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Abstract: A computational study was conducted on the addition of nitrogen (0–60 vol%) to stoi-
chiometric hydrogen–nitrous oxide flames at various initial pressures (1–10 bar) and temperatures
(300–500 K), with a special emphasis on NO, which is a major pollutant that is generated by these
flames. The detailed kinetic modeling of H2–N2O–N2 flames, which was performed using the GRI 3.0
mechanism, produced the structure of the H2–N2O–N2 flames for the temperature and mass fraction
profiles of 53 species, which participated in 325 elementary reactions. The NO profiles that were
computed by the detailed kinetic modeling followed the trend of experimental NO profiles that have
been reported in the literature for laminar premixed flames at sub-atmospheric pressures. For the
examined H2–N2O–N2 flames, an increase in initial pressure resulted in a significant reduction in the
NO mass fraction of the burned gas. The increase in initial temperature was also accompanied by an
increase in the mass fractions of the generated NO, as well as the flame temperature.
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1. Introduction

Nowadays, hydrogen has become an important alternative energy source as energy
consumption has steadily increased worldwide. Hydrogen combustion in air only generates
water vapor and has zero carbon emissions, which makes hydrogen an environmentally
friendly fuel. The use of hydrogen instead of conventional fossil carbon-based fuels is an
efficient way to reduce emissions that are harmful to the environment, such as nitrogen
oxides, sulfur oxides and organic acids.

Nitrous oxide is frequently used as an oxidizer in rocket engines and gas turbines
due to its exothermal decomposition, which results in the development of elevated flame
temperatures that are higher than those that are produced by fuel–air combustion [1]. At the
same time, N2O is also used to promote oxidation in the air flames of various fuels [2,3]. The
high thermal exothermicity of N2O flames improves the energy conversion and combustion
efficiency of hydrogen and hydrocarbons.

Hydrogen combustion with nitrous oxide has been extensively studied because it is
the simplest case of a flame that is controlled by nitrogen chemistry. Hydrogen–nitrous
oxide flames that are generated by combustion produce significant amounts of nitrogen
oxides, which are regulated pollutants. The emission of nitrogen oxides (NO, NO2, N2O,
etc., which are usually named NOx) into the atmosphere plays a key role in tropospheric
chemistry and influences air quality by generating ozone, acid rain and aerosols [4]. The
efficient way to control these emissions is through the understanding of their generation,
which is important for improving air quality.

Interest in the combustion chemistry of nitrogen-containing fuels and oxidants has
been growing, mainly concerning the formation of NO in flames and the operation of
various NO control methods [5]. The chemistry of NOx generation has been described
by various mechanisms [6–10], which have allowed for the development of strategies to
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limit NOx emission during combustion. A frequently used method that is recommended
for use in IC (internal combustion) engines to diminish NOx emissions is EGR (“exhaust
gas recirculation”) [11,12], which consists of recirculating the exhaust gases within the
combustion chamber. This decreases the combustion temperature and, subsequently,
decreases the amount of NOx, according to the Zeldovich thermal mechanism [6]. However,
this method also reintroduces NOx into the fresh charge, which changes the combustion
properties of the unburnt mixture.

Experimental studies on hydrogen–nitrous oxide combustion have been conducted
using both burner-stabilized, premixed diffusion flames [13–23] and laminar flames, which
are propagated in closed vessels that utilize side or central ignition [24–28]. As well as the
burning velocities, the measurements of the freely propagating flames deliver profiles of
the temperature and species concentrations of non-diluted H2–N2O and H2–N2O that is
diluted with various inert gases (N2, Ar, He, etc.). The results of these studies paved the
way for the development and validation of mechanisms that are adequate for hydrogen
or hydrocarbon combustion with N2O or for hydrocarbon combustion with air, which
is sensitized by nitrogen oxides [14,15,17–20,26–28]. Most of the measurements in these
studies were taken at sub-atmospheric pressures because at pressures and/or temperatures
that are near to or above ambient levels, H2–N2O mixtures can easily develop a deflagration
to detonation transition (DDT), especially when they contain N2O in excess [28]. Numerous
studies have focused on the detonation of diluted H2–N2O mixtures and have reported
self-ignition limits, ignition delay times and detonation cell sizes using experiments that
incorporated the static method or the shock tube method [8,25,29–39]. These contributions
have also delivered important data for the kinetic modeling of H2–N2O reactions at elevated
temperatures and pressures.

The measurement of H2–N2O and inert-diluted H2–N2O premixed flames has revealed
the influences of various operational parameters on the flame temperature and burned
gas composition, including: the initial ratio of H2–N2O; the presence of additives (inert
or reactive); the initial pressure and temperature; and the burning conditions (isobaric or
isochoric) [13–20]. Many experiments on H2–N2O combustion have been conducted using
premixed flames at 20–70 mm Hg of total pressure [14,18–20,24,25] and have allowed for
the characterization of flame structure using the profiles of temperature and active species
concentrations. Balakhnine et al. [14] studied a low pressure (0.05 atm), lean H2–N2O flame
that was stabilized on a Spalding–Botha-type burner. Using a molecular beam sampling
method coupled with mass spectrometer detection, they determined the concentrations of
N2, N2O, H2, NO and O2 in the flame front, as well as those of H, O and OH radicals. In
experiments that are performed at low initial pressures, the flames have a wider front width
compared to flames at a normal pressure, so they afford a convenient space resolution
for probing and product analysis [14,18]. Gray et al. [24,25] examined H2–N2O flame
propagation in elongated vessels at 70 torr and 60 ◦C with (and without) oxygen or air
traces and they reported the adiabatic flame temperatures and computed the equilibrium
compositions of the burned gas.

Many other studies on laminar premixed flames have been conducted at ambient
initial pressures. Duval and Van Tiggelen [13] reported a comprehensive dataset for the
flame speed of H2–N2O mixtures that were diluted with N2, CO2, Ar and He, using flames
that were anchored on a Bunsen burner. The effects of the initial temperature, equiva-
lence ratio and the amount of diluent were investigated. Using laser fluorescence and
absorption spectroscopy, Cattolica et al. [15] reported the space profiles of OH, NH and
NO concentrations and the temperature profile of a stoichiometric H2–N2O flame that was
stabilized on a porous-plug flat-flame burner. The temperature and concentration profiles
of several important chemical species were reported by Vanderhoff et al. [16] for several
lean hydrogen–nitrous oxide premixed flames (equivalence ratios φ: 0.45, 0.70 and 0.89,
where ϕ = ([H2]/[N2O])

([H2]/[N2O])st
= ([H2]/[N2O]) and the index “st” refers to the stoichiometric con-

centration of the H2–N2O mixture, for which both the hydrogen and nitrous oxide reacted
completely to form H2O and N2) using Raman spectroscopy and flat flames, which were



Processes 2022, 10, 1032 3 of 13

anchored on a porous-plate burner. The data that were measured by Cattolica et al. [15]
and Vanderhoff et al. [16] were further used by Coffee [40] to test the validity of several
mechanisms that describe the H2–N2O reaction. Premixed flat flames of neat H2–N2O
and H2–N2O that was doped with NH3 were examined by Powell et al. [21–23] at near-
atmospheric pressure (0.8 atm) to measure laminar burning velocities, which were further
used together with data on flame structure (temperature and concentration profiles) to model
the high temperature combustion of H2 with N2O. Sensitivity and reaction path analyses were
employed to elucidate the important pathways of H2 and N2O to their products.

Various kinetic mechanisms that are used to describe N2O consumption in the flames
of hydrogen or hydrocarbons [41–45] were critically examined by Zhang et al. [46], who
found that each of the mechanisms performed well for certain systems but exhibited
noticeable deviations compared to others. Zhang et al. suggested that these deviations
could be attributed to differences in the H2–NOx and H2–CO sub-mechanisms and to the
different thermochemical input data that were used for these species.

In spite of the practical interest in the polluting effects of NO, few studies have focused
on its generation in H2–N2O–N2 flames at pressures that are equal to or higher than
ambient levels. Earlier data have described the structure of flames that were stabilized
at 0.05–0.80 bar and the corresponding modeling studies predicted NO concentrations
under these conditions. Among them, only the study of Venizelos et al. [19] reported NO
being obtained using MB/MS (molecular beam mass spectroscopy) and LIF (laser-induced
fluorescence) measurements in flames that were stabilized at 30 mm Hg. Other studies have
delivered the profiles of radical species, e.g., H, O and OH, which are used to determine
laminar burning velocity.

The present paper intends to fill this gap by presenting the results of a computational
study of NO generation in premixed H2–N2O–N2 flames, using a kinetic model with a
detailed reaction mechanism [43] for mixtures with variable initial pressures, temperatures
and diluent concentrations. The GRI 3.0 mechanism has been proven to deliver reliable
burning velocities for premixed H2–N2O–N2 [47] and CH4–N2O–N2 flames [48–50] with
extended ranges of initial pressures and temperatures and it can be used to obtain the end
concentrations of nitric oxide within the burned gas of H2–N2O–N2 flames. From these
runs, the mass fractions of NO were extracted and analyzed as functions of operational
parameters (the composition, pressure and temperature of unburned gas). The stoichio-
metric H2–N2O mixtures were examined both neat and diluted with various amounts of
nitrogen. The following parameters were chosen: nitrogen concentrations of 20, 30, 40
and 60 vol% (the volume percentages refer to the total gas amounts); initial temperatures
between 300 and 500 K; and initial pressures between 1 and 10 bar. For the examined
flammable mixtures, at elevated initial pressures of between 1 and 10 bar, the reported
end NO concentrations represented an original contribution, thereby completing the actual
pool of available data for ambient and sub-atmospheric pressures.

2. Computational Methodology

The kinetic modeling of N2-diluted stoichiometric H2–N2O flames was performed
using the COSILAB-1D package [51] and the GRI 3.0 mechanism, including 53 chemical
species and 325 elementary reactions [43]. The GRI 3.0 mechanism, which has been vali-
dated in many modeling studies, includes the reactions of NOx: a fact which prompted us
to use it.

The software that we used included a steady Newton solver (usually: 25 iterations;
relative tolerance 10−5; absolute tolerance 10−8), an unsteady Newton solver (usually:
15 iterations; relative tolerance 10−4; absolute tolerance 10−6) and an unsteady Euler
solver. Adaptive grid parameters (GRAD = 0.1; CURV = 0.2) and maximum ratios of
adjacent cell size of between 1.1 and 1.3 were also used. The runs were performed for the
isobaric combustion of hydrogen–nitrous oxide–nitrogen mixtures at various pressures
between 1 and 10 bar, at various initial temperatures between 300 K and 500 K and with
various amounts of nitrogen between 0 and 60 vol%. The input data were taken from
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the thermodynamic and molecular databases of the Sandia National Laboratories, USA,
according to the international standard (format for CHEMKIN). The modeling delivered the
laminar burning velocities of the gaseous mixtures, along with profiles of the temperature,
rate of heat release and species across the flame front.

More details have been presented in earlier publications [48–50].

3. Results and Discussion

A set of representative results that were obtained using the kinetic modeling of a
H2–N2O–N2 flame are shown in Figure 1a,b, wherein the profiles of temperature and
several species concentrations across the flame front are also plotted. In the presented case,
a flame that was propagating in an H2–N2O stoichiometric mixture that was diluted with
40% N2 was examined under ambient initial conditions. Here, d represents the distance
from the ignition point to the bulk of the burned gas (the limit of the integration boundary),
at which all concentrations reach a steady value [52]. As proven by experiments and
computations on any fuel–oxidizer mixture [53], the reagents in the burned gas zone were
consumed and their mass fractions decreased, whereas the temperature and the mass
fractions of the reaction products increased. These profiles are shown in Figure 1a,b for a
H2–N2O flame that included N2 as diluent. The plots only present the variations in mass
fractions for the reagents and some of reaction products (H2O, N2, NO and radical species,
such as OH, O and H). The concentration profiles of the participating species were typical
for these flames: H2 and N2O reacted in the low temperature zone of the flame and were
completely consumed when the flame temperature reached its maximum. Following the
temperature variation, the amount of generated NO increased steadily, along with mass
fractions of H, OH and O, and reached constant values in the post-flame (burned) gas. It
was interesting to observe the appearance of H atoms early in the process, which were
already in the preheating zone. The other radical species appeared and increased much
later, reaching their end values synchronously with the temperature. From the temperature
profile, the width δ of the flame front could be determined, according to Jarosinski [52], as:

δ =
Tend − T0

(∂T/∂d)max
(1)
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Figure 1. Temperature and mass fraction profiles of representative species in the flame front of a
N2–diluted stoichiometric H2–N2O flame under ambient initial conditions (N2 = 40 vol%): (a) H2,
N2O and NO; (b) H, OH and O.

Along with the laminar burning velocity, the flame width is also relevant for the
reactivity of flammable mixtures [53].
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The variations in initial conditions (temperature, pressure, presence of added inert gas)
determined important changes in the end values and rates of variation for these properties.
The most important variations in the end temperature and mass fractions of NO were
observed when different amounts of nitrogen were added to the H2–N2O mixture. The
corresponding plots of their profiles are shown in Figures 2 and 3.
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Figure 2. Temperature profiles of the flame front of N2-diluted stoichiometric H2–N2O flames with
various nitrogen concentrations under ambient initial conditions.
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Figure 3. NO mass fraction profiles of the flame front of N2-diluted stoichiometric H2–N2O flames
with various nitrogen concentrations under ambient initial conditions.

The computed NO profiles of the front of the neat stoichiometric H2–N2O flames under
ambient initial conditions were similar to the measured NO profiles that were reported by
Venizelos et al. for the same flames, which was stabilized at 30 mmHg [19]: close xNO,end
but different flame front widths, as determined by the different pressure conditions.

Literature reports have presented the computed NO and temperature profiles of
the front of neat H2–N2O and H2–N2O-inert flames and compared them to measured
profiles for the validation of the reaction mechanisms. A good agreement between the
measured and computed NO profiles of flames that were stabilized at sub-atmospheric
pressures was reported by Balakhnine et al. [14] using molecular beam sampling and mass
spectrometric analyses on lean H2–N2O flames that were burning at 40 torr and also by
Venizelos et al. [19] and Sausa et al. [18,20], using mass spectrometry and the laser-induced
fluorescence measurements of H2–N2O–Ar flames that were stabilized at 30 torr. In these
experiments, a wide flame front was available for the measurements (δ = 7–10 mm at
20–30 torr [18,20] compared to δ = 0.5–0.6 mm for the flames at 750 torr) and produced a
good spatial resolution for the sampling.
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Measured temperature and NO concentration profiles at atmospheric pressure were
reported by Vanderhoff et al. [16] for only a few lean premixed laminar H2–N2O flames
using Raman spectroscopy. No measurements of the NO concentration of the flame fronts
of high-pressure premixed flames have been published so far. Other recent studies on
the premixed flames of neat H2–N2O and H2–N2O inert mixtures have been concerned
with the measurements of radical species and temperature profiles in order to validate the
updated mechanisms of H2 combustion with N2O [20–23,26–29,38,39,42,44,54,55].

The changes in temperature profiles that were determined by the variations in initial
temperature and pressure are shown in Figure 4a,b, respectively, for a H2–N2O flame with
40 vol% of N2. Similar plots were obtained for different degrees of N2 dilution. At each
constant initial composition, the increase in the initial temperature resulted in an increase
in the flame temperature; however, the flame front width seemed to be constant under
the examined temperature range. The initial pressure increase determined the increase in
flame temperature as well; nonetheless, the temperature rise was very steep as the pressure
increased from 1 to 10 bar and the flame front width decreased.
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Figure 4. Temperature profiles of the flame front of a N2–diluted stoichiometric H2–N2O flame
(N2 = 40 vol%): (a) mixtures at 1 bar and various initial temperatures; (b) mixtures at 300 K and
various initial pressures.

The changes in the NO profiles that were determined by the variations in initial
temperature and pressure are shown in Figure 5a,b, respectively, for mixtures with a
constant initial composition. The increase in initial temperature resulted in the increase
in the nitric oxide mass fraction (Figure 5a); however, the flame front width seemed to
be constant under the examined temperature range. The increase in the initial pressure
determined the stepwise change in the NO profiles. The peak mass fraction of NO remained
almost constant, whereas the peak concentration decreased toward the end concentration
and reached its limit at the integration boundary. As the pressure increased from 1 to
10 bar, the rate of NO variation increased from 0 to the peak value as the flame front
width decreased.
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Figure 5. NO profiles of the flame front of a N2–diluted stoichiometric H2–N2O flame (N2 = 40 vol%):
(a) mixtures at 1 bar and various initial temperatures; (b) mixtures at 300 K and various initial pressures.

It was also worth examining the end temperature and mass fraction of NO of the
burned gas as functions of the initial conditions of the fresh, unburned gas. The addition
of nitrogen into the H2–N2O mixture resulted in a decrease in the mass fraction of NO
(Figure 6a,b) and the flame temperature in the burned gas (Figure 7a,b), as shown by data
that were obtained at several different initial temperatures and pressures. The inerting
effect was due both to dilution (the decrease in the amount of fuel determines the decrease
in the heat that is released by the combustion) and the change in the heat capacity of the
mixture, since the inert component acted as a heat sink.
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Figure 6. The influence of the added nitrogen on the end mass fraction of NO of stoichiometric
H2–N2O–N2 mixtures that were burning under various initial conditions: (a) mixtures at 1 bar and
various initial temperatures; (b) mixtures at 10 bar and various initial temperatures.
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Figure 7. The influence of the added nitrogen on the end flame temperatures of stoichiometric
H2–N2O–N2 mixtures that were burning under various initial conditions: (a) mixtures at 1 bar and
various initial temperatures; (b) mixtures at 10 bar and various initial temperatures.

According to Mével et al. [27], the conversion of N2O into products within stoichio-
metric H2–N2O flames occurs mostly by the following reactions:

N2O + H = N2 + OH (2)

N2O + H = NO + NH (3)

and
OH + H2 = H2O + H (4)

The sensitivity and reaction pathway analyses of the detailed kinetic modeling of the
H2–N2O flames proved that Reaction (2) (highly exothermic) dominates the chemistry of
the H2–N2O mixtures [20–23,27]. Reaction (2) transforms almost all N2O into N2, with the
contribution of Reaction (3) being much smaller. The O element is converted from N2O into
H2O through the sequence of Reactions (2) and (4). The decomposition of nitrous oxide
only has a small contribution to the conversion of the oxygen from N2O into H2O through
the sequence of Reactions (4)–(6):

N2O (+M) = N2 + O (+M) (5)

O + H2 = OH + H (6)

In their paper, Mével et al. [27] mentioned that a large proportion of the initial hydro-
gen molecules react with OH radicals to form H2O through Reaction (4).

As well as Reaction (3), another reaction also generates NO:

N2O + H = NH + NO (7)

and competes with Reaction (2) for H consumption. Then, the consumption of the NH
radical occurs by the following reactions:

NH + OH = HNO + H (8)

and
NH + NO = N2 + OH (9)
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Reaction (4), which is also exothermic, regenerates H atoms and thus, contributes to
the temperature increase.

These mechanistic aspects show that the thermal Zeldovich mechanism is effective
in NO formation [6,27,53], so a decrease in flame temperature is followed by a decrease in
the amount of generated NO. Similar data were found by Gray et al. [25], who reported
adiabatic flame temperatures and calculated equilibrium gas compositions from H2–N2O
and H2–N2O inert (Ar, N2) combustion.

The influence of initial pressure on Tend and xNO,end is shown in Figure 8a,b, wherein
data regarding the H2–N2O–N2 mixtures that were burned at T0 = 300 K are presented.
Similar plots were obtained for mixtures that were burned at 400 and 500 K. At each
constant initial temperature, the pressure variation resulted in the opposite variation in the
end temperature and NO mass fraction, as shown in Figure 8a. The trend of each variation
could be explained by the specific influence of pressure. Thus, the increase in pressure was
equivalent to the increase in the amount of flammable mixture in the volume unit, which
resulted in the increase in the amount of generated heat and the end temperature. At the
same time, the increase in pressure influenced the chemical equilibrium in the gas phase,
thereby determining the important reduction in the concentration of NO in the burned gas.
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Figure 8. Influence of initial pressure on: (a) the end flame temperature (the increase in pressure
caused an increase in the amount of flammable mixture in the volume unit, resulting in a temperature
increase) and (b) end mass fraction of NO of stoichiometric H2–N2O mixtures that were diluted with
various amounts of N2 at an ambient initial temperature (the pressure increase resulted in a decrease
in NO due to the flame temperature increase).

For the same N2-diluted H2–N2O mixtures, the plots of the end mass fraction of
NO and flame temperature against the initial temperature are shown in Figure 9a,b. At
each constant initial pressure, both the end flame temperature and mass fraction of NO
decreased as the initial temperature decreased, as shown in Figure 9.
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Figure 9. Influence of initial temperature on: (a) the end temperature and (b) end mass fraction of
NO of stoichiometric H2–N2O mixtures that were diluted with various amounts of N2 at a constant
initial pressure of p0 = 5 bar.

A review of xNO,end variation according to different initial pressures and temperatures
of a N2-diluted H2–N2O mixture is shown in Figure 10a,b, using data that were obtained
for a mixture that contained 40 vol% of N2. At a constant initial temperature, the end mass
fraction of NO decreased with the initial pressure. At a constant initial pressure, the end
mass fraction of NO increased with the initial temperature.
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Figure 10. Influence of initial pressure and temperature on NO mass fraction of a stoichiometric
H2–N2O–40%N2 flame: (a) mixtures at a constant initial temperature (T0 = 300, 400 and 500 K);
(b) mixtures at a constant initial pressure (p0 = 1, 3 and 5 bar).

4. Conclusions

This examination of hydrogen–nitrous oxide flames provided useful information for the
understanding of propellant combustion and the generation of NOx in various combustors
and engines. The knowledge of H2–N2O interaction mechanisms allows the improvement of
combustion devices and reductions in NOx emissions from hydrogen-fueled engines.

The goal of the present study was to perform a numerical investigation of the nitric ox-
ide formation in N2-diluted H2–N2O flames using a validated and detailed kinetic scheme
from the literature. To this end, a set of temperature and NO profiles of stoichiometric
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H2–N2O–N2 mixtures was presented for initial temperatures of between 298 K and 500 K,
initial pressures of between 1 and 10 bar and amounts of N2 of between 0 and 60 vol%.
The results that were obtained by mapping this wide range of initial conditions represent a
scientific novelty since they cover a much more extended field of conditions than actual
experimental studies.

The study showed that a decrease in combustion temperature is efficient for lowering
NO concentrations. This decrease in flame temperatures can be realized by adding a dilut-
ing inert gas into the neat H2–N2O mixture or by maintaining a lower initial temperature
for the unburned mixture. These methods could count, in fact, among the various methods
for the control of NO in exhaust gases. At a constant initial temperature, the increase in
initial pressure also resulted in a reduction in the concentration of NO in the burned gas.

The observed trends and correlations were obtained from the computed flame struc-
ture and were valid for the examined ranges of initial composition, pressure and temper-
ature. Future studies should request further measurements of NO concentrations in the
flames of the same H2–N2O–N2 mixtures in order to validate the predicted data from the
present paper.
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