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A B S T R A C T   

Binary mixture of ammonia (NH3) and dimethyl ether (DME) has been considered in literature as a potential fuel 
for practical use. Nitric oxide (NO) is a major product of combustion of NH3-containing fuels, and its formation 
routes have to be comprehensively studied. In this work, concentration profiles of NO were experimentally 
measured in laminar axisymmetric flames using planar laser-induced fluorescence. The molar percentage of NH3 
in the NH3/DME fuel mixture varied from 10% to 60%. Emission levels of NO have reached as much as around 
1% for mixtures with around 50% NH3. NO formation was analyzed with numerical simulations of 1D laminar 
flames and several detailed kinetic mechanisms. Modeling was performed in Chemkin with the steady-state 
burner-stabilized and free-propagating planar laminar flame reactor models. It was observed that the most 
recent versions of the contemporary NH3/DME models are able to reproduce the experiments, and their pre
dictions agree with each other due to similarities in the NH3 submechanisms. Kinetic analysis has revealed some 
disagreement was observed in terms of how much direct chemical coupling between carbon- and nitrogen- 
containing species affects NO formation.   

1. Introduction 

In recent years, ammonia (NH3) has received substantial attention as 
a prospective fuel for internal combustion engines [1]. In most cases, the 
addition of a secondary hydrocarbon pilot fuel such as diesel [2,3], n- 
heptane [4] or dimethyl ether (DME) [5,6] is required due to the slow 
ignition of NH3. Emissions in terms of nitric (NO, NO2) and nitrous 
(N2O) oxides are also commonly reported [2,4,7]. 

To separate the effects related to complex combustor geometries and 
turbulence from chemical kinetics, NO formation is studied in laminar 
flames, either by measuring emissions in the post-flame zone or by 
obtaining full NO profiles across the flame front. 

Considering NO concentrations in products gases of laminar pre
mixed flames, recent measurements are available for NH3-H2 [8,9], 
NH3-CH4 [8,10–12] and NH3-DME [13] fuel mixtures. However, only 
Ramos et al. [10] implemented a flame geometry close to one- 
dimensional, which is desirable when NO formation is studied with 
detailed chemistry. Henshaw et al. [14] reported NO concentrations in 
flames stabilized on a heat flux burner, however, the maximal NH3 
fraction in the investigated NH3-CH4 mixtures was only 5 %. 

Considering flame structure, the first studies of NH3/H2 [15] and 

NH3/CH4 [16] fuel mixtures were conducted at low pressures using 
probe sampling and mass spectrometry. The same technique was used to 
obtain profiles of major species, N2O and NO in atmospheric-pressure 
NH3/H2/O2/Ar flames [17] and later at pressures 4–6 atm [18]. The 
flame structure of NH3-containing binary fuels has also been investi
gated with optical diagnostics. Yang et al. [19] implemented ultraviolet 
broadband absorption spectroscopy to measure NO, OH, NH and NH3 in 
NH3/CH4 flames (10–50 % NH3) stabilized on a McKenna burner at 1 
atm. Rocha et al. [20] investigated NH3/CH4 fuel mixtures with 20–80 % 
of NH3 and at various pressures, up to 3 atm. In order to resolve the 
reaction zone at high pressures, the flames were stabilized on a Bunsen- 
type burner, and 2D distributions of NH and NO were obtained with 
laser-induced fluorescence (LIF). 

In recent years, DME has become almost as popular secondary fuel 
component in NH3 combustion research as H2 or CH4, due to DME being 
also considered an alternative fuel. Flames of NH3/DME have been 
studied in terms of laminar burning velocity at room and elevated 
pressures (up to 5 atm) using air [21–23] or O2/CO2 [24] oxidizer, and 
with addition of H2 to the NH3/DME fuel mixture [25]. In addition to 
that, explosion characteristics of NH3/DME have been studied with 
spark-ignited flames [26,27], and extinction strain rate of counterflow 
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diffusion flames has been measured [28]. However, compared to NH3/ 
H2 or NH3/CH4 (see above), NH3/DME fuel mixture has been rarely 
characterized in terms of flame emissions or flame structure. Apart from 
turbulent swirl-flame diagnostics study of Lian et al. [29], only Yu et al. 
[13] has measured emissions from axisymmetric laminar flames, how
ever, these measurements were not spatially resolved, as they were 
performed at the exhaust of the combustion chamber. 

Reaction pathways of NO production for NH3-containing fuels differ 
from pure hydrocarbons. While for the latter case, N2 is the source of 
nitrogen atoms for NO, in practical fuel mixtures with NH3, the 
ammonia mechanism dominates NO production. The NH3-related 
chemistry has been extensively studied experimentally and theoretically 
(as reviewed in [30]), however, as described above, there is still a lack of 
spatially resolved experimental flame structure data for NH3-containing 
binary fuels, that can serve as source for studies of reaction kinetics. 
Interpreting the experimentally measured NO concentrations in flames 
of NH3/H2 and NH3/CH4, Costa and co-workers [8,10] concluded that 
the primary effect of the second fuel component is limited to “reactions 
that regulate the temperature and amount of very reactive radicals, 
namely, O and OH”, at the same time observing only a very limited 
influence of direct chemical interactions. Similar conclusions have been 
reached by Meng et al. [31] who studied NO formation in NH3/DME 
flames with detailed kinetic modeling. 

Considering the above, the present study has had two primary ob
jectives: to investigate experimentally NO formation for a binary fuel 
mixture, of NH3 and DME, extending the range of available flame 
structure data for practical NH3-containing fuels, and to further analyze 
how NO formation chemistry is affected by DME. Distributions of NO 
were measured with 2D planar LIF (PLIF) in flames stabilized on a 
Bunsen-type burner at atmospheric pressure. The NH3 content was 
varied from 10 % to 70 % (by mole) in the fuel mixture. The results were 
analyzed in terms of the kinetics of NO formation using several 
contemporary detailed reaction mechanisms [21,32–35], including 
analysis of the effect of carbon–nitrogen interactions on NO. 

2. Experimental 

The burner system, the laser diagnostics setup, and the NO quanti
fication procedure are similar to what has been described in a previous 
work [20], which also include information related to uncertainty 
quantification, and only the most relevant information is summarized in 
this section. The burner is a stainless-steel metal tube with an inner 
diameter of 7 mm and a thickness of 1.5 mm. It is surrounded by a 50- 
mm outer tube with a clearance of 20 mm. The burner system is placed 
into a 25L stainless steel chamber with the exhaust ports located in the 
upper part of the chamber. A detailed description of the rig can be found 
in [36]. The NH3/DME/air mixture was supplied through the inner tube, 
while co-flow air was fed into the outer tube. The measurements were 
conducted at atmospheric pressure. Before mixing with air, the NH3/ 
DME mixture was kept preheated to avoid condensation. The equiva
lence ratio (ϕ) varied from 0.9 to 1.2, and the fraction of NH3 in the fuel 
mixture was 10–50 % at ϕ = 0.9, 10–60 % at ϕ = 1.0 and 1.2, and 10–70 
% at ϕ = 1.1. Flame stability limited the applicable equivalence ratios 
and NH3 fractions. The total flow rate of the combustible mixture was 
varied in order to keep heights of the cone-shaped flames at around 12 
mm. The flow rate of the co-flow was varied to have similar outer ve
locity as the fuel/air mixture. 

The configuration of the PLIF system for NO concentration mea
surements is described in [20]. Measurements of NO were made by 
probing the Q2(26.5) transition in the (0–0) band of the A2Σ+ − X2Π 
electronic transition at 225.5 nm by frequency-tripling a 676.5-nm laser 
beam from a dye laser pumped by an Nd:YAG laser. The vertical laser 
sheet was positioned above the burner tube in its symmetry plane. The 
PLIF signal was collected perpendicularly to the laser sheet with a CCD 
camera. A long-pass filter was placed in front of the camera to suppress 
scattering at the laser wavelength and straylight. Fluorescence from 300 

single shots was collected and averaged before quantification. 
The fluorescence signal was recorded in the linear regime, and 

quantification of the LIF signals into NO number densities was per
formed with a procedure similar to that used in [20]. In order to obtain 
calibration coefficients that depend on detector efficiency and collection 
optics, 2D Rayleigh scattering measurements were performed in 
ambient air. For the calculation of the Boltzmann population fraction 
and collisional quenching rate, a temperature of 2000 K was assumed, as 
these quantities do not possess a strong temperature dependence in re
gions corresponding to locations of maximal NO concentrations. The 
total uncertainty of the NO mole fractions was estimated to be 31 % 
[20], and it contains contributions from uncertainties in the LIF signal, 
the laser spectral irradiance, calibration coefficients, temperature- 
dependent quantities described above, and also from the uncertainty 
associated with background subtraction. Fuel condensation was avoided 
by applying band heaters to the inlet tube supplying fuel to the burner. 
Due to this preheating, the actual temperature of the reactant mixture 
was somewhat higher than 298 K, a value that was assumed in the 
simulations. This temperature difference was estimated to be around 
10–15 K. Radial distributions of NO number densities evaluated at HAB 
(height above the burner) 8 mm were used for analysis and comparison 
with kinetic modeling. The selected position was located to avoid in
fluences on the flame and LIF signal from the burner as well as to avoid 
effects on the flame due to closeness to its tip. Fig. 1 shows an example 
flame and its NO PLIF signal with the location of the line where quan
titative LIF profiles were retrieved. 

3. Modeling details 

In the present study, a comparison between experimental and 
simulation results is performed by considering maximal values of NO 
concentrations extracted from each flame condition. The reason for this 
is the following. As opposed to NO formed during combustion of pure 
hydrocarbon fuels, for experimental cases of the present study, i.e., 
mixtures containing at least 10 % NH3, NO is not chemically produced in 
the post-flame zone but only in the reaction zone. Therefore, each profile 
can be characterized by its maximal value attained in the reaction zone, 
which is then either preserved in the post-flame zone or NO is consumed. 
At the same time, previous work on NH3/CH4 flames [20] has shown 
that as far as maximal values are concerned, the experimental cone- 
shaped flame geometry does not affect NO concentrations. There [20], 
2D DNS simulations were performed (with the mechanism of Okafor 
et al. [37]), and the results were compared to 1D free-propagating 
flames. The authors concluded that flame stretch does not affect NO 
formation in the reaction zone at the analyzed height above the burner, 
which equals 2/3 of the flame height for both [20] and the present work. 
Due to this, kinetic analysis of the present work is performed with a 1D 
free-propagating flame reactor model. 

The simulations were performed in ANSYS Chemkin [38,39], with 
mixture-averaged transport properties and thermal diffusion, and post- 

Fig. 1. Photo of the flame (left) and the corresponding NO PLIF image (right).  
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processing of the results was done using an in-house Python script. To 
model the experimental results of the present work, initial conditions of 
Tu = 298 K and p = 1 atm were assumed. The GRAD parameter was set to 
2.5 %, corresponding to about 600–700 grid points in each solution. The 
experimentally determined radial distributions of NO number densities 
at 8 mm above the burner are recalculated into mole fractions using 
temperature profiles obtained from 1D simulations, positioned on the x- 
axis using half-maxima of the NO number densities. 

3.1. Mechanism selection 

There exist many mechanisms for NH3/DME combustion. For the 
present study, whose purpose is analysis of NO formation, detailed re
action schemes for NH3/DME from three research groups have been 
selected, which do not share common submodels, in order to identify 
how much the difference in rate constants affects NO formation. 

Dai et al. [32] studied NH3/DME ignition chemistry and developed a 
detailed kinetic model in which the core chemistry subsets (C1-C2, H/N/ 
O and C/H/N/O) were from the work of Glarborg et al. [30]. However, 
Glarborg [33] has since then published an updated version of the H/N/O 
detailed mechanism, which was later implemented in a detailed model 
for NH3/n-heptane [40] with a new hydrogen sub-mechanism [41]. In 
this work, the NH3/DME mechanism [32] was updated with new subsets 
[33,41], and in the following, this model will be referred to as “Glarborg 
2022”, and the original NH3/DME mechanism of [32] as “Glarborg 
2021”. 

Konnov and co-workers studied NO formation in neat DME flames 
and developed a detailed mechanism [42], the nitrogen sub-mechanism 
of which was first presented in [34]. Recently, an updated version of the 
mechanism in [34] was published [35], which was further validated in 
terms of NO formation during combustion and oxidation of neat NH3 
mixtures. Similarly, the NH3/DME mechanism [42] and its updated 
version according to [35] will be referred to as “Konnov 2022” and 
“Konnov 2023”, respectively. 

Finally, Issayev et al. [21] developed a detailed NH3/DME mecha
nism to represent the ignition and flame chemistry of these binary 
mixtures. This mechanism continues the work of Mauss and co-workers 
[43–45], from which it has received its different subsets. 

4. Results 

Fig. 2 shows the experimentally determined NO concentration for a 
flame of 40/60 NH3/DME mixture (by mole) at ϕ = 1.1 and modeling 
results calculated with the detailed mechanisms [21,32,33,35,42]. Both 
experiments and simulations indicate fast NO formation in the reaction 
zone, followed by a plateau region with a slow decrease in NO mole 
fraction in the post-flame region. The experimental NO profiles, how
ever, tend to suggest a delayed attainment of maxima, compared to 1D 
simulations. A similar trend is clearly visible in results of the previous 
study [20], conducted with the same experimental procedure, and is 
therefore unrelated to the flame stretch being unaccounted for in the 1D 
modeling, as 2D DNS results in [20] agree with the free-propagating 
flame model. The 2D effects can, however, explain different rates of 
NO decrease in the post-flame zone (see Figs. 7-8 in [20]). Therefore, in 
the following, experiments and simulations are compared in terms of 
maximal NO concentrations for all flames. All experimental NO radial 
distributions are provided in the Supplementary Material (SM). 

Fig. 3 shows maximal mole fractions of NO for flames with ϕ =
0.9–1.2 (Fig. 3 (a-d)) and varied amount of NH3 in the initial NH3/DME 
mixture (by mole), XNH3. The experiments covered mixtures with XNH3 
= 10–70 %, while simulations were performed for the whole range. For 
modeled cases with XNH3→0, the term “maximal NO” corresponds to the 
reaction zone concentration, as NO is formed in post-flame. 

The common trend followed by experiments and models is the sharp 
increase in NO formation for mixtures ranging from 10 % to 30 % NH3 
and for 40 %-60 % mixtures, experiments indicate nearly similar NO 

concentrations, considering the uncertainty range, for mixtures with the 
same ϕ. The experimental results also hint that peak NO values from 
each panel of Fig. 3 decrease with increasing ϕ. This, however, can be 
clearly traced from the modeling results, also, the simulations suggest 
that the values of XNH3 at which these maxima are observed decrease 
with ϕ. Quantitatively, however, the XNH3 corresponding to maximum 
NO mole fraction differs between the investigated mechanisms. 

All model predictions obtained with all mechanisms are within the 
experimental uncertainty range. Overall, it can be concluded that the 
updated “Glarborg 2022” and “Konnov 2023” mechanisms follow the 
experiments the best. However, while the difference in predictions be
tween the two versions of the Glarborg mechanisms is minimal, the 
original “Konnov 2022” [42] deviates from the rest in lean and stoi
chiometric cases (Fig. 3 a,b), while at ϕ = 1.2 the difference between the 
two versions of the Konnov model is smaller. This is as expected since 
modifications inside the Konnov model affected high-temperature 
chemistry [35], while updates in the Glarborg mechanism mainly con
cerned the intermediate temperature region. Finally, the mechanism of 
Issayev et al. [21] generally predicts slightly higher NO concentrations 
than “Konnov 2023” and “Glarborg 2022”, and except for the stoichio
metric case (Fig. 3b), follows the experimental results to the same level 
of accuracy as the former two mechanisms. 

It can be noticed from Fig. 3 that outside the experimentally inves
tigated range, i.e. at XNH3 < 10 %, and XNH3 > 70 %, all model pre
dictions are in closer agreement with each other (aside from “Konnov 
2022” [42] at ϕ ≤ 1; XNH3 > 70 %). However, while NO formation in 
100 % NH3 mixtures is of the same order of magnitude as for XNH3 =

10–70 %, in neat DME flames, it is practically absent compared to NH3- 
containing fuel mixtures. To further assess model predictions at these 
conditions, Figs. 4 and 5 present experimental results from literature for 
DME/air flames [42] and for a stoichiometric NH3/O2/Ar flame [17]. 
The former data have been used in the development of the “Konnov 
2022” model [42], while the results of Osipova et al. [17] served as one 
of the validation targets for the “Konnov 2023” model[35]. 

Out of the mechanisms considered in the present work, the model of 
Issayev et al. is in best quantitative agreement with experiments [17] for 
the 100 % NH3 flame (Fig. 5), followed by the updated “Konnov 2023” 

Fig. 2. Radial distribution of NO for a 40/60 NH3/DME + air flame at ϕ = 1.1 
and HAB 8 mm measured in the present work (symbols) and simulated in 1D 
with models [21,32,33,35,42] (lines). Also illustrated are the effects of gas 
radiation (for [34] “gas rad.”, green dashed) and of N2 in air (“inert N2” for 
[33], blue dashed). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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and “Glarborg 2022” models. The situation is different for neat DME 
flames (Fig. 4), where the two versions of the Konnov mechanism are 
closest to experiments [42]. Note that this is the only mechanism that 
provides gas radiation coefficients, and in Fig. 4, results with (solid 
green line) and without gas radiation (dashed and dash-dot green lines) 
are presented for the Konnov mechanisms for a fair comparison with the 
rest. It can be seen, however, that while the radiation effect is visible, 
especially for near-stoichiometric mixtures, the predictions of the 
Glarborg mechanisms and that of Issayev et al. would still be outside the 
experimental error bars even with radiation considered. 

Fig. 4 also serves to visualize that while accounting for radiation can 
affect the prediction of NOx in the combustion of hydrocarbon fuels, it 
can be safely disregarded for NH3-containing mixtures, see Fig. 2, in 
which the NO profile is additionally calculated with model [42] with 
and without gas radiation. In addition to that, the kinetic effect of N2 in 
air, which results in the formation of thermal NO for hydrocarbon fuels, 
is illustrated for NH3-containing mixtures. Additional modeling was 
performed with a modified Glarborg mechanism, in which N2 from air 
was able to participate in elementary reactions as a third-body only 
(dashed blue line in Fig. 2). It can be concluded that the kinetic effect of 
N2 in air can be disregarded as well. 

5. Analysis 

Fig. 3 indicates that the Glarborg 2022 [32,33], Konnov 2023 

[35,42] and Issayev et al. [21] mechanisms do not deviate from each 
other dramatically, with the differences between the predictions being 
less or around 25 % of the experimental uncertainty interval. Further 
analysis has shown that kinetic differences in the nitrogen sub- 
mechanisms are mainly limited to values of rate constants of several 
key reactions. However, the effect of the direct chemical coupling was 
the most pronounced for the Glarborg model, as discussed below. 
Considering these, in the following section, the reaction kinetics of NO 
formation will be illustrated with the Glarborg 2022 model, and the key 
differences compared with the other models will be then outlined. 

Fig. 6 presents the sensitivity analysis for the maximal NO concen
tration in flames with 10, 50 and 90 % NH3 and ϕ = 0.9, 1.1, calculated 
with the Glarborg 2022 mechanism [32,33]. First of all, reactions in the 
top 25 charts almost exclusively originate from the H/N/O subset. Going 
from 10 % to 50 % NH3, NO production increases (see Fig. 3) due to the 
increasing amount of NH3, and so does the sensitivity of all major re
actions. Then, with a further increase of NH3 and decrease of DME in the 
initial mixture, relative concentrations of radicals in the radical pool of 
O, H, and OH start to change. It can be exemplified by looking at the 
sensitivity of reactions involving the O atom:  

NH + O = NO + H                                                                      (R1)  

NH2 + O = HNO + H                                                                  (R2) 

which decreases for 90 % NH3 mixtures compared to 50 % NH3, 

Fig. 3. Maximal NO concentrations vs. initial NH3 mole fraction in the fuel mixture for flames with ϕ = 0.9–1.2 (a-d), obtained from the experimental radial NO 
distributions (symbols) and from 1D simulations using models [21,32,33,35,42] (lines). 
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since, as known for NH3 flames (see, e.g. [23,46]), the amount of O- 
radical compared to OH is lower in flames with high NH3 content. On the 
other hand, in these mixtures, reactions of HNO, a main intermediate in 
NH3 oxidation, e.g.:  

NH + OH = HNO + H                                                                 (R3)  

NO + H(+M) = HNO(+M)                                                           (R4)  

NHO + H = NO + H2                                                                  (R5) 

become very important. Note the large negative sensitivity of (R5) 
for 90 % mixtures, despite the fact that it leads to the production of NO. 
This is because (R5) is also, and more importantly, a termination reac
tion that affects overall NH3 chemistry (as discussed by e.g. Okafor et al. 
[47]). 

Lower temperatures and lower radical concentration supress for
mation of NO, an explanation to why NO decrease as NH3 content in 
flames approach 100 %. Such behavior of NO concentrations against 
NH3 percentage in the fuel mixture is universal and has been observed in 
kinetic studies for various NH3 binary fuels: NH3/CH4 ([48], syngas and 
H2 [46]) and in the experimental study of NO emissions from NH3/DME 
flames [13]. 

Considering reactions hindering NO formation, variation of the NH3 
content changes the relative importance of the two main NO con
sumption channels in the reaction zone, i.e.:  

NH + NO = N2O + H                                                                  (R6)  

N + NO = N2 + O                                                                       (R7) 

This is due to changes in relative concentrations of NH and N in 
flames with different initial NH3 content. Further rate of production 
analysis indicated that the production of N from NH has a significantly 
larger selectivity for low NH3 content mixtures, specifically due to 

Fig. 4. NO mole fractions at HAB = 10 mm for adiabatic DME + air flames 
measured by Lubrano Lavadera et al. [42] and simulated with models 
[21,32,33,35,42] (lines). Predictions of [42] are additionally simulated with 
radiative heat losses (solid green line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 5. Profile of NO for stoichiometric NH3/O2/Ar flame at 368 K, measured 
experimentally by Osipova et al. [17] (symbols) and simulated using mecha
nisms [21,32,33,35,42] (lines). Modeling was performed using the experi
mental temperature profile reported in [17]. 

CH3+H(+M)=CH4(+M)
NH2+H=NH+H2

HCO+O2=CO+HO2
CO+OH=CO2+H
NH+OH=N+H2O

N+O2=NO+O
H+OH(+M)=H2O(+M)

HNO+H=NO+H2
HCO(+M)=H+CO(+M)
H+O2(+M)=HO2(+M)

NH+H=N+H2
NO+H(+M)=HNO(+M)

NH2+NO=NNH+OH
NH+O2=HNO+O

NH3+OH=NH2+H2O
N2O+H=N2+OH
NH+NO=N2+OH

N+OH=NO+H
NH2+NO=N2+H2O

N+NO=N2+O
NH2+O=HNO+H

NH+O=NO+H
NH+OH=HNO+H
NH+NO=N2O+H

H+O2=O+OH

sens. coeff.

NH+OH=N+H2O
CH3+H(+M)=CH4(+M)

NH3+OH=NH2+H2O
NH2+NO=NNH+OH

NH2+H(+M)=NH3(+M)
HCO+O2=CO+HO2

N+O2=NO+O
H+O2(+M)=HO2(+M)

NH2+N=N2+H+H
N2O+H=N2+OH

HCO(+M)=H+CO(+M)
H+OH(+M)=H2O(+M)

HNO+H=NO+H2
NH+NO=N2+OH

NH2+NO=N2+H2O
NH2+NH=tHNNH+H

NO+H(+M)=HNO(+M)
NH2+O=HNO+H

NH+H=N+H2
NH+O=NO+H
N+OH=NO+H

NH+NO=N2O+H
NH+OH=HNO+H

H+O2=O+OH
N+NO=N2+O

sens. coeff.

Fig. 6. Sensitivity of the maximal NO concentrations to elementary reactions of 
the Glarborg 2022 mechanism [32,33] for NH3/DME flames with ϕ = 0.9 (a), ϕ 
= 1.1 (b) and with 10,50 or 90 % NH3 (by mole) in the fuel. 
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radical–radical reaction  

NH2 + NH = HNNH + H                                                             (R8) 

that becomes possible only when the amount of NH3, and conse
quently, NH2 and NH radicals, is high. Overall, the two main trends for 
mixtures with increasing NH3 fraction are: a) for NO formation, the 
sensitivity of O-atom reactions, such as (R1) and (R2), decreases, while 
that of OH reactions, such as (R3), increases, due to changes in the 

radical pool, and b) for NO consumption, reaction R(6) becomes as 
important as (R7). 

Note that the sensitivity of O-atom reactions remains high even in 90 
% NH3 mixtures. This has been discussed by Chen et al. [35], who 
proposed modification of (R2) in the Konnov 2022 model [42], and it 
has been identified as the main reason for the improved NO prediction in 
neat NH3 flames (see [35] or Fig. 5 which contains one of their valida
tion cases). This trend is preserved in binary NH3-containing mixtures as 
well. As the rate constant in the Konnov model was replaced with the 
same expression as in the Glarborg mechanism, the predictions of the 
two mechanisms become much closer (see Fig. 3), and the sensitivity 
spectra for the Konnov 2023 model [35] are similar to ones presented in 
Fig. 6. 

The mechanism of Issayev et al. [21] has different (by about a factor 
of ~ 2–3) values of rate constants of many key reactions discussed 
above, but most notably, contains another branch channel of (R3), i.e.  

NH + OH = NO + H2                                                                  (R9) 

with a rate similar to (R3). Reaction channel (R9) is absent in the 
Glarborg mechanism, and in the Konnov model, it has a significantly 
lower branching ratio compared to (R3). Klippenstein et al. [49] have 
very recently revisited the NH + OH reaction. However, their calculated 
rate expressions for (R3) and the third channel.  

NH + OH = N + H2O(R                                                                10) 

turned out to be close to the values from their earlier work [50], 
utilized in the Glarborg mechanism, while the calculated branching ratio 
between (R3) and (R9) from [49] is 80/20. Without the channel (R9), 
the mechanism of Issayev et al. [21] gives predictions very close to 
Konnov 2023, and the remaining difference between Glarborg 2022 and 
Konnov 2023 is due to direct chemical interactions between carbon- and 
nitrogen-containing species, which is discussed in detail below. 

The sensitivity spectra of Fig. 6 do not contain any reactions between 
carbon- and nitrogen-containing species. It is known that direct chemi
cal interactions play an important role in the ignition chemistry of NH3- 
containing mixtures [21,32,40,51], but can be disregarded for laminar 
burning velocity [52]. In order to illustrate the degree of importance of 
the interaction reactions for the formation of NO in flames of NH3/DME, 
simulations were first performed with the Glarborg 2022 mechanism 
[32,33]. A modified version was constructed, from which all reactions 
between carbon- and nitrogen-containing species have been deleted. 
Maximal NO concentrations for NH3/DME mixtures with ϕ = 0.9–1.2 
and XNH3 ≥ 10 % are presented in Fig. 7. Without C-N reactions, the peak 
values of the maximal NO concentrations at each ϕ decrease by 5–9 %, 
higher for leaner mixtures. The positions of the peaks shift to mixtures 
with higher NH3 mole fraction by about 0.05, e.g., from XNH3 ≈ 0.55 to 
XNH3 ≈ 0.6 if C-N reactions are not considered. Further analysis has 
shown that, to a large extent, the difference is due to the presence of a 
single reaction:  

CH2O + NH2 = HCO + NH3(R                                                      11) 

As shown in Fig. 7, if the whole C-N submechanism of the Glarborg 
model contains only (R11), its predictions become very close to the full 
mechanism. While the rate of production analysis has shown that (R11) 
does contribute significantly to the conversion of CH2O to HCO, the 
effect of (R11) on NO formation comes from NH3 recombination. Due to 
this, NH3 starts to be present further down in the flame, resulting in 
chain reactions of the NH3 sub-mechanism occurring at higher tem
peratures, and this increases NO concentration. The combined influence 
of all other reactions from the C/H/N/O subset is still noticeable in 
Fig. 7. However, it is (R11) that determines positions on the x-axis, at 
which NO concentration maxima are observed. 

There are two recent studies [24,53] that question the rate constant 
of (R11) in the Glarborg mechanism. Specifically, Shi et al. [24] found 
disagreement in the rate expression with its source study [54], and 

Fig. 7. Effect of the C/N interactions on NO formation, analyzed with the 
Glarborg 2022 model [32,33]. Solid lines: full mechanism, long dash: mecha
nism without C/N reactions, short dash: no interactions, except for a single 
reaction CH2O + NH2 = HCO + NH3 (R11). 

Fig. 8. Effect of the C/N interactions on NO formation, analyzed for NH3/DME 
mixtures at ϕ = 1.0 with three models: Glarborg 2022 [32,33] (red), Konnov 
2023 [35,42] (green), and Issayev et al. [21] (violet). Solid lines: original 
mechanisms, dashed lines: mechanisms without C/N reactions; dotted line: (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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provided new calculated value for R11, that was found to be in agree
ment with the value suggested in the PSR study of Zhu et al. [53], who 
obtained R11 by fitting the simulated NH3 consumption profile to the 
experimental data. The rate constant from [24,53] is more than an order 
of magnitude smaller than in the Glarborg model, making its influence 
on NO formation effectively negligible. 

Similar calculations as in Fig. 7 have been performed with the 
Konnov 2023 [35,42] and Issayev et al. [21] mechanisms for stoichio
metric NH3/DME mixtures with and without C-N subsets (Fig. 8). These 
mechanisms do not contain (R11), and for this reason, the difference 
between the predictions of the mechanisms with and without the C/H/ 
N/O subset is smaller compared to the Glarborg mechanism, especially 
for the Konnov model. Note that predictions of the Konnov model (either 
with or without C/H/N/O) are very close to the Glarborg mechanism 
without interactions. Note also that in Fig. 5, which concerns NO for
mation in a neat NH3 flame, predictions of the Glarborg and Konnov 
2023 models are very close, and the difference to Konnov 2022 is due to 
(R2) as discussed in [35]. Therefore, these two mechanisms can be 
considered very similar in terms of NO formation in NH3/DME flames, 
provided (R2) has an updated value (see [35]) and that R(11) in over
estimated in the Glarborg mechanism… The predictions of the Issayev 
et al. mechanism without (R9), whose rate constant is likely over
estimated as discussed above, are also shown in Fig. 8 (violet dotted 
line). Its predictions became closer to the other mechanisms, however, 
note that in Issayev et al., reaction (R2) is still around a factor of 3 faster 
than in Glarborg 2022 and Konnov 2023. Overall, selection of rate 
constants for reactions (R(2), R9, R11) noticeably affects NO formation 
in NH3/DME flames. Issayev et al. [21] without R9: NH + OH = NO + H2. 

The analysis of this section also has practical implications in terms of 
developing reduced reaction schemes for NH3 binary fuels, which can be 
used for simulations of real combustors and are required to reproduce 
NO emissions. If such a scheme is obtained by mechanism merging, then 
the hydrocarbon subset has to predict correct levels of H, O and OH 
radicals to be coupled with a NH3 sub-mechanism. At the same time, a 
direct chemical coupling can to a large extent be excluded. 

6. Conclusions 

In the present work, the formation of nitric oxide has been studied in 
flames of mixtures of ammonia and DME with varying equivalence ratios 
(ϕ = 0.9–1.2) and composition (10–50 % NH3 in the fuel mixture at ϕ =
0.9, 10–60 % at ϕ = 1.0 and 1.2, and 10–70 % at ϕ = 1.1). Laminar 
flames have been stabilized on a Bunsen-type burner, and 2D-PLIF has 
been implemented to perform quantitative measurements of NO. 

Following the analysis of the experimental and modeling results, it 
was concluded that in the studied range of initial mixture parameters, 
NO formation decreases with an increasing equivalence ratio. By 
increasing the fraction of NH3 in the fuel mixture, NO formation first 
increases, peaks at a certain percentage, and then goes down with a 
further increase in NH3 content. The values of the NH3 fraction at which 
NO emissions reach maximum are equivalence-ratio-dependent. Over
all, emissions of NO for NH3/DME fuel can reach up to 1 % in the 
product gas, and these emissions are maximal for mixtures with 40–60 % 
NH3. 

Kinetic analysis has shown that chemical pathways for NO formation 
originate solely in the NH3 submechanism. The importance of the hy
drocarbon fuel chemistry is that it affects the overall heat release and the 
amount and fraction of radicals of the hydrogen submechanism. As for 
interaction reactions, a particular effect of the H-abstraction reaction 
from formaldehyde by HN2 (R11) on maximal NO concentrations was 
observed. It has also been found that the difference in the performance 
of contemporary NH3/DME mechanisms from three research groups 
[21,32,33,35,42] differ due to either absence or variations in the rate 
expressions of different reactions. Of a particular notice are three re
actions: (R2), (R9), (R11). Overall, however, all observed differences 
were found to be less than the experimental uncertainty. 

The observed results in terms of direct chemical interactions have 
practical implications for the development of reduced reaction schemes 
for practical combustors: to correctly predict NO emissions from flames, 
the interaction chemistry can be largely disregarded. 
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