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A B S T R A C T

Microwave plasma reactors offer a promising route for sustainable nitrogen fixation, yet the efficiency of NOx 
production is often limited by fast backward reactions at elevated temperatures. This study employs three- 
dimensional CFD simulations, validated against experimental measurements, to investigate the impact of 
forced jet quenching on the thermo-fluid-chemical dynamics of NOx formation. A split-feed configuration (10 
SLM tangential plasma feed plus 10 SLM impinging quench jets) is compared with a conventional single-feed 
system relying solely on intrinsic quenching. The quench jets reorganize the flow, intensify local turbulence, 
and impose sharp thermal gradients that rapidly cool the plasma tail region where gas temperature falls from 
~3500 K to below 800 K upon injection, suppressing NOx destruction and stabilizing reaction products. Net 
reaction rates indicate that forced jet-quenching suppresses NOx destruction and sustains higher yield across 
400–800 W microwave power. These gains are achieved without an energy-efficiency trade-off, as evidenced by 
lower specific energy costs. Parametric analysis identifies the influence of jet location: positioning jets too near 
the plasma core leads to incomplete stabilization, while farther downstream offers negligible gains. Overall, 
forced jet quenching emerges as a robust, controllable complement that augments the reactor's intrinsic 
quenching to boost yield and energy efficiency. The validated modeling framework provides mechanistic insight 
and shows how to identify the configuration-specific upper bound in performance for a given reactor design.

1. Introduction

The advancement of sustainable nitrogen fixation (NF) technologies 
remains a critical research priority, driven by the escalating global de
mand for fertilizers required to sustain agricultural productivity amid 
rapid population growth. The Haber–Bosch (H–B) process, while his
torically transformative and still the most widely used industrial process 
for ammonia synthesis, is inherently energy-intensive (1–2% of global 
supply) and contributes substantially to global greenhouse gas emissions 
(around 300 million metric tons annually) due to its dependence on 
fossil-fuel-derived hydrogen and high operating pressures and temper
atures [1,2]. Considering these environmental and energy concerns, 
considerable efforts have been directed toward developing alternative 
NF pathways that operate under milder conditions and offer improved 
sustainability metrics. Among these, plasma-assisted processes, biolog
ical nitrogen fixation, and metallocomplex-mediated mechanisms have 
garnered significant attention. Furthermore, a comprehensive 

comparative analysis of diverse NF strategies, evaluating their thermo
dynamic viability, scalability potential, and inherent technical con
straints is essential for identifying feasible pathways toward sustainable 
and decentralized NF technologies [1]. Liu et al. [3] reviewed the 
fundamental reaction pathways governing nitrogen oxide (NOx) for
mation, and their implications for energy efficiency in thermal and non- 
thermal environments, offering mechanistic insights essential for the 
rational design of next-generation NF systems. Plasma-assisted NF has 
gained increasing attention as a viable alternative to conventional 
thermochemical processes, particularly for decentralized and 
renewable-energy-driven production of nitrogen-based chemicals. Non- 
thermal plasmas can activate the strong N–––N bond under compara
tively mild conditions, enabling the formation of nitrogen species such 
as nitric oxide (NO) and ammonia however, NOx synthesis is often more 
favorable in warm plasma regimes. The use of air, an abundant, resilient 
and cost-effective feedstock, further enhances the attractiveness of 
plasma-based NF for sustainable applications [4]. Recent assessments of 
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plasma NOx synthesis indicate that warm plasmas generally provide 
higher NOx yields and drop in energy costs than highly non-thermal 
plasmas, reflecting the strong temperature dependence of NO forma
tion; this motivates the use of microwave plasma in the present work 
[5].

Over the years, researchers have studied a wide spectrum of plasma 
reactor configurations employed in experimental investigations, each 
offering distinct advantages in terms of discharge characteristics, energy 
efficiency, and scalability such as spark and glow [6,7], dielectric barrier 
discharge also known as highly non-equilibrium cold plasma [8], and 
gliding arc [9,10]. Significant experimental advancements have deep
ened the understanding of plasma-assisted nitrogen fixation and its 
broader applications. Recent progress of plasma-assisted NF research is 
reported by Li et al. [11]. In addition, microwave plasma (MW) reactors 
have been extensively utilized owing to their ability to generate high 
ionization fraction and facilitate efficient excitation of nitrogen mole
cules, thereby improving NOx yield and overall energy efficiency 
[12–17]. Over the past few years, research into microwave plasma for 
NOₓ formation has accelerated, yielding major insights into plasma- 
driven reaction mechanisms and process optimization. Typical range 
of operation conditions covers flow rates of 1–20 standard liters per 
minute (SLM), power input of 200–2000 W and sub- to atmospheric 
operating pressure range [12,18–21]. Most experiments rely on 
continuous-wave microwave operation, a choice that favours steady- 
state plasma conditions and facilitates direct measurement of process 
efficiency. Microwave plasma offers several intrinsic advantages that 
enhance its scalability and industrial relevance along with straightfor
ward integration into existing infrastructures [12]. Recently, Shen et al. 
[15] demonstrated the use of microwave air plasma to boost the NOx 
production by optimizing turbulence and maintaining non-thermal 
conditions. Helsloot et al. [16] utilized microwave plasma for the 
destruction of methane with the aim of converting methane into valu
able agricultural products. This method presents a dual advantage: 
enabling the efficient production of nitrogenous agricultural inputs 
while concurrently mitigating enteric methane emissions, a major 
contributor to agricultural greenhouse gas emissions. Plasma technology 
is considered a novel approach for converting CO2 into value-added 
chemicals and fuels [22]. Keifer et al. [23] employed a lab-scale mi
crowave plasma torch for CO2 dissociation and demonstrated that the 
microwave plasma can operate in a stable and reproducible manner. 
Rincón et al. [24] studied ethanol decomposition for hydrogen pro
duction using an argon microwave plasma and found efficient and clean 
hydrogen production at high gas temperature. Beyond chemical syn
thesis, MW systems have found extensive application in the field of bio- 
decontamination and sterilization of bacteria and viruses [25–27].

A comprehensive understanding of the interactions among flow dy
namics, temperature gradients, species transport, turbulence, electro
magnetic energy coupling and the complex chemistry underlying plasma 
generation requires more than experimental observation alone. Because 
these processes occur over extremely short time scales and involve 
tightly coupled physical and chemical phenomena, direct experimental 
measurement is often limited. Consequently, computational fluid dy
namics (CFD) have become a central tool for investigating plasma re
actors. Such models make it possible to resolve the coupled transport 
and reaction mechanisms, evaluate the influence of operating condi
tions, and predict system behaviour under different flow conditions that 
are challenging to reproduce or measure experimentally. In recent years, 
increasingly sophisticated modeling approaches have been developed to 
capture the coupled plasma-chemical and flow phenomena in plasma 
reactors. For example, Marnef et al. [28] developed a 2–dimensional 
(2D) axisymmetric model for ammonia cracking in a warm arc plasma to 
solve 12 species and 23 reactions at different flow rates (5–20 SLM). 
Likewise, Wang et al. [10] proposed a 2D model of a gliding arc plasma 
reactor for CO₂ conversion, which they validated against experimental 
data under standard conditions of 2.5 SLM flow rate and 40 W power 
input.

Researchers have extensively used zero-dimensional (0D) and quasi- 
one-dimensional (quasi–1D) kinetic models to simulate plasma chem
istry to manage the computational cost and complexity associated with 
simulating detailed plasma chemistry [29]. This approach substantially 
reduces the computational cost and the complexity associated with 
solving large reaction networks coupled with fluid dynamics. These 
simplified frameworks enable the incorporation of detailed reaction 
mechanisms, including vibrational and electronically excited species, 
but inherently lack three-dimensional resolution. Consequently, they 
fail to capture critical reactor characteristics such as temperature gra
dients, residence time distribution, and species transport, all of which 
significantly influence reactor performance and product selectivity. This 
emphasizes the need for three-dimensional (3D) simulations to accu
rately quantify the plasma reactor performance. Recently, Tatar et al. 
[30] developed a three-dimensional (3D) CFD framework to evaluate 
the performance of a microwave plasma reactor for direct NF, contrib
uting to the understanding of intrinsic quenching mechanisms that 
suppress backward reactions and revealing complex three-dimensional 
flow and temperature distributions.

Plasma reactor performance can also be enhanced by introducing 
forced quenching using secondary gas injection [31,32] or quenching 
nozzles [33]. Perambadur et al. [31] modelled arc plasma reactor forced 
quenching using secondary gas co-current and counter-current injection 
without including chemical kinetics in the 3D simulations. The study 
primarily focused on bulk flow disturbances rather than plasma core 
behaviour, and the reaction chemistry was not included to isolate and 
evaluate the effect of forced quenching. Majeed et al. [32] also modelled 
an arc plasma forced quenching using 0D modeling and stated that both 
energy cost and system efficiency can be increased with thermal gas 
forced quenching. Van Alphen et al. [33] simulated the effect of 
quenching nozzles to improve the performance of CO2 microwave 
plasma using a 3D CFD model and a quasi–1D kinetic model. Forced 
quenching has been shown to potentially improve plasma reactor per
formance; however, a fully coupled understanding that accounts for the 
complete interplay of flow dynamics and plasma chemistry inside a 
microwave plasma reactor is still lacking.

In this study, to the best of our knowledge, three-dimensional, 
transient, high-resolution turbulent simulations are performed for the 
first time to investigate the role of forced jet quenching on NOx forma
tion in a warm microwave plasma reactor (operating at 1 bar) incor
porating non-equilibrium chemical reactions. The microwave discharge 
is treated as a warm, partially thermalized plasma, i.e. a plasma in which 
heavy species internal modes are in near equilibrium (Trotational ≈ Tvi

brational) due to frequent collisions at 1 bar, while the electrons remain at 
a higher temperature. Consequently, the system is not in full local 
thermodynamic equilibrium (LTE), but exhibits partial local thermo
dynamic equilibrium (pLTE) for the heavy species. This pLTE assump
tion is supported by Raman spectroscopic data for atmospheric 
microwave plasmas and supports the use of a thermal chemistry model 
for heavy species kinetics [30]. With respect to the reaction kinetics, 
non-equilibrium refers to chemical non-equilibrium: reversible (forward 
and backward) reaction rates are finite, and species concentrations are 
not constrained to their chemical equilibrium values at the local 
temperature.

While the N2–O2 mixture is tangentially injected through the main 
inlet in the baseline case, forced quenching is introduced via two 
opposing central jets that deliver an additional N2–O2 stream directly 
after the plasma reaction zone. This unique configuration enables a 
direct comparison between passive (intrinsic) and active (forced) 
quenching mechanisms and their impact on flow dynamics, thermal 
fields, and species distribution governing NOx formation. Transient 
large-eddy simulations (LES) coupled with a five-species kinetic model 
are used to analyze turbulence–chemistry interactions in the reactor at 
high Reynolds numbers, and the governing equations are solved using 
the CFD software ANSYS Fluent on a high-performance computing 
(HPC) cluster. Compared to the corresponding steady-state simulations, 
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the transient LES required at least 100 times more computational re
sources (core-hours). Furthermore, the simulations are quantitatively 
validated against Fourier-transform infrared (FTIR) spectroscopy mea
surements, ensuring consistency between predicted and observed NOₓ 
mole fraction under varying flow and power conditions. This combined 
CFD–experimental approach offers new understanding of the coupled 
effects of turbulence, thermal transport, and plasma-driven chemistry, 
and demonstrates that forced jet quenching is an effective strategy for 
enhancing the yield of NOx in plasma-based nitrogen fixation.

2. Experimental methodology

The experimental setup features a microwave-driven plasma reactor 
equipped with integrated jet quenching. The reactor consists of a quartz 
glass tube with an internal diameter of 26 mm, which is mounted inside 
a WR340 waveguide and energized by a solid-state microwave generator 
operating at 2.45 GHz with output power of 3 kW. For the present study, 
the reactor was operated at plasma power levels ranging from 400 to 
700 W at 1 bar pressure. The working fluid was dried, compressed air 
supplied at a total flow rate of 20 (SLM). This flow was divided into two 
equal streams (10 SLM each): one introduced tangentially as the primary 
inlet to sustain the plasma core, and the other injected perpendicularly 
through two impinging quenching jets directed toward the reactor 
centreline. In this configuration, the quenching jets converge and 
impinge directly after the plasma region rather than entering tangen
tially, aiming to produce an intense localized cooling effect that rapidly 
drops the temperature and inhibits loss of nitrogen oxides by preventing 
backward reactions. This arrangement not only enables rapid thermal 
quenching of reactive species, suppressing back-reactions, but also en
hances mixing and provides additional control over residence time and 
product yield. Cold air jets were used here to isolate the quenching effect 
without introducing additional reactive species. Other quenching 
media, such as water vapor or liquid droplets, could in principle enhance 
the cooling rate through higher heat capacity or latent heat effects; 
however, they will also modify the plasma chemistry via additional 
reactive radicals (e.g., OH and H) associated with water injection.

To quantify the gas-phase products, the NOx mole fraction down
stream of the reactor was continuously measured using a Bruker Invenio 
R Fourier Transform Infrared (FTIR) spectrometer equipped with an 
MCT detector. The FTIR gas cell was maintained at 0.2 bar, a pressure 
low enough to minimize spectral line broadening and prevent conden
sation of dinitrogen tetroxide (N2O4). This combination of microwave 
power delivery, vortex-stabilized flow, centralized jet-assisted quench
ing, and FTIR diagnostics enables a detailed characterization of the 
plasma's chemical performance under controlled operating conditions. A 
similar system with in-situ laser scattering diagnostics was documented 
in our previous work [30] for single-feed system limited to 0.65 bar 
operating pressure. Experimental findings in our previous work 

demonstrated no significant influence of vibrational excitation 
(measured at multiple locations within the reactor), and no difference 
between vibrational and rotational temperatures was observed at this 
condition. Since the operating pressure in the present study does not 
differ significantly from those conditions, direct temperature measure
ments were not performed. Instead, the temperature profiles numeri
cally and experimentally reported at 0.65 bar are used as a benchmark 
and later compared with the CFD predictions at 1 bar presented in this 
paper to assess the impact of operating pressure on thermal behaviour. 
The schematic layout of the experimental setup used in this study is 
illustrated in Fig. 1.

3. Numerical modeling methodology and validation

3.1. Governing equations

The jet flow attains high Reynolds numbers due to high-velocity 
injection through the quench inlets, thereby inducing turbulence in 
the jets mixing region. In such flows, inertial forces dominate over 
viscous forces, leading to chaotic and fluctuating motion. The governing 
equations for the large eddy simulations (LES) are expressed in terms of 
the filtered instantaneous velocity field ( u→). The continuity equation for 
the mixture, enforcing mass conservation, is expressed as in Eq. (1)

∂ρ
∂t

+∇⋅(ρ u→) = 0 (1) 

The conservation of each chemical species within the reactor is 
described by the corresponding species transport equation, which ac
counts for convection, effective diffusion ( J→i, eff ), and source terms (Si) 
due to chemical reactions. This is expressed in Eq. (2)

∂(ρmi)

∂t
+∇⋅(ρ u→mi)+∇⋅ J→i,eff = Si (2) 

The momentum conservation is governed by the filtered Navier–
Stokes equation in the context of large eddy simulation (LES) and 
expressed in Eq. (3)

∂(ρ u→)

∂t
+∇⋅(ρ u→ u→) = − ∇p+∇⋅

[(
νeff
)
∇ u→

]
(3) 

where νeff represents the effective kinematic viscosity introduced in LES 
to account for unresolved turbulent motion. p and ρ represent pressure 
and density of the fluid, respectively.

The total energy of a fluid element is governed by the energy con
servation equation, Eq. (4)

∂(ρE)
∂t

+∇⋅( u→(ρE+ p) ) = ∇⋅

[

λeff∇T −
∑

i
hi J→i,eff +(τ⋅ u→)

]

(4) 

Fig. 1. Schematic layout of the experimental setup with primary gas inlet and secondary inlet for forced jet quenching aligned with FTIR measurement.
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where E represents the sum of enthalpy, static energy and kinetic energy 
of a fluid element and hj is the sensible enthalpy of species, τ is the tensor 
of shear stress, λeff is effective thermal conductivity, and T is tempera
ture.

3.2. Chemical non-equilibrium reaction modeling

To compute the source term in Eq. (2) for each chemical species, a 
finite-rate model was employed for turbulence-chemistry interaction. In 
the high temperature NO formation environment, reaction rates are 
predominantly governed by chemical kinetics rather than by turbulent 
mixing as N2 and O2 are premixed. Reaction rates were calculated using 
Arrhenius expressions, while the chemical reactions were treated as non- 
equilibrium and reversible. With respect to the chemical reactions, non- 
equilibrium refers to chemical non-equilibrium: reversible (forward and 
backward) reaction rates are finite, so species concentrations are free to 
deviate from their chemical equilibrium values at the local temperature. 
The forward rate constant for each reaction was determined according 
to the Arrhenius formulation presented in Eq. (5)

kf ,r = ArTβr exp
[

−

(

Er/RT

)]

(5) 

where R denotes the universal gas constant, Ar is the pre-exponential 
factor, βr is temperature exponent, and Er is activation energy. The 
backward rate constant for the reaction is computed using the relation 
given in Eq. (6)

kb,r =
kf ,r

Kr
(6) 

The equilibrium constant Kr for each reaction is calculated as a 
function of the Gibbs free energy. Consequently, chemistry is treated in 
chemical non-equilibrium: species concentrations are not constrained to 
their chemical equilibrium values at the local temperature, chemical 
equilibrium is recovered only as a limiting case at long times. In this 
study, the chemical kinetics of the system were modelled using a five- 
species model (N2, O2, NO, N, O) proposed by Park [34], as summa
rized in Table 1. Here, Mmol refers to the molecular species (N2, O2, and 
NO), while Matom denotes the atomic species (N and O). In Table 1, the 
first three reactions are written in contracted third-body form, where 
each line represents five distinct reactions corresponding to the five 
possible collision partners (M = N₂, O₂, NO, N, O). These three lines 
therefore correspond to reactions 1–5, 6–10, and 11–15, respectively. 
The final two lines are binary reactions and correspond to reactions 16 
and 17. Among the full set, seven reactions involve NO directly.

The vibrational and rotational temperatures were known to be equal 
at 0.65 bar and 20 SLM [30]. In the present study at 1 bar, the faster 
vibrational relaxation further reduces the difference between vibra
tional and rotational temperatures, thereby validating the application of 
this kinetic scheme for accurately describing the reactive processes 
under the conditions studied.

3.3. Transport properties and thermodynamic model

The kinetic gas theory is used to compute the individual species 
transport properties (fluid viscosity and thermal conductivity) as given 
in Eq. (7) and Eq. (8), respectively 

μi = 2.67×10− 6
̅̅̅̅̅̅̅̅̅
MiT

√

σ2
i Ωμi

(7) 

λi =
15
4

R
Mi

μi

[
4
15

CpiMi

R
+

1
3

]

(8) 

where Mi represents the molar mass of species i, and σi and Ωμi denote 
the corresponding Lennard–Jones parameter and collision integral for 
diffusion, respectively. μi and Cpi denote dynamic viscosity and specific 
heat capacity.

The mixing law is used to compute the mixture viscosity as given in 
Eq. (9)

μ =
∑

i

Xiμi∑

j
Xjϕij

(9) 

where Xi is the mole fraction of species i and the function ϕij is given by 
Eq. (10): 

ϕij =

⎡

⎣1 +

(

μi
μj

)0.5(
Mw,j
Mw,i

)0.25
⎤

⎦

2

[

8
(

1 +
Mw,i
Mw,j

)]0.5 . (10) 

The mixing law was also used for the thermal conductivity of the 
mixture and given by Eq. (11): 

λ =
∑

i

Xiλi
∑

j
Xjϕij

. (11) 

Furthermore, kinetic gas theory is used for the computation of mass 
diffusivity and thermal diffusion coefficient of the mixture.

The reactor is treated as a warm plasma, meaning that the model 
assumes thermal equilibrium among heavy-particle internal modes 
while still treating the reacting mixture in chemical non-equilibrium. As 
reported by Tatar et al. [30], Raman spectroscopy measurements show 
that vibrational–rotational non-equilibrium is negligible at this oper
ating condition. A similar observation was made by Van de Steeg et al. 
[35] using a setup similar to the one in the present study, regarding 
vibrational relaxation times for N2, CH4 and CO2. The specific heat of 
each species is considered as a function of temperature and nasa-9- 
piecewise-polynomial equations are used to evaluate the specific heat. 
The specific heat of the gas mixture was evaluated using a mass-fraction- 
weighted averaging approach, expressed in Eq. (12)

Cp =
∑

i
WiCpi. (12) 

where, Wi is mass fraction of species i.

3.4. Boundary condition and numerical scheme

The thermal boundary condition at the reactor wall was specified to 
account for both local external convective and local radiative heat 

Table 1 
Chemical reaction mechanisms and kinetic parameters used in the CFD 
simulations.

Expanded reaction 
numbering

Reactions
Ar

(
cm3

mole.s

) β Er/R

R 1–5 N2 + M ↔ N+

N+ M
M = Mmol: 7.0×

1021
−

1.6
113200

M = Matom: 3.0×

1022
−

1.6
R 6–10 O2 + M ↔ O+

O+ M
M = Mmol: 2.0×

1021
−

1.5
59500

M = Matom: 1.0×

1022
−

1.5
R 11–15 NO+ M ↔ N+

O+ M
M = Mmol: 5.0×

1015
0.0 75500

M = Matom: 1.1×

1017
0.0

R 16 N2 + O ↔ NO+

N
6.4× 1017 −

1.0
38400

R 17 NO+ O ↔ O2 +

N
8.4× 1012 0.0 19450
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losses. Under steady-state operating conditions, these losses are 
balanced by the heat flux traversing the reactor wall locally, resulting in 
a spatially varying wall temperature. The external local free-convection 
heat transfer coefficient was determined using the Nusselt number 
correlation, while the local radiative heat loss was calculated based on 
the local outer wall temperature [36].

Specification of the wall thickness, thermal conductivity, and 
external surface emissivity closed the boundary conditions, enabling 
evaluation of heat losses at all external boundary nodes. The shape and 
size of the microwave heat source were inferred from auto-exposed 
plasma discharge images, following established image-based analyses 
of microwave plasma coupling regions [30]. This approach was adopted 
because it is not computationally feasible to resolve the fully coupled 
three-dimensional turbulent flow and electromagnetic field equations 
within the present modeling framework. The shape and size of the mi
crowave heat source were similar at 1 bar and 0.65 bar; therefore, a 
similar heat source region with radius 2.4 mm was used in the present 
study. The heat-source geometry and power-deposition profile were 
kept identical for all cases (forced jet-quenching and non-quenched) to 
isolate the effect of quenching-driven flow and mixing and defined so 
that the volume-integrated heat source equals the imposed power input 
for the respective operating condition. This ensures that performance 
differences are attributable solely to quenching-induced transport ef
fects. To produce a cigar-like shape the cylindrical heating-source region 
was modified by rounding the end sections, while the radius of the 
central region was kept constant at 2.4 mm.

No slip wall boundary condition was used for reactor walls. Bounded 
central differencing was used for spatial discretization, while implicit 
time integration was employed. Both first-order and second-order im
plicit time-integration schemes were examined in a time-step sensitivity 
study to assess numerical stability and temporal accuracy in the pres
ence of stiff chemistry. Transient large eddy simulations (LES) were 
conducted to resolve the complex flow field and quantify the effects of 
intense turbulence induced by jet quenching, employing the dynamic 
Smagorinsky–Lilly subgrid-scale model. As emphasized by Pope [37], 
the dynamic Smagorinsky–Lilly formulation is particularly well-suited 
for flows that transition between laminar and turbulent regimes, since 
it adapts the subgrid viscosity locally based on the resolved scales and 
resolve the dynamics around the wall. By accounting for local flow 
anisotropy and varying shear conditions, the dynamic model provides a 
more physically consistent representation of turbulent transport, mak
ing it especially appropriate for plasma reactors where sharp gradients, 
strong shear layers, and laminar-turbulent coexistence are simulta
neously present. As illustrated in Fig. 2, the flow within the bulk of the 
reactor remains predominantly laminar whereas the region surrounding 
the jet injection (denoted by dashed line at x/D = 8.08) exhibits 
markedly elevated turbulence levels due to strong mixing. The turbu
lence intensity reaches a maximum in the vicinity of the quenching jets 
and progressively diminishes downstream. A density based coupled 
solver was employed to resolve the strong interactions among the flow, 
temperature, and species transport fields.

3.5. Mesh and time independence

The reactor domain was discretized on a high-quality mesh tailored 
for LES, to capture the strong turbulence induced by jet quenching. The 
mesh provides adequate resolution of both near-wall region and bulk 
flow structures. Confidence is gained that the present mesh resolution is 
sufficient to resolve the key flow, thermal, and chemical species of the 
plasma. Mesh resolution and time-step size were systematically assessed 
through grid and time sensitivity analysis to guarantee numerical sta
bility and physical accuracy. The criterion for model resolution was 
based on the ratio of resolved turbulent kinetic energy (TKE) to the total 
TKE. In the present simulations, approximately 94% of the TKE was 
directly resolved (Mesh 1), substantially surpassing the commonly 
accepted threshold of 80% recommended in the literature [38,39]. 

Further, mesh refinement adaptation was applied in regions of high 
turbulence to validate mesh independence and approximately 96% of 
the TKE was resolved (Mesh 2). The volume integral of the net NO 
formation rate in the reactor [kmol/s] was also monitored across suc
cessive mesh refinements for consistency and summarized in Table 2. 
Mesh independence was achieved at approximately 8.4 million cells. In 
addition, time-step independence was evaluated, with the results sum
marized in Table 3. Together with the grid-independence analysis, these 
results indicates that numerical diffusion does not significantly influence 
the predicted nitrogen fixation within the reactor at the employed 
spatial and temporal resolution. This high level of resolution confirms 
that the large eddy simulations capture the dominant flow structures 
and turbulent energy-containing scales, thereby providing high-fidelity 
predictions of the coupled fluid dynamic–thermal–chemical processes 
within the plasma reactor. The computational data in this study was 
benchmarked against the numerical and experimental data reported in 
our previous work [30] showing consistency. Specifically, temperature 
profiles along both the axial and radial directions were analysed for the 
reference case of 20 SLM total flow at 1 bar operating pressure without 
jet quenching and compared with the profiles obtained at 20 SLM and 
0.65 bar. As shown in Fig. 3, the comparison demonstrates excellent 
overall agreement, confirming the reliability of the present model across 
different pressure conditions. Detailed inspection of the temperature 
fields reveals overall minor differences between the two operating 
pressures, primarily localized to the plasma core region. At 1 bar, the 
plasma core temperature is marginally lower (at y = 0 mm) than at 0.65 
bar, whereas temperatures farther from the core (at y = 6 mm) are 
slightly higher. Although the available temperature measurements were 
obtained at a slightly lower pressure (0.65 bar), they provide valuable 
support for assessing model accuracy, particularly since the simulations 
explicitly resolve the temperature field at 1 bar and only minor differ
ences are expected between these pressures. At the higher pressure of 1 
bar, vibrational relaxation times are even shorter, further supporting the 
assumption that heavy-species internal modes remain close to 

Fig. 2. Mass-weighted average turbulent intensity in the reactor at different 
axial locations.

Table 2 
Summary of the mesh-independence analysis for jet quenching.

Mesh 1 Mesh 2

Cells [number] 8.4 million 10.8 million
Resolved TKE [%] 94% 96%
Volume integral NO formation rate [kmol/s] 1.25e-07 1.25e-07
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equilibrium under the present conditions. In addition, chemical vali
dation is provided by FTIR measurements of NOₓ production performed 
in the same reactor at 1 bar over the identical input-power range as the 
simulations, offering direct validation of nitrogen fixation under 
matching operating conditions as presented in the Results and Discus
sion section.

Furthermore, the close agreement between the present study and 
mesh independent reference data highlights the adequacy of the mesh 
resolution employed in this study. The combination of fine meshing in 
regions of steep gradients with good resolution in the bulk flow yielded 
grid-independent results. This benchmarking confirms that the present 
CFD framework can accurately capture the interplay between flow, 
temperature, and plasma chemistry under varying operating conditions.

4. Results and discussion

4.1. Analysis and validation of flow, thermal and species transport

The impact of impinging jet injections for quenching on the internal 
flow dynamics of the plasma reactor is investigated. In this 

configuration, 10 SLM of gas is introduced through the main tangential 
inlet, while an additional 10 SLM is supplied via the dedicated 
quenching jets. As illustrated in Fig. 4, the introduction of the quenching 
streams fundamentally alters the hydrodynamic structure along the 
reactor axis. Fig. 4a illustrates representative flow profiles at multiple 
axial positions within the reactor. Different velocity scales are used for 
better visualization of the velocity profiles at each location. In the main 
inlet region, a weak reverse flow is observed (Line 1), followed by the 
formation of a stagnation point (Line 2). Notably, the intense turbulence 
generated near the quenching jets induces localized backflow (as shown 
on Lines 3 and 4), which gradually weakens downstream as the jet 
momentum dissipates and gas expansion aligns with the bulk flow di
rection. Near the quenching jets, the flow exhibits strong recirculation 
and back-and-forth motion driven by intense turbulence and momentum 
exchange between the core and injected streams. Downstream of the jet 
interaction zone, defined as the region from one tube diameter upstream 
to two tube diameters downstream, the flow accelerates and gradually 
relaxes into a more developed flow profile characteristic of tubular re
actors (Line 5). In the upstream portion of the reactor, the gas retains a 
residual swirling pattern induced by the tangential inlets. This swirl 
interacts synergistically with the incoming quenching jets, improving 
mixing and enhancing momentum redistribution across the reactor 
cross-section. Fig. 4b illustrates this interaction with streamlines, 
demonstrating how the combined effect of swirl and jet quenching 
generates a complex flow structure conducive to rapid quenching and 
efficient species transport.

Fig. 5 illustrates the instantaneous distribution of temperature inside 
the reactor in a cross-sectional plane at power input of 400 W. The 
contours reveal a pronounced radial temperature gradient, with steep 
gradients occurring between the hot plasma core and the surrounding 
colder regions. In contrast, the plasma core itself exhibits a relatively 
uniform temperature field, reaching peak temperature close to 5970 K. 
The extremely high thermal environment drives strong dissociation of 
molecular species. Downstream of the plasma zone, the gas temperature 
is approximately 3500 K prior to jet injection. Following the introduc
tion of the quenching jets, however, the temperature drops dramatically 

Table 3 
Summary of the time-independence analysis for jet quenching.

Volume integral 
NO formation rate 
[kmol/s] Time step 
size 1e-04 [s]

Volume integral 
NO formation rate 
[kmol/s] Time 
step size 
1e-05 [s]

Volume 
integral NO 
formation rate 
[kmol/s] 
Time step size 
1e-06 [s]

Bounded Central 
Differencing +
First Order 
Implicit

1.26e-07 1.25e-07 1.25e-07

Bounded Central 
Differencing +
Second Order 
Implicit

1.26e-07 1.25e-07 1.25e-07

Fig. 3. Validation of gas temperatures inside the reactor and wall temperatures for a standard case at 20 SLM flow rate.
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to about 800 K. This clearly demonstrates the effectiveness of the jet 
quenching strategy in rapidly cooling the hot gas and suppressing 
backward reactions. The reactor wall temperature is higher near the jet 
injection area but declines sharply downstream following the quenching 
action of the jets. The introduction of the jets intensifies the axial and 

radial temperature gradients, thereby promoting rapid thermal 
quenching.

The temperature distribution inside the reactor exerts a dominant 
influence on the formation, transport, and stabilization of chemical 
species. The simulations indicate that the dynamics inside the reactor 

Fig. 4. a.) Mean x–velocity component at five different cross-sectional locations in the reactor; b.) Streamlines coloured by velocity magnitude. Both figures use the 
unit [m/s].

Fig. 5. Instantaneous temperature distribution in a cross-sectional plane in the middle of the reactor at power input of 400 W.

Fig. 6. Instantaneous NO mole fraction distribution in a cross-sectional plane in the middle of the reactor at power input of 400 W.
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are highly heterogeneous, containing zones where forward reactions 
dominate and adjacent regions where backward reactions prevail. This 
dynamic interplay leads to pronounced variations in the molar fraction 
of species across the reactor volume. Fig. 6 presents the instantaneous 
distribution of NO mole fraction following forced jet quenching at power 
input of 400 W. The results clearly show that the injected quenching jets 
penetrate deeply into the reaction zone, disrupting equilibrium condi
tions and suppressing backward reactions. This intervention stabilizes 
NO production and sustains higher mole fractions toward the reactor 
outlet. Within the microwave plasma core (where the temperature is 
close to 5970 K), a local minimum in NO mole fraction is observed, 
which is attributed to the thermally induced instability of the NO bond 
at such high temperatures. The model predicts a maximum NO mole 
fraction of 4.97% at 3500 K, 1 bar, which compares favourably with the 
equilibrium estimate from Gibbs free energy calculations of 5.24% at 1 
bar operating pressure. At 5970 K, the predicted NO mole fraction de
creases to 0.80%, again closely matching the Gibbs free energy predic
tion of 0.83%. These values provide a valuable sanity check of the 
kinetic model, particularly in regions where the temperature is suffi
ciently high that the reaction time constants are smaller than the local 
cell residence time, leading to kinetic model predictions that are locally 
consistent with thermodynamic constraints.

Overall correspondence between simulation results and thermody
namic equilibrium calculations supports both the chemical kinetics 
implementation and the transport modeling in the present CFD frame
work. It also highlights the model's capability to accurately resolve the 
coupled effects of flow, heat transfer, and plasma chemistry governing 
NO formation and depletion within the reactor under the investigated 
operating conditions. A comparison of the instantaneous temperature 
(Fig. S1) and NO mole-fraction (Fig. S2) distribution in the reactor cross- 
section at 400 W for the forced jet-quenched and non jet-quenched 
systems is provided in the Supplementary data.

The overall NO production at the reactor outlet is quantified using a 
mass flow-weighted average, which incorporates the local mole fraction 
(y), gas density (ρ), and velocity field distribution ( u→), at the reactor 
outlet, expressed in Eq. (13). This allows direct validation between the 
simulated and the FTIR measurements. 

y =

∫∫
yρ(u⋅n)dA
∫∫

ρ(u⋅n)dA
(13) 

Validation and comparison of CFD predictions with experimental 
measurements of NOₓ mole fraction at the reactor outlet under different 

flow configurations (20 SLM single inlet vs. 10 + 10 SLM with jet 
quenching) and plasma power inputs ranging from 400 to 700 W are 
presented in Fig. 7. The CFD model successfully captures the overall NOₓ 
formation trends and shows close agreement with the experimental data 
across the investigated operating conditions. Both the simulations and 
experiments reveal an essentially linear increase in NOₓ mole fraction 
with increasing microwave power, irrespective of the flow configura
tion. However, the introduction of jet quenching consistently enhances 
NOₓ formation compared to the non-quenched configuration at equiv
alent power levels. This enhancement is attributed to rapid cooling that 
stabilizes the system and suppresses backward reactions and prevents 
NO loss.

In addition, the energy cost analysis shown in Fig. 8 demonstrates 
that the jet-quenched configuration exhibits a measurably lower specific 
energy consumption compared to the non-quenched system, thereby 
enhancing the overall process efficiency. The energy cost is defined as 
the input power per amount of fixed nitrogen (on a mol-N basis). 
Experimentally, the specific energy consumption decreased by approx
imately 14–17% for the quenched configuration relative to the non- 
quenched case, while the CFD simulations predicted a corresponding 
reduction of 6–8%. This difference may be attributed to the plasma 
being represented by a homogeneous volumetric heat source, as well as 
to the kinetic mechanism employed in the simulations, which may 
under-represent the sensitivity of NO retention to rapid post-plasma 
cooling. Despite this difference, both experiments and simulations 
show consistent trends and comparable percentage-level improvements, 
confirming that forced quenching reduces the energy cost. The corre
lation between simulated and measured energy costs further supports 
the predictive capability of the CFD framework in capturing the coupled 
thermo-fluid–chemical dynamics governing NOₓ formation in micro
wave plasma reactors. In the jet-quenched configuration, increasing 
microwave power increases the gas temperature and reaction rates in 
the hot zone, but the quenching jet limits the extent of post-formation 
backward reactions and drives the system toward a regime where NO 
production increases approximately proportionally with power over the 
investigated range. As a result, the energy cost shows only a weak 
dependence on power and appears nearly constant over the investigated 
range (Fig. 8) In contrast, in the non-quenched case, higher power more 
strongly increases the residence time at elevated temperature and en
hances destruction pathways by radical recombination (reverse Zeldo
vich) reactions, so the NO production does not scale as favourably with 
power, yielding a more pronounced energy cost increase.

Fig. 7. Comparison between experimental and simulated NOx mole fraction at the reactor outlet as a function of power input a.) intrinsically quenched reactor, b.) 
forced jet quenched reactor.
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4.2. Analysis of chemical reactions and forced jet quenching

Nitrogen fixation in the plasma reactor is initiated at high temper
atures. Fig. 9 illustrates the nitrogen fixation zone, observed as an 
ellipsoidal high-temperature region at the plasma core, along with the 
spatial distribution of the net NO formation rate in a cross-sectional 
plane in the reactor. The simulation results highlight the coexistence 
of both forward and backward reactions throughout the plasma zone. At 
such temperatures, NO is continuously produced via forward reactions 
involving atomic oxygen and nitrogen molecules but simultaneously 
destroyed through radical mediated backward pathways and thermal 
dissociation pathways. A high rate of NO formation is concentrated in 
the hollow region around the plasma core and as the flow progresses 
downstream, the net production rate decreases, and destruction in
creases. The introduction of jet quenching rapidly reduces the local 
temperature, which strongly suppresses the backward reactions (as 
evidenced in the enlarged view of Fig. 9). This stabilizes NO production 
and increases the overall yield at the outlet.

The contour maps further reveal that the hollow red region encir
cling the plasma core corresponds to domains dominated by backward 
reactions (net NO destruction dominates), primarily the thermal disso
ciation of NO at high temperatures. In contrast, the blue regions denote 
zones favorable for net NO production, where lower temperatures and 
rapid quenching inhibit decomposition pathways. Within the chemical 
kinetic framework employed in this study, a total of 17 reversible 
elementary reactions were considered to capture the dominant plasma- 
assisted air chemistry pathways. Among these, seven reactions explicitly 
involve NO either as a reactant or a product, thereby governing the key 
routes of NO formation and depletion. In particular, the Zeldovich 

reactions emerge as the principal thermal reactions responsible for NO 
generation under high-temperature non-equilibrium conditions. Rapid 
thermal quenching downstream significantly alters the reaction rates 
and balance of the reactions and the abrupt decrease in temperature 
inhibits the reverse reactions responsible for NO dissociation, effectively 
suppressing NO destruction. This analysis demonstrates that the inter
play between local temperature gradients, flow dynamics, and chemical 
kinetics critically determines the distribution of NO within the reactor. 
To better distinguish the domains of net NO formation and destruction, 
the simulation results are decomposed into positive and negative con
tributions to the net reaction rate. Fig. 10a highlights the regions of net 
NO formation, whereas Fig. 10b isolates the regions dominated by NO 
destruction. This separation provides a clearer visualization of the 
competing reaction pathways within the reactor and allows direct 
identification of zones where forward and backward reactions prevail 
under the coupled influence of temperature gradients and flow dy
namics. The instantaneous temperature and NO mole-fraction distribu
tions in the same cross-sectional planes are shown in Figs. 5 and 6, 
respectively.

The simulations reveal that intrinsic quenching, driven by the steep 
radial temperature gradients in the plasma core, effectively preserves 
NO along the radial direction. Beyond this, a significant portion of NO is 
maintained in the downstream direction through forced jet quenching, 
which generates sharp axial temperature gradients that rapidly cool the 
gas and suppress thermal decomposition. Fig. 11 illustrates the effect of 
forced jet quenching on a representative cross-sectional plane, super
imposed with isocontours of the net rate of NO destruction. The negative 
isocontours indicate regions dominated by NO destruction. In the 
absence of forced quenching, these regions are more extensive, with 

Fig. 8. Comparison between experimental and simulated energy cost of the nitrogen fixation as a function of power input a.) intrinsically quenched reactor, b.) 
forced jet quenched reactor.

Fig. 9. Net NO formation rate distribution in a cross-sectional plane in the middle of the reactor during forced jet quenching.
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significant NO loss occurring both upstream and downstream, forming a 
pronounced downstream tail of negative net NO reactions. By contrast, 
the introduction of forced jet quenching substantially reduces these 
destructive zones, steepening local temperature gradients and thereby 
sustaining the high amount of NO. This demonstrates that forced 
quenching mitigates backward reactions by stabilizing the NO, leading 
to a higher overall yield at the reactor outlet, as quantitatively 
confirmed by Figs. 9–11, which show a reduced spatial extent of net NO 
destruction in the jet-quenched configuration.

The quenching jets are introduced perpendicular to the reactor 
centreline, with jet velocities reaching nearly 20 times the velocity of the 
main inlets. This strong momentum input generates highly turbulent 
mixing inside the reactor, significantly altering the local fluid dynamics. 
The jets penetrate deeply into the chemically active zone, directly 
interacting with the reaction region and reducing the dominance of 
negative net NO formation. Fig. 12 presents instantaneous streamlines 
demonstrating jet penetration into the negative net NO region, with 
isocontour values consistent with those of the net rate of NO destruction 
shown in Fig. 11. The flow near the jet impingement zone is highly 
transient and characterized by strong fluctuations in velocity, temper
ature and species, which can cause rapid local variations in the reaction 
zone. Nevertheless, the overall stabilizing influence of forced jet 
quenching remains robust, consistently suppressing NO destruction and 
sustaining higher net production compared to the non-quenched 
configuration.

A quantitative comparison between the non-quenched and jet- 
quenched systems is performed by evaluating the surface integral of 

the product of velocity component in the x-direction and NO concen
tration at various positions within the reactor, as shown in Fig. 13.

This analysis, averaged over 10-time steps, provides a direct measure 
of the effectiveness of forced jet quenching in stabilizing NO yield 
against thermal destruction. Two non-quenched configurations were 
considered, corresponding to single main inlet flow rates of 20 SLM and 
10 SLM, and compared against a jet-quenched system with a split inlet of 
10 + 10 SLM. Fig. 13a indicates that, despite differences in flow 
configuration, all systems initially follow a similar trajectory: the NO 
kmole/s increases sharply axially and reaches a peak value, which shows 
the potential reactor performance, but this would require achieving 
maximum quenching efficiency. The forced quenching efficiency, EQ ∈

[0,1], defined in Eq. (14), measures how effectively forced quenching 
closes the gap between the maximum NO molar flow rate achievable 
inside the reactor and the outlet NO molar flow rate obtained under 
intrinsic quenching conditions. It therefore quantifies the suppression of 
back-reactions achieved by jet quenching in the reactor. 

EQ =
Φforced

NO,out − Φintrinsic
NO,out

Φintrinsic
NO,peak − Φintrinsic

NO,out
(14) 

where ΦNO(x) is the net NO molar flow rate through a cross-section at 
axial position x, defined by 

ΦNO(x) =
∫∫

cNO(u⋅n)dA (15) 

where n is the outward unit normal to the cross-section and u⋅n repre

Fig. 10. Regions of a.) net NO formation, and b.) net NO destruction in the reactor.
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sents the local convective flux through the cross section.
In general, the jet-quenched system maintains significantly higher 

NO levels toward the outlet, as forced cooling suppresses NO destruction 
as shown in Fig. 13a. It is also clear that the net NO formation profiles for 
the two cases overlap closely inside the region 0 < x/D < 6, indicating 
that the overall NOx formation/destruction upstream is not influenced. 

Quantitatively, the jet-quenched system achieves a 54.3% quenching 
efficiency, corresponding to a relative increase in NO yield of 5.7% 
compared to the non-quenched 20 SLM configuration under identical 
pressure and power conditions. The shortfall in efficiency, is attributed 
to limitations of the current jet-injection configuration.

A comparison with the non-quenched 10 SLM configuration, shown 

Fig. 11. Effect of jet quenching on net NO destruction: isocontour (iso value = − 0.001) superimposed with contours of net NO destruction in twelve cross-sectional 
planes throughout the reactor, a.) front view, and b.) isometric view.
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in Fig. 13b, highlights an even greater relative benefit of forced 
quenching. Here, the jet-quenched case achieves nearly 70% quenching 
efficiency, corresponding to a relative increase in NO yield of 9.8% at 
the outlet, underscoring the importance of active quenching in sup
pressing backward reactions. These results clearly demonstrate that 
intrinsic quenching is insufficient to preserve NO at high yields, whereas 
forced jet quenching provides a robust mechanism for stabilizing NO.

The CFD simulations further confirm that the present model reliably 
captures the coupled flow dynamics, scalar transport, and chemical ki
netics governing NO evolution within the plasma reactor. Fig. 14 pre
sents a parametric assessment of jet injection location. The results reveal 
that the injection directly adjacent to the core reaction zone (dashed 
green line) leads to incomplete quenching, as the injected cold gas in
terferes prematurely, yielding lower overall NO mole fraction at the 
reactor outlet. Conversely, injection too far downstream produces 
negligible improvement, since most of the backward reactions have 
already occurred before quenching is introduced. Thus, the simulations 
reveal how jet placement influences quenching effectiveness. The pre
sent study identifies a jet-injection configuration that is highly effective 
under the tested operating conditions. We emphasize that this configu
ration is not claimed to be globally optimal, as only a limited set of in
jection locations was examined. Preliminary tests indicate that low jet 
momentum ratios are ineffective, since weak jets are convected down
stream and do not penetrate the high-temperature core region, resulting 
in negligible additional quenching. Other design parameters such as 
injection angle and number of jets may further influence quenching 
performance and energy cost and are therefore identified as important 
directions for future optimization studies. While injection angle was not 
explored here, angled injection may be viable provided it does not 
prematurely perturb the plasma core or destabilize the discharge.

Collectively, these findings establish that the addition of forced jet 
quenching is a more effective strategy than intrinsic quenching alone for 
achieving high NO yields. They also highlight that further refinement of 
the quenching strategy-particularly in terms of jet geometry, posi
tioning, and momentum ratios-can lead to significant improvements in 
plasma reactor performance.

In general, the effectiveness of forced quenching is inherently 
condition-dependent, as it is governed by the competition between (i) 
the chemical time scales for NO formation and destruction and (ii) the 

cooling/mixing time scale imposed by the quenching jet. Quenching is 
most beneficial when it rapidly reduces temperature after NO has 
formed in the hot zone, thereby limiting subsequent back-reactions 
during cooling. While the magnitude of the effect depends on oper
ating conditions such as power, pressure, and gas temperature, the same 
quenching concept can be applied to other regimes where intrinsic 
quenching alone is insufficient.

5. Conclusions

This study comprehensively investigates the role of forced jet 
quenching in enhancing nitrogen fixation efficiency within a microwave 
plasma reactor using three-dimensional transient simulations of reactive 
turbulent flow. The introduction of high-momentum jets fundamentally 
restructures the internal fluid dynamics, generating intense turbulence, 
localized recirculation, and strong mixing that synergistically interact 
with the swirl induced by tangential inlets. These effects not only 
accelerate the redistribution of momentum but also establish steep 
radial and axial temperature gradients critical for effective quenching. 
Temperature field analysis demonstrates that quenching jets rapidly 
reduce plasma tail region from ~3500 K to below 800 K within the 
interaction zone, while maintaining low wall temperatures. This abrupt 
cooling suppresses radical mediated backward reactions, effectively 
freezing the gas composition and limiting further losses by preventing 
continued re-equilibration during rapid cooling from high temperature. 
The simulations further reveal that intrinsic quenching, although 
effective radially, is insufficient to prevent extensive NO destruction in 
the downstream region. There, the gas remains at high temperature, and 
NO can continue to decompose unless it is cooled. In contrast, forced jet 
quenching significantly reduces destructive zones, sustaining a higher 
net NO yield toward the reactor outlet. Quantitative comparisons with 
non-quenched configurations demonstrate the substantial benefit of jet- 
assisted quenching. At 400 W, forced quenching suppresses back- 
reactions and increases the outlet NO yield by 5.7% relative to the 20 
SLM intrinsic-quenching case and by 9.8% relative to the 10 SLM case, 
both values increasing further at higher power. These gains are achieved 
without compromising energy efficiency, as evidenced by lower specific 
energy costs and strong agreement between CFD predictions and 
experimental measurements across a wide range of operating power 

Fig. 12. Jet penetration into the reaction zone, shown by the isocontour of net NO destruction (iso value = − 0.001) and velocity streamlines at an instanta
neous time.
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inputs. Experimentally, the specific energy consumption decreased by 
approximately 14–17% for the quenched configuration relative to the 
non-quenched case, while the CFD simulations predicted a corre
sponding reduction of 6–8%. Furthermore, parametric analysis of jet 
placement highlights the effect of quenching location: jets introduced 
too close to the reactor core interfere and reduce NO formation, while 
jets positioned too far downstream offer limited benefit. From a design 
perspective, the results suggest that higher NOx yield and lower energy 
cost can be achieved by injecting the quench flow at the onset of the net 
NO-destruction zone and by tuning jet penetration strength to maximize 
cooling while avoiding interference with the formation zone. These in
sights emphasize that the efficiency of plasma-based nitrogen fixation 
can be further enhanced through optimized jet configuration and in
jection strategy. Overall, this work demonstrates that forced jet 
quenching provides stable operation despite large fluid dynamics dis
turbances from the impinging jets. In particular, forced quenching acts 

as a robust, controllable complement that augments the reactor's 
intrinsic quenching, by (i) suppressing downstream NO destruction, (ii) 
providing a systematic increase in yield, and (iii) measurably reducing 
the specific energy cost. The reported improvements are valid for the 
present configurations and the explored power and pressure ranges. 
Likewise, the findings of the present study suggest that the attainable 
performance limit is close to the results achieved.
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