring at a gap size of 0.5 mm. The results show that larger gap sizes result
in ignition failure due to lower energy density combined with heat loss and quenching effects. On the other hand,
smaller gap sizes limit the ignition kernel size, preventing it from exceeding the critical ignition radius. Lastly, the
study shows that with a fixed total discharge energy, the pulse repetition frequency significantly influences ignition
enhancement in nanosecond pulsed high-frequency discharges. The optimal pulse repetition frequency is found to be
500 kHz. This is due to the overlap of the second pulse with the existing ignition kernel, which increases the reduced
electric field, accelerates radical accumulation, and enlarges the ignition kernel. These findings will provide insights
on developing controlled plasma discharge techniques to achieve efficient NH; ignition in reactive flows within
internal combustion engines and gas turbines.
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