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Supporting Information 
In this SI, we first present in detail the boundary conditions of our model, for both the experiments of 
Tatar et al. [1] and of Troia et al. [2], followed by some additional modeling results, supporting the 
results presented in the main paper. 

S.1 Boundary conditions 
The boundary conditions for both the experiment of Tatar et al. [1] and of Troia et al. [2] are presented 
for the gas flow, species transport, heat transfer, and the microwave field, respectively. We refer to 
Figures 1 and 2 in the main paper for the various boundaries, indicated by letters. 

The EF boundary in Figure 1 of the main paper corresponds to the gas flow inlet for setup [1], while 
the DE boundary in Figure 2 represents the gas flow inlet for setup [2]. Due to the axisymmetric 
geometry, the inlet is represented as a disk in 3D rather than two tangential tubes. Consequently, we 
parameterize it using the flow profile derived from the 3D Navier-Stokes calculations. Note that in the 
3D flow simulations, microwave heating is not coupled to the flow field. This simplification is justified 
by the fact that gas heating downstream has a limited influence on the flow near the inlet, as supported 
by a comparison between flow fields obtained from calculations at room temperature and those from 
fully coupled simulations in the 2D axisymmetric model, shown in Figure S.1. 

Indeed, Figure S.1 presents the axial and angular velocity profiles (radial velocity component is 
negligible) calculated by the 2D axisymmetric model along a radial cut line located 5 mm above the 
inlet, which corresponds to the axial position at which the 3D flow field is averaged. The profiles are 
shown for both a cold-flow calculation (solving only the RANS equations at room temperature, as is 
the case in our model) and for fully coupled simulations that include plasma heating downstream, for 
the configurations described in [1] (left) and [2] (right), respectively. 

The left panel of Figure S.1 shows that the velocity profiles for setup [1] nearly overlap for the cold-
flow and fully coupled simulations, indicating that downstream plasma heating has a negligible effect 
on the inlet velocity field. The right panel, corresponding to setup [2], shows a slight deviation in the 
velocity profiles for the highest SEI condition of 259 kJ/mol. This deviation is attributed to mild gas 
heating near the inlet caused by the presence of the hot (ca. 1000 K) ignition pin. Nevertheless, the 
impact remains limited. 

Moreover, the simulations show limited sensitivity to variations in swirl number defined at the inlet, as 
averaged from the 3D flow calculations, both for the laminar and turbulent models. This is illustrated 
in Figure S.2, which presents the temperature profiles for a reduced swirl number at the inlet (−30 %) 
on the left and an increased swirl number (+30 %) on the right. In both cases, the temperature profiles 
exhibit negligible deviation. Moreover, the NOₓ concentration at the outlet remains unchanged at 2.32 
% for both conditions. 



 
Figure S.1. Axial and angular velocity profiles for the setup [1] (20 slm; 400 W) (left) and [2] (6 slm; 259 

kJ/mol) (right), comparing cold gas flow calculations (solid) to the fully coupled plasma simulations (dashed), 
assuming turbulent (SST) flow. 

 
Figure S.2. Temperature profile for the setup [2], for a flow rate of 6 slm and SEI = 259 kJ/mol. The left and 

right panel show the results for a 30 % reduction and 30 % increase in swirl number defined at the inlet, 
respectively. 
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The height of the inlet ℎ଴ is 1 mm and 4 mm for the setup of [1] and [2], respectively, which corresponds 
to the diameter of the experimental tangential inlets. The inlet radial velocity is defined as follows: 𝑢௥଴ = 𝐹2𝜋𝑅଴ℎ଴ ሺ1ሻ 
where 𝐹 is the volumetric flow rate (m3 s-1) and 𝑅଴ = 13 mm for both setups. The circumferential 
velocity at the inlet, 𝑢ఝ଴, is related to its swirl number 𝑆଴ as [3]: 𝑢ఝ଴ = −32 𝑆଴𝑢௥଴ ሺ2ሻ 
where 𝑆଴ is obtained from the 3D simulations, calculated at the cut plane located 5 mm above the inlet, 
according to: 

𝑆଴ = ׬ ׬ 𝜌𝑢ఝோబ଴ଶగ଴ 𝑢௭ 𝑟ଶ 𝑑𝜑𝑑𝑟׬ ׬ 𝜌ோబ଴ଶగ଴ 𝑢௭ଶ 𝑟 𝑑𝜑𝑑𝑟 ሺ3ሻ 
The auxiliary turbulence variables at the gas inlet (EF or DE in Figures 1 and 2, respectively), i.e., the 
turbulent kinetic energy 𝑘଴ and specific dissipation rate 𝜔଴, are calculated according to [4], where 𝐼்଴ 
represents the inlet turbulent intensity, obtained by averaging over the cut plane located 5 mm above 
the inlet in the 3D simulations. 

Table S.1. List of boundary conditions for the MW plasma reactor of [1] for fluid flow and species transport. We 
refer to Figure 1 of the main paper for the letters, indicating the specific boundaries. 

Boundary Fluid Flow Species Transport 
AB 𝒖ഥ = 0, ∇𝑘 ∙ 𝑛 = 0, 𝜔 = 𝜔଴  −𝐧 ∙ 𝒋𝒊 = 0 
BE, FM 𝒖ഥ = 0, ∇𝑘 ∙ 𝑛 = 0, 𝜔 = 𝜔଴ −𝐧 ∙ 𝒋𝒊 = 0 
BC, CD, DE, FG, GH, KL, LM − − 
KH − − 
HI, JK − − 
IJ − − 
EF 𝒖ഥ = ൣ𝑢௥଴,𝑢ఝ଴, 0൧୘ 𝑘଴ = 32 ሺ|𝒖଴|𝐼்଴ሻଶ 𝜔଴ = ඥ𝑘଴0.09଴.ଶହ ∙ 0.07𝑘଴ 

𝑥෤ைమ = 0.21 𝑖 ≠ Nଶ, Oଶ: 𝑥෤௜ < 10ିଵ଺ 
 𝑥෤ேమ: from mass constraint 
 

NM ׬𝑝𝑑𝑆׬𝑑𝑆 − 𝑝଴ = 0 𝒖ഥ − 𝐧 ∙ ሺ𝒖ഥ ∙ 𝐧ሻ = 0 ∇𝑘 ∙ 𝑛 = 0, ∇ω ∙ 𝑛 = 0 

−𝐧 ∙ 𝐣𝒊 = 0 

AN axis of symmetry 
 

  



Table S.2. List of boundary conditions for the MW plasma reactor of [2] for fluid flow and species transport. We 
refer to Figure 2 of the main paper for the letters, indicating the specific boundaries. 

Boundary Fluid Flow Species Transport 
CD, EF, OP, PQ, QR, RT, TS, SU 𝒖ഥ = 0, ∇𝑘 ∙ 𝑛 = 0, 𝜔 = 𝜔଴ −𝐧 ∙ 𝒋𝒊 = 0 
CH, HI, FN, NO 𝒖ഥ = 0, ∇𝑘 ∙ 𝑛 = 0, 𝜔 = 𝜔଴ −𝐧 ∙ 𝒋𝒊 = 0 
AB, BC − − 
FG, GJ, MO − − 
MJ − − 
JK, LM − − 
KL − − 
DE 𝒖ഥ = ൣ𝑢௥଴,𝑢ఝ଴, 0൧୘ 𝑘଴ = 32 ሺ|𝒖଴|𝐼்଴ሻଶ 𝜔଴ = ඥ𝑘଴0.09଴.ଶହ ∙ 0.07𝑘଴ 

𝑥෤ைమ = 0.21 𝑖 ≠ Nଶ, Oଶ: 𝑥෤௜ < 10ିଵ଺ 
 𝑥෤ேమ: from mass constraint 
 

VU ׬𝑝𝑑𝑆׬𝑑𝑆 − 𝑝଴ = 0 𝒖ഥ − 𝐧 ∙ ሺ𝒖ഥ ∙ 𝐧ሻ = 0 ∇𝑘 ∙ 𝑛 = 0, ∇ω ∙ 𝑛 = 0 

−𝐧 ∙ 𝐣𝒊 = 0 

 axis of symmetry 
 

For the heat balance, the boundaries corresponding to the outer surface of the quartz tube and metal 
compartments are characterized by convective and radiative heat fluxes. In the boundary conditions 
expressions for heat transfer (Table S.3 and S.4 below), 𝐪 is the heat flux vector, ℎ = 5 W m-2 K-1 
represents a typical heat transfer coefficient for external natural convection in air [5], 𝜎ୗ୆ = 5.6704 × 
10-8 W m-2 K-1 is the Stefan-Boltzmann constant, 𝜖 = 0.85 [5] is the emissivity coefficient used for the 
quartz domain and 𝑇ஶ = 293.15 K is the ambient temperature. 

For the calculation of the microwave field, the metallic enclosures of the resonator (HI, JK in Figure 1 
of the main paper) and the bottom of the domain (AB in Figure 1) are modelled as perfect electric 
conductors for the setup of [1]. The remaining boundaries are subject to a scattering boundary condition, 
where 𝜅 =  𝜅଴√𝜀ோ represents the wavevector of the corresponding dielectric material. For the model 
describing the setup of [2], the metallic enclosures of the resonator (JK, LM in Figure 2 of the main 
paper) as well as the boundaries corresponding to the inner surface of the metallic compartments are 
modelled as perfect electric conductors.  

Microwave power is introduced via the port boundary (IJ and KL of Figures 1 and 2 in the main paper, 
for the setup of [1] and [2], respectively). The boundary condition is defined by the scattering parameter 𝑆 which describes the relationship between the input field (𝐄𝒊𝒏) and the field reflected at the port 
interface Ω (𝐄 − 𝐄𝒊𝒏). The correlation used refers to a TEM mode, which allows the most efficient 
power coupling to the plasma column [6]. Resonance tuning can be simulated by assigning a fictitious 
relative permittivity to the resonator domain. Since the power coupling in the model is not 100 % 
efficient, the power specified at the port will not equal the power absorbed by the plasma [7]. 
Consequently, we do not insist on reproducing the exact experimental plasma powers in our modeling 
calculations, as doing so would require a cumbersome trial-and-error approach involving repeated 
simulations. Although this approach yields a somewhat approximate representation of the resonator, the 
plasma characteristics are primarily governed by the propagation of the electric field within the 
discharge tube and are largely unaffected by the specifics of the power supply mechanism [6]. For the 
purpose of this study, this approximation is therefore considered adequate. A comprehensive and 



accurate depiction of the resonator would necessitate a full 3D simulation [8], which lies beyond the 
scope of the present work. 

Table S.3. List of boundary conditions for the MW plasma reactor of [1] for heat transfer and microwave field. 
We refer to Figure 1 of the main paper for the letters, indicating the specific boundaries. 

Boundary Heat Transfer Microwave Field 
AB −𝐧 ∙ 𝐪 = 0 −𝐧 × 𝐄 = 0 
BE, FM − − 
BC, CD, DE, FG, GH, KL, LM −𝐧 ∙ 𝐪 = ℎሺ𝑇ஶ − 𝑇ሻ+ 𝜖𝜎ୗ୆ሺ𝑇ஶସ − 𝑇ସሻ 𝐧 × ሺ∇ × 𝐄ሻ − 𝐢𝜅𝐧 × ሺ𝐄 × 𝐧ሻ = 𝟎 
KH −𝐧 ∙ 𝐪 = ℎሺ𝑇ஶ − 𝑇ሻ+ 𝜖𝜎ୗ୆ሺ𝑇ஶସ − 𝑇ସሻ − 

HI, JK − −𝐧 × 𝐄 = 0 
IJ − 𝑆 = ሺ𝐄׬ − 𝐄𝒊𝒏ሻ ∙ 𝐄𝒊𝒏∗ dΩ׬𝐄𝒊𝒏 ∙ 𝐄𝒊𝒏∗ dΩ  

EF 𝑇 = 293.15 K −𝐧 × 𝐄 = 0 
NM −𝐧 ∙ 𝐪 = 0 𝐧 × ሺ∇ × 𝐄ሻ − 𝐢𝜅𝐧 × ሺ𝐄 × 𝐧ሻ = 𝟎 
AN axis of symmetry 

 

Table S.4. List of boundary conditions for the MW plasma reactor of [2] for heat transfer and microwave field. 
We refer to Figure 2 of the main paper for the letters, indicating the specific boundaries. 

Boundary Heat Transfer Microwave Field 
CD, EF, OP, PQ, QR, RT, TS, SU −𝐧 ∙ 𝐪 = ℎሺ𝑇ஶ − 𝑇ሻ+ 𝜖𝜎ୗ୆ሺ𝑇ஶସ − 𝑇ସሻ −𝐧 × 𝐄 = 0 

CH, HI, FN, NO − − 
AB, BC −𝐧 ∙ 𝐪 = ℎሺ𝑇ஶ − 𝑇ሻ+ 𝜖𝜎ୗ୆ሺ𝑇ஶସ − 𝑇ସሻ −𝐧 × 𝐄 = 0 

FG, GJ, MO −𝐧 ∙ 𝐪 = ℎሺ𝑇ஶ − 𝑇ሻ+ 𝜖𝜎ୗ୆ሺ𝑇ஶସ − 𝑇ସሻ −𝐧 × 𝐄 = 0 

MJ − − 
JK, LM − −𝐧 × 𝐄 = 0 
KL − 𝑆 = ሺ𝐄׬ − 𝐄𝒊𝒏ሻ ∙ 𝐄𝒊𝒏∗ dΩ׬𝐄𝒊𝒏 ∙ 𝐄𝒊𝒏∗ dΩ  

DE 𝑇 = 293.15 K −𝐧 × 𝐄 = 0 
VU −𝐧 ∙ 𝐪 = 0 𝐧 × ሺ∇ × 𝐄ሻ − 𝐢𝜅𝐧 × ሺ𝐄 × 𝐧ሻ = 𝟎 
 axis of symmetry 

 

S.2 Charge transport 
Although it is difficult to conclusively rule out the influence of charge transport on the electron density, 
we provide below a rough estimation, indicating that collisional losses are likely to be the dominant 
mechanism over diffusive losses under the present conditions. 

The rate for ambipolar diffusive charge losses 𝑘ௗ௜௙௙ (1/s), considering a single positive ion (NO+), can 
be estimated as [9]: 𝑘ௗ௜௙௙ = 𝐷௔𝑅௣ଶ ,        𝐷௔ = 𝐷 ൬1 + 𝑇௘𝑇 ൰ 



where 𝐷௔ is the ambipolar diffusion coefficient, 𝑅௣ is the plasma radius, 𝐷 is the molecular diffusion 
coefficient (assumed equal to that of NO) and 𝑇௘ is the electron temperature. 

We compare this to the rate of dissociative recombination (inversely proportional to 𝑇௘), taken from 
[10], which we express as a recombination frequency (1/s) by dividing by the NO+ density.  

Figure S.3 plots both processes along the radial cut line, corresponding to the maximum temperature 
along the symmetry axis in the setup [1] (20 slm; 400 W), i.e., at low SEI where non-equilibrium effects 
are expected to be most pronounced. Since we do not resolve the electron temperature by solving the 
electron energy balance equation, solid lines are calculated for 𝑇௘ = 𝑇 following LTE, while dashed 
lines are calculated for 𝑇௘ = 1 eV, as the electron temperature might be higher than the gas temperature, 
especially outside of the hot plasma core. 

 
Figure S.3. Charge loss rates as a function of radial position for z = 150 mm for the setup of [1] (20 slm; 400 

W), assuming turbulent (SST) flow. 

Figure S.3 illustrates that the rate of dissociative recombination strongly decreases at the periphery 
following the declining charge density. For 𝑇௘ = 𝑇, the electron density at which the diffusive losses 
become dominant is 𝑛௘ = 3.5 × 1015 m−3 (r = 4.4 mm). When assuming 𝑇௘ = 1 eV, this transition 
corresponds to 𝑛௘ = 9.4 × 1016 m−3 (r = 3.6 mm). These values are relatively low compared to the critical 
electron density of ca. 7 × 1017 m−3, where partial reflection of microwaves occurs, (evaluated for a 
collisional plasma according to [11]), and resolving these low electron densities is therefore irrelevant. 
Moreover, in our model calculations, significant power absorption from the MW field only occurs for 𝑛௘ > 5 × 1018 m−3. 

A definitive assessment of the impact of ambipolar ion fluxes requires explicit inclusion of charge 
transport in the model. As noted in the main paper, future work will focus on extending the current 
framework to incorporate ion transport within a quasineutral approximation, enabling a more accurate 
evaluation of its influence. 

S.3 Reactions not included in our kinetic scheme 
The reactions listed below were evaluated during model development. Since they were found to have 
negligible impact on the overall NOx concentration, they are excluded from the reaction mechanism due 
to the associated uncertainties in rate coefficient data across the broad temperature range (300–5000 K) 
and the added complexity, which would reduce the interpretability of the simulation results. 

0 1 2 3 4 5 6 7
101

102

103

104

105

106

107

Lo
ss

 ra
te

 (1
/s

)

Radial position (mm)

 Ambipolar diffusion
 Dissociative recombination

solid: Te = T
dashed: Te = 1 eV



NO + NO ⇌ N2 + O2 [12] 
2NO + O2 ⇌ 2NO2 [13] 
N + NO2 ⇌ 2NO [14] 

N + NO2 ⇌ N2 + O2 [14] 
 

S.4 Extra modeling results to support the results presented in the main paper 
 

 
Figure S.4. Radial temperature profile for a power of 400 W and flow rate of 20 slm for the setup of [1]. The 
black, red and blue line show the results for the SST model, SST model with 𝜆் = 0 and laminar model, 
respectively. This graph supports the discussion regarding turbulence driven plasma contraction in 

section 4.1.1 of the main paper. 
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Figure S.5. Velocity magnitude and streamlines for a flow rate of 60 slm and power of 600 W in the MW 

plasma reactor of [2]. The results of the SST model and laminar flow model are shown in the left-hand side and 
right-hand side, respectively. This figure illustrates that backflow extends up to the pin for the SST model, 

which supports plasma attachment to the pin. In contrast, the laminar flow model exhibits a recirculation zone 
between the plasma and the pin. 



 
Figure S.6. Electric field (a) and microwave field heating (b), for a flow rate of 40 slm and power of 1350 W (b) 

in the MW plasma reactor of [2], assuming turbulent (SST) flow. This figure illustrates that the surface wave 
travels up to the pin, as indicated by the electric field distribution (a), and microwave field heating along the 

plasma columns and at the tip of the pin (b). 

 



  
Figure S.7. NOx molar concentration as a function of SEI for the MW plasma reactor of [2], calculated 

assuming laminar flow, compared to the measurements. This figure is the equivalent to Figure 9 of the main 
paper, illustrating that the SST model and laminar flow model predict the same NOx concentration near the 

outlet. 

 
Figure S.8. Radially averaged NOx concentration as a function of axial position for the extended simulation 

domain discussed in section 4.2.3 of the main paper, for a flow rate of 20 slm with SEI = 130 kJ/mol, assuming 
turbulent (SST) flow. The graph starts at the axial position of 340 mm (34 cm), which corresponds to the outlet 

boundary used in all other calculations. 
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Figure S.9. Net rate of reactions contributing to O atom recombination (left y-axis), i.e., (R2), (R6), and (R7), 

and temperature (right y-axis), as a function of radial position, at the axial position of z = 56 mm, for a flow rate 
of 20 slm and SEI of 63.7 kJ/mol, assuming turbulent (SST) flow. This graph supports the discussion in Section 
4.3.2 of the main paper regarding the enhanced O atom recombination through the catalytic cycle of R6 and R7.  
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