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Plasma-assisted combustion of ammonia leverages non-equilibrium electrical discharges to
modify flame dynamics and emissions. In this work, we perform a numerical investigation using
a one-dimensional model to examine the influence of nanosecond-repetitively pulsed discharges
on the propagation of stoichiometric ammonia-air flames at atmospheric conditions. The model
incorporates detailed plasma chemistry solved with ZDPlasKin. In particular, we look into
the influence of pulse repetition frequency on laminar flame speed and NOx emissions. The
simulations reveal unexpected behavior in the spatial distribution of plasma energy deposition
within the flame. The plasma is found to significantly speed up the flame, up to +140%, although
some numerical challenges prevented us from exploring operation at higher frequencies. The
chemical kinetics used also predict a small decrease in NO in the product region of the flame.

I. Introduction
Plasma-Assisted Combustion (PAC) refers to the use of plasma to improve or extend the performance envelope of
combustion systems [1]. Typically, the plasma is created in the vicinity of a burning or ignitable gaseous mixture
through the application of a high electric field between two electrodes. This high voltage will partially ionize the gas,
and the produced electrons will be accelerated to form a non-equilibrium plasma, i.e., a plasma where the temperature
of the free electrons greatly exceeds that of the heavy species. Those electrons will collide with heavy particles and
induce new chemical reaction pathways that modify the local chemistry and can greatly affect the combustion process.

If the voltage is applied for long enough, the heavy species will eventually thermalize and lead to what is often
referred to as a "thermal plasma", i.e., a plasma where both the electrons and heavy species have a shared high
temperature. This transition to thermal plasma is often considered undesirable, because this phase corresponds to great
amounts of energy deposition by the plasma, with limited benefit on the combustion process since most of the energy is
deposited thermally. For that reason, research in the field has mostly focused on nanosecond pulsed plasmas, where the
electric field is cut-off before reaching the thermalization regime, in most cases. To keep actuating on the combustion
process in steady-state, the pulsed discharge is repetitively applied at kilohertz frequencies.

So-called Nanosecond Repetitively Pulsed Discharges (NRPD) have been extensively studied both experimentally
and numerically in lab-scale setups, and have been proven to reduce Ignition Delay Time (IDT) [2, 3], lower Minimum
Ignition Energy (MIE) [4], extend lean blowout limits [5, 6], curb NO , emissions [6], and cancel pressure oscillations [7].
Multiple studies have shown benefits using plasma powers below 1% of the flame power. Traditionally, PAC was studied
for simple hydrocarbon fuels such as methane or propane. Recently, efforts have focused on characterizing the benefits
of plasma assistance for alternative "green" fuels such as ammonia or hydrogen.

In particular, ammonia (NH3) has been the subject of great interest by the community, as PAC is envisioned
to potentially address many of the challenges faced by ammonia combustion. Indeed, compared with traditional
hydrocarbon fuels, ammonia has a higher auto-ignition temperature, a larger MIE, and a lower Laminar Burning Velocity
(LBV). As mentioned above, PAC could potentially help resolve those issues. As a consequence, many research groups
have been investigating N H3 PAC, mainly through experimental studies [6, 8—11], but computational works tailored
for ammonia PAC have also emerged [12—15]. As a result of this nascent interest, the term PAAC: Plasma-Assisted
Ammonia Combustion, has been coined.

Although the impact of plasma assistance on ammonia flames has already been somewhat characterized through
studies on IDT, extension of lean blowout limits, and NO, emissions, comprehensive numerical studies of the effect on
the Laminar Burning Velocity (LBV) are scarce. Shahsavari et al. [16] used coupled OD and 1D codes to model the
effect of plasma on the flame speed in an N H3/H e/air mixture. The plasma was modeled in OD, and used as an input
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condition for the 1D code. Our approach attempts to dive into more details regarding the coupling between NRPD,
flame front, pressure waves, and other transport effects.

The Laminar Burning Velocity (LBV) is a critical combustion metric because it is directly used in large-scale
turbulent combustion modeling, along with the heat release rate, and extinction strain rate. Typically, a turbulent
combustion code will call external "flamelet libraries" to access what is the local flame consumption rate along the
wrinkled flame front based on the local conditions [17]. Therefore, studying the effect of plasma on the LBV is
paramount because we can infer the impact on burner-scale performance, while still capturing in detail the physics of
the discharge.

II. One-Dimensional Plasma-Assisted Flame Propagation Model

A. Model Architecture

The one-dimensional model for plasma-assisted propagation used in this work was presented in earlier papers from our
group [18-20]. It is composed of three distinct models: (i) the fluid solver, coded in-house in Julia, (ii) the combustion
chemistry solver, which relies on Cantera [21], and (iii) the plasma chemistry solver, based on ZDPlasKin [22] and
the Boltzmann solver BOLSIG [23]. Considering the differences in timescales between these different aspects of the
problem, we assemble the three models using an operator-splitting scheme method [24].

B. Governing Equations
The fluid solver models an inviscid adiabatic flow, following the governing equations:
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The diffusion flux j; for species k is calculated using a mixture-averaged diffusion approach:
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where W is the molecular weight and Dy is the mixture-averaged diffusion coefficient for species k. The domain is
initialized at ¢ = O with a steady-state solution obtained from Cantera [21] for an adiabatic flame.

C. Boundary Conditions
The one-dimensional domain has two boundaries: the left boundary (fresh gas inflow) and the right boundary (burnt
gas outflow). Each boundary has its own boundary condition.

For the left boundary, we used a wave absorption condition, as described by Pavan et al. [19]. This boundary condition
allows the pressure wave generated by the plasma to be absorbed at the boundary and avoid unwanted reflections.
Concretely, this condition is enforced through the equation
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where c is the sound speed, and s = (p u e). For the species equations (see equation 4), we enforce a fixed value for
the product pY} at the boundary, corresponding to a mixture close to stoichiometric ammonia-air (N, : O, : NH3 =
617 : 164 : 219 in moles), at atmospheric conditions (p = 1 atm and T = 300 K). Initially, the fresh gas flows in

through the left boundary at a speed of 1 cm - s~!, which corresponds to 10% of the laminar flame speed at those
conditions (Sz = 10 cm - s71).



For the right boundary, the wave-absorption condition was not very effective, and we instead opted to implement an
Absorption Sponge Zone (ASZ) [25], similar to what has been used in other one-dimensional models in our group [26, 27].
For each of the governing equations for mass continuity (equation 1), momentum conservation (equation 2), and energy
conservation (equation 3), we added an additional term within the ASZ to "force" the convergence towards a desired
state. If y represents the vectored variable y = (p, ou, pe), then we modify the original equation f(y, ¢, r) into the
form
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where x refers to the location at which the sponge layer starts, and y is the desired converged state.

D. Automatic Mesh Refinement

Our model describes a free flame propagating across the domain [19]. Since the capture of the large gradients close to
the flame front calls for a fine mesh at that location, we needed a mesh adaptation algorithm so that it can automatically
refine close to the flame front, and coarsen the mesh size when gradients are small. To quantify the mesh error criteria,
we used the methodology developed by Lohner [28]. The error at the grid cell i is directly computed from the value of
the state variable s; at that cell and the neighboring cells as
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where h; is the size of cell i. The error metric E; is non-dimensional and bounded between O and 1. The cell i is then
refined if the error E; is above a given threshold, or pruned if the error E; is below a given threshold.

E. Plasma Modelling
The plasma is modelled through the plasma kinetic mechanism developed in 2023 at Princeton University for
ammonia/air mixtures by Zhong et al. [29]. We also used the combustion chemical kinetics selected by the same group,
and later reduced for two-dimensional simulations of plasma-assisted ignition of ammonia, by Shi et al. [30].
A major input for the plasma model is the reduced electric field profile, E /N, which, in the cases studied, takes the
form:
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Where f(¢) is a nanosecond-pulse that was measured experimentally and reported by Nagaraja et al. [31]. The pulse
is about 10 ns long, and we rescaled it so that the peak E/N is 220 Td. The spatial coefficient @(x) introduced in
equation 10 represents how the plasma is spatially distributed. In this work, we used different profiles, given in figure 1.
We also implemented a maximum threshold energy density deposited by the plasma. Within a specific mesh cell, if the
energy deposited by the plasma reaches 0.5 mJ - cm ™3, then the reduced electric field for the rest of that pulse is set to 0
in that cell.

II1. Dynamics of Plasma Energy Deposition Across the Flame Front

As a preliminary study, we investigated the spatial structure of the energy deposition across the 1D domain, in the
case of a uniform reduced electric field between x = —1.5 and x = 0.5 c¢m (square profile, see black curve 1 in figure 1).
The threshold energy per pulse used for this section was 5 mJ - cm ™. We compared the results from the 1D solver
with the results given by our OD solver, when the initial conditions are locally identical to the 1D case. In practice,
the only difference between the OD and 1D results is that the 0D model does not capture transport effects, including
convection, heat diffusion, and species diffusion. Keeping the same plasma kinetic mechanism by Zhong [29], we also
compared the predictions when the combustion mechanism was not the one developed by Shi et al [30], but the one
recently developed at MIT by Doner et al. [32]. Results are shown in figure 2.
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Fig.1 Different possible configurations describing the spatial actuation of the plasma within the 1D domain.
Initially, the flame is located at x = 0.
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Fig.2 Cumulative energy deposited by the plasma from pulses 1 to 100, using combustion mechanism by Shi
et al. [30] (top) or Doner et al. [32] (bottom), including transport effects (right) or not (left). Pulse repetition
frequency is 10 kHz.

First, results shown in figure 2 reveal that there is a significant difference in plasma energy deposition within the
reactants between the OD and 1D configurations, regardless of the combustion mechanism used. In the zero-dimensional
case (left plots of figure 2), the energy deposited by the plasma within the reactants remains very low, and most of the



energy is deposited during the initial pulse. In contrast, the one-dimensional case (right plots of figure 2) shows that the
energy deposited by the plasma keeps increasing, especially at the edge of the plasma-actuated domain. Regions away
from the plasma edge also observe this behavior, although somewhat delayed.

This behavior was unexpected, as it has not been reported for this plasma mechanism, or for others in the literature.
Most numerical studies using this chemistry set for combustion have centered on OD simulations [15, 33-36], which
can not capture such spatial dynamics. Taneja et al. [37] modeled streamers in 3D using this mechanism, but only
at nanosecond-timescales. Shi et al. [30] did model ignition of ammonia using a simplified version of this plasma
mechanism in a 2D simulation, but did not present spatial maps of energy deposition or plasma species. As a result, this
unusual behavior may simply have gone unnoticed in prior studies, or it may occur only within the specific physical
conditions examined here.

IV. Effect of Plasma Actuation on Combustion Metrics

A. Effect on NO, Emissions

For a given simulation of plasma-assisted propagation of ammonia-air flames, we investigated the effect of the plasma
on NO, and N,0 across the flame. Results are shown in figure 3. We can see that both NO, and N,O concentrations
in the reactants are significantly increased by the plasma. Concentrations of NO and N,O at the location of the flame
also increase with the plasma. But the domain of interest for NO emissions is the product region, and we see no large
effect of the plasma in that region, except a mild reduction in NO. Indeed, we observed a NO reduction < 300 ppm
across the cases. It is important to note that NO, chemistry within an ammonia flame is challenging to accurately
capture numerically, and this chemical mechanism has not been validated for combustion, only partial oxidation. These
pollutant levels are not well captured by current chemical kinetic models for ammonia combustion, and even less so for
plasma-assisted ammonia combustion.
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Fig. 3 Spatio-temporal evolution of the mole fractions of NO (left), NO, (middle), and N,O (right), across the
flame front, between pulses 0 and 350. The pulse repetition frequency is 25 kHz. The plasma is actuated between
x =—1.0and x = 1.0 cm (results obtained using the smooth plateau profile, see green curve 2 in figure 1).

B. Effect on Laminar Burning Velocity

Figure 4a shows the evolution of the burning velocity as the flame propagates within the plasma region, for different
actuation frequencies. All cases used a "smooth plateau” profile that delimits the plasma region (see green curve 2
in figure 1). We can see that, at high frequencies, the flame decelerates at first when the plasma is activated, before
accelerating faster than the baseline laminar flame speed at those conditions, Sz.. The initial slowdown is caused by the
pressure waves generated during the nanosecond pulses ahead of the flame front (which remains the region of highest
energy deposition, see top-right of figure 2), which are greatly accentuated as pulse repetition frequency is increased.
Eventually, the flame reaches fresh gas that has been pre-activated and pre-heated by the plasma, leading to a progressive



acceleration of the flame and eventually overcoming the effect of the pressure waves. This acceleration of the flame
front was observed for all actuation frequencies. We then expect the laminar flame speed to peak or reach a plateau,
although we were unable to reach these conditions for the higher frequencies because of numerical issues. Similar
behavior has been observed both numerically and experimentally for methane-air flames [20, 38].

Figure 4b summarizes the expected benefit of plasma actuation on laminar flame speed. We compare the present
results with earlier work on methane flames by Pavan [19]. Preliminary results for ammonia flames indicate a larger
enhancement than previously reported for methane. However, these trends are highly sensitive to both the energy
deposition profile and the chemical kinetic model, and therefore can hardly be compared between mixtures. For
ammonia, we observe a maximum increase in laminar flame speed of about +140% for PRF = 25 kHz. Values at
frequencies larger than 3 kHz have not converged (remaining below the peak) and therefore are reported only for
reference. For methane, the dependence of the flame speed enhancement on plasma repetition frequency appears to
follow % = a X PRF", where we found that n = 2. Further work is needed to better characterize the expected
benefit on flame propagation across plasma parameters. Additional work is needed to more thoroughly characterize this
scaling and to map the expected benefits across plasma operating conditions. We also note that there may exist an upper
limit in PRF at which kinetic and thermal enhancement no longer outweigh early-stage pressure disturbances, though
this requires further confirmation.
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Fig. 4 Effect of plasma actuation on the Laminar Burning Velocity (LBV) as a function of plasma Pulse
Repetition Frequency (PRF).



V. Conclusion

This work investigates the effect of nanosecond-repetitively pulsed discharges on the propagation of a laminar
stoichiometric ammonia-air flame at atmospheric conditions. The numerical solver used combines the ZDPlasKin
solver with Cantera and an in-house one-dimensional inviscid adiabatic fluid solver. The preliminary analysis revealed
significant differences in plasma energy deposition across the flame depending on whether transport effects are included,
suggesting that 1D effects have a large effect on how much energy is deposited by the plasma into the reactants.
Simulation results on the combustion metrics show that laminar flame speed is significantly increased, by up to +140%
for a pulse repetition frequency of 25 kHz. We faced numerical convergence problems that prevented us from reaching
steady-state for these high frequency cases. We also found a slight decrease in NO within the products region when
plasma was activated up to 6%. The authors call for further work from the community to improve the current plasma and
combustion mechanisms, to reliably predict plasma energy deposition, and improve the accuracy of NO predictions.
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