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ARTICLE INFO ABSTRACT

Keywords: Combustion properties and combustion chemistry of ammonia (NHs) are significantly different from those of
Ammonia hydrocarbons and thus require further investigation. NHs combustion with oxidizers different from the ambient
Nitromethane

air can reveal distinct chemistry of NOx formation, which, together with low reactivity, is one of the major
obstacles in the direct deployment of ammonia as a practical fuel. In the present study, ammonia was blended
with nitromethane (CHsNO2), which was used as a nitric oxide (NO) precursor. The laminar burning velocities
(LBV) of (CHaNO2+NHs)+air mixtures were investigated across a wide range of NHs mole fractions in the fuel
blends, from 0% to 80%, spanning fuel-lean to fuel-rich conditions, at an initial temperature of 338 K and 1 atm.
The results show that adding NHs enhances the reactivity of CH:NO2 when the NHs fraction in the fuel is below
70%. A kinetic model of the authors was updated, primarily on CHsNO:= chemistry, and shows very good
agreement with the measurements without any rate constants tuning. Detailed kinetic analyses based on the
present model reveal that the reaction NH2+NO—NNH+OH significantly impacts the LBV even when a small
portion of NHs is added to the fuel blend. NHs addition is found to increase adiabatic flame temperature and
enrich the active radicals’ pools of H, OH, and O as well. The pathways of NH; and NO interaction in
(CHsNO2+NHs)+-air flames are also analyzed, enlightening NO conversion into N> in the presence of ammonia.

Laminar burning velocity
Kinetic model

1. Introduction

Ammonia (NHs) has become a focal point in the efforts of energy
production decarbonization due to its potential as a zero-carbon fuel.
NHj can be produced, similar to synthesized hydrogen (Hs), from fossil
fuels or using renewable energy sources. With its high volumetric
hydrogen density, NHs is also recognized as an effective hydrogen car-
rier [1]. However, the direct application of ammonia as a fuel faces
challenges, such as low reactivity, high ignition energy, and NOx
emissions during combustion. Therefore, extensive research has been
conducted to explore the combustion of NHs when blended with more
reactive fuels like hydrogen, hydrocarbons, or biofuels [2]. For all fuels
studied so far, the laminar burning velocity (LBV) of the fuel blends
decreases as the amount of NHj3 increases. For example, Lubrano Lav-
adera et al. [3,4] compared the effects of ammonia addition on the LBV
of methane, n-heptane, isooctane, methylcyclohexane, and toluene.
They observed an approximate quasi-linear monotonic decreasing cor-
relation with the mass fraction of NH3 in the fuel blend from 0 to 100%.

Another possibility to increase the LBV of ammonia is to modify the

oxidizer composition. Most often, the mole fraction of oxygen in
(O2+Ny) artificial air was modified, and a monotonous increase of the
LBV was observed with the increase of the O, content in it, e.g., [5-7].
The replacement of Ny by other inerts also affects flame propagation; for
instance, the LBV of NH3+Ox+Ar mixtures is notably higher when
conditions are otherwise the same [8]. Although modifications of the
oxidizer composition are less practical from the application point of
view, they allow for elucidating ammonia flame chemistry at conditions
vastly different from those of NHz+air. With the same motivation, ox-
ygen can be replaced by nitrogen oxides to isolate the impact of
NH;3-NOx interaction in flames. In the pertinent studies of the flame
propagation of ammonia supported by NoO [9] or NO [10,11], it was
demonstrated that the LBV rate controlling reactions are significantly
different from those for NH3 burning in O, and the pathways of
ammonia oxidation are also modified.

Several studies of ammonia flame propagation mentioned above
[3-5,8,9] have been performed using the heat flux method at Lund
University. This method is advantageous since it does not require stretch
correction; however, it also possesses some limitations. Due to safety
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concerns, stabilization of ammonia flames supported by nitric oxide is
not possible; other experimental problems related to NH3 corrosiveness
and flame stability will also be discussed in the following. Zheng et al.
[12] in their shock tube study proposed nitromethane (CH3NO,) as a
nitric oxide precursor to analyze its interaction with ammonia. This
suggestion is based on the stoichiometric equation for nitromethane
oxidation:

CH3NO2+1.2502 = CO2+1-5H20+NO (€D)]

Different stoichiometric equations for the oxidation of nitromethane
coexist in the literature; some studies assumed that molecular nitrogen is
the final product of the nitrogen atom in nitromethane. However, as
discussed in previous studies of CH3NO, flames [13,14] and ignition
[15-171, NO should be considered instead. Simulated NO and N pro-
files in CHsNOz + (21% Oz + 79% Ar) and NHs + (21% Oz + 79% Ar)
flames are provided in the Supplementary Material (SM) Fig. S1, where
Ar is used instead of N2 to eliminate the influence of atmospheric ni-
trogen, and fuel-lean mixtures were simulated to ensure complete fuel
consumption. As shown in Fig. S1, NO is the major product of CH:NO=
combustion, whereas N2 is the primary product of ammonia combustion.

Nitromethane is a green monopropellant, since it has low toxicity
and relative stability compared with hydrazine and hydrazine-based
propellants [18], racing fuel [19], and gasoline fuel additive [20].
Therefore, the combustion properties of CHsNO> as a single fuel were
investigated in a variety of studies, using different experimental or nu-
merical methods [13-23]. In the fuel blends, nitromethane addition to
CH,4 [24], gasoline [20], or syngas [25] can increase or decrease the LBV
of the parent fuel, depending on the flame conditions. So far, only Zheng
et al. [12] have investigated the interactions between NH3 and CH3NO5.
Their shock tube study focused on NHs and NO chemistry, maintaining a
fixed NHs concentration of 1% and analyzing the species profiles of NHs,
NO, CO, and CO: under varying temperatures and pressures.

In the present study, the laminar burning velocities of NH3-+CH3NO,
blends burning in the air have been measured using the heat flux
method. The NH3 mole fraction in the fuel blends varies from 0% to
80%, covering fuel-lean to fuel-rich conditions, at a fixed initial tem-
perature of 338 K and 1 atm. The primary objective is to investigate the
interaction of NH3 and NO, while the study also contributes to the un-
derstanding of CHsNO: fuel combustion. An unexpected variation of the
LBV with the addition of ammonia to the fuel blend is analysed by
employing the detailed kinetic model of the authors.

2. Experimental details
2.1. Experimental methods and conditions

The LBV measurements have been performed using the heat flux
method. A schematic of the setup is shown in the Supplemental Material
(SM) Fig. S2. Detailed explanations of the procedures, uncertainty
sources, and data processing algorithms have been given by Alekseev
et al. [26]. Thus, only essential information relevant to the present ex-
periments is introduced here.

CH3NO; (purity 96%, liquid form), NH3z (99.98% purity), and air
(>99.9%) are delivered by AGA Linde Healthcare Company. The
CH3NO2 was evaporated using a Controlled Evaporation and Mixing unit
from Bronkhorst set at 200 °C. A heating hose is connected between the
heat flux burner and the mixing panel to prevent possible condensation
of the mixtures. The mixtures were introduced into the burner plenum
chamber, which was maintained at 338 K using a water circulation
system. This allows the unburnt gas to be effectively heated up to the
experimental temperature of 338 K. This choice matches a prior LBV
study on CH3NO» and air mixtures in our laboratory to facilitate result
comparison [13]. The burner head was connected to another water
circulation system set at 368 K to compensate for the heat loss from the
flame to the burner head, thus providing adiabatic conditions and
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allowing the LBV measurements [26].

Given ammonia’s corrosive nature to brass (used for all the heat flux
burners in our lab), a burner called burner E2 was selected, and this
burner was introduced in [26,27]. As demonstrated in [27], the mea-
surements obtained with this burner require additional LBV uncertainty
considerations due to the uncertainty in the perforated surface area of
the burner plate, which will be discussed in the following section. To
ensure that the burner plate’s effective perforation area and perfor-
mance remained unaffected by exposure to corrosive fuel, it was tested
before and after the measurements with a reference gas mixture with
well-documented LBV data. In this study, CH4+air mixtures were used
as references. The pre-and post-measurement results at 298 K, 1 atm
aligned closely with the literature values, as shown in Fig. S3 in the SM.
It is worth noting that a stainless-steel burner option was tested by
Bosschaart and de Goey [28], the material of which will not be affected
by ammonia corrosion. However, due to its lower thermal conductivity,
stainless steel poses a risk of burner plate overheating and deformation,
particularly at pressures above 200 mbar, as the flame standoff distance
decreases with increasing pressure.

The data processing and uncertainty evaluations adhered to the
methodology described in [26], utilizing a custom-made Matlab code.
The key heat flux equation used is:

T, =T, +Cxr? 2

Where T; is the temperature at any radial distance r from the center of
the burner plate. T, is the center temperature, and C is the parabolic
coefficient. The coefficient C is a crucial parameter in the heat flux
method, as C = O represents the adiabatic condition with no heat
transfer between the flame and the burner plate. The relationship be-
tween C and the unburnt gas inlet velocity Vg is close to linear; different
Vg values were set during experiments, and corresponding C values were
recorded. Extrapolating or interpolating Vg to the point where C =
0 yields the LBV, while interpolation is preferred due to reduced LBV
determination uncertainty [26]. However, all the LBV measurements
using the present burner were determined via extrapolation as exem-
plified in Fig. S4 in the SM. This approach was necessary because high
inlet velocities led to flame corrugation, preventing a flat flame. This
often happens at elevated unburned gas temperatures [26].

All the investigated mixtures are listed in Table 1. The experimental
temperature was fixed at 338 K and pressure at 1 atm. It should be noted
that the products of ammonia combustion are N, and water, as illus-
trated in Fig. S1 in the SM, according to

NH3+0.75 02=0.5 N»+1.5 HyO 3

These products are also applicable for combustion in the air [1,2]
and in flames supported by NO [10,11]. One may note that only Zheng
et al. [12] assumed NO as a product of ammonia oxidation without
reasonable arguments. For the fuel blends investigated in the present
work, the equivalence ratio (®) was defined by combining Eq. (1) and
(3). Assuming a total of 1 mol of fuel, with x mole fraction of NHs and
(1-x) mole fraction of CHsNO2, then NHs requires 0.75x mol Oz, while
CHsNO: requires 1.25(1-x) mol Oz. Thus, the total oxygen required for
stoichiometric combustion is 1.25-0.5x. Thus, the global reaction for the
stoichiometric combustion of the blend is:

Table 1
Investigated (CH3NO2+NH3)-+air mixtures, at 338 K, 1 atm.

NHj3 in fuel(%) [} Burner used
0 0.7-1.7 E2, E3

70 0.8-1.6 E2

0,5,10, 70, 80 1 E2
0,10,20,30,40,50,60,70 0.8 E2
0,10,20,30,40,50,60,70 0.9 E2

0,10,20,70 1.5 E2
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x NHs +(1-x) CHaNO2+(1.25-0.5x) Oz + (4.7-1.88x) N2=(1-x) CO2+1.5

H20+(1-x) NO+(4.7-1.38x) No. @

The measurements for CH3NOj+air mixtures were selectively
repeated using a well-designed burner called Burner E3 [29], which
normally yields results with an uncertainty of less than 0.2 cm/s [29].
An example case of the LBV determination using Burner E3 is shown in
the SM Fig. S5.

2.2. Experimental uncertainty analysis

Notice that, in this work, the measurements suffer larger uncertainty
bars than other results [5,8,30] from the heat flux method (normally < 1
cm/s [29]). This increased uncertainty can be attributed primarily to the
following factors:

1) The thermocouple reading scattering on the burner plate of burner
E2, which is the dominant factor in overall LBV uncertainties, as
analyzed by Alekseev et al. [26]. An example case of the temperature
scattering from Burner E2 is depicted in the SM Fig S6(a) and
compared with the temperature scattering from Burner E3 in Fig S6
(b). Moreover, it was also observed that the flames were more prone
to corrugation in the present study compared to previous studies that
also utilized Burner E2. A possible reason for these observations is
that prolonged operation with corrosive fuels may have compro-
mised the burner plate’s attachment, reducing the heat transfer ef-
ficiency between the burner plate, the outer water circulation
system, and the flame. This suboptimal heat transfer could lead to
increased flame instability and affect heat transfer symmetry as
discussed by Alekseev et al. [26].

NH3 MFC calibration. Like previous experiments with NHg [8], the
NH3 MFC was calibrated by flowing CHy4 gas and then utilizing the
conversion factors. This procedure introduces additional uncertainty
in the NH; flow rate, thus directly affecting the equivalence ratio and
total flow rate (<2%, according to Bronkhorst). It is worth
mentioning that the conversion factor between CH4 and NHj is close
to 1 (according to the Bronkhorst database), making the 2% con-
version factor error a reasonable estimation.

Effective Perforation Area of Burner E2. The unclear effective
perforation area of burner E2 was evaluated in the previous studies,
e.g., [27], with estimated uncertainties. The present study also
repeated this procedure, bringing an extra 2% error in the total flow
rate.

2

—

3

—

In the end, all the LBV results and LBV uncertainties are listed in the
SM Table S1. The average uncertainty in the LBV is 2 cm/s, the @ error is
less than 3.6%, and the NH3 mole fraction has around 2% error.

3. Modeling details
3.1. Numerical method

Numerical simulations are conducted using the Premix Laminar
Flame Speed code of the Chemkin Pro software, considering mixture-
averaged transport and thermal diffusion. A grid-independent solution
is ensured by setting the parameters GRAD and CURV to 0.02 and 0.05,
resulting in a number of grid points around 500-800 over the domain of
3 cm.

3.2. Model selection

Currently, there are several kinetic models that include reactions of
nitromethane pyrolysis and combustion. For instance, Mathieu et al.
[31] investigated nitromethane pyrolysis in shock tubes and a microflow
reactor with a controlled temperature profile. They tested the mecha-
nisms of Brequigny et al. [32], Shrestha et al. [22], Jia et al. [33],
Glarborg et al. [34], and Mathieu et al. [35]. Shang et al. [36], in turn,
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measured NO time-histories during nitromethane pyrolysis in a shock
tube and compared their experiments with predictions of the models by
Gao et al. [16], Weng et al. [37] and Shang et al. [38]; they found that
the latter model is in the best agreement with their measurements. In the
recent experimental and modeling study of nitromethane ignition in a
shock tube, Zhang et al. [39] tested NUIGMech 1.3 [40] and kinetic
models of Glarborg et al. [34], Brequigny et al. [32], Mathieu et al. [15],
and Weng et al. [37].

Many of the models mentioned above [16,36-39] or suggested
recently [15,41-43] have been developed and validated using OD
experimental data, such as ignition delays or speciation in flow and
well-stirred reactors; hence they do not include transport properties of
the pertinent species and cannot be used for flame modeling. The models
of Brequigny et al. [32] and Mathieu et al. [15] have been tested against
the LBV measurements by Brackmann et al. [14], where good agreement
was found for the latter mechanism. A comprehensive mechanism pre-
sented by Glarborg et al. [34] was found, e.g., by Alnasif et al. [44], too
reactive in predicting LBV of NHs+air and (NH3+Hj)+air flames, for
which the model of Shrestha et al. [7] demonstrated good performance.
Shrestha et al. [22] concluded that their model correctly reproduces LBV
measurements in CH3NOy+-air flames obtained by Brequigny et al. [32]
at 423 K and pressures from 1 to 3 atm. Therefore, in the present study,
the models of Mathieu et al. [38], the recent model of Shrestha et al.
[45]1, and the model of the authors are compared and analyzed. It should
be noted that the original mechanism from Mathieu et al. [15] did not
include transport properties, which were incorporated by Brackmann
et al. [14] from Aramco 2.0 mech and the earlier version of the Konnov
mechanism [46]. In the present work, these transport properties have
not been updated.

3.3. The present model

Glarborg et al. [47] emphasized the role of the CH3+NO, reaction in
the promotion of fuel oxidation by small amounts of nitrogen oxides.
Although sensitization reactions of hydrocarbons oxidation by nitrogen
oxides were implemented in the Konnov mechanism version 0.6 [48] as
discussed in pertinent studies, e.g., [49,50], a complete nitromethane
combustion sub-mechanism was not developed at that time. Therefore,
no attempts were made to compare its performance with the measured
burning velocities [13,14] or ignition delays [17].

The starting mechanism for the present model is taken from [51] for
hydrocarbons, with the latest updated NHs sub-mechanism adopted
from [5,52]; both are from the authors’ previous works. Nitromethane
combustion modeling required the introduction of reactions of CH3NOs,
CHyNO2, methyl-nitrite, CH3ONO, and hydrogen isocyanide, HNC,
following the suggestions of Glarborg et al. [47]. The thermodynamic
data for these species were taken from the Burcat database [53]. The
choice of the rate constants of these reactions is outlined in the SM. The
rate constant expressions in the present model are based on experi-
mental, theoretical, or review data, and there has been no modification
(adjustment or tuning) of the values to accommodate experimental re-
sults. Rate constants have units of cm® mol s, and the activation energies
are in cal/mol.

Several rate constants not relevant to nitromethane have also been
modified in the present work. These rate constants originate from
theoretical studies where sometimes rate expressions are presented in
PLOG format with one positive and one negative term to better
approximate their temperature variation at a specific pressure. These
expressions cause convergence problems in flame modeling, especially
with the Cantera collection of codes [54]. Therefore, they were recal-
culated and replaced by the expressions consisting of two strictly posi-
tive terms, as detailed in the SM Section S3.
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4. Results and analysis
4.1. Experimental and modeling results

Fig. 1 shows the LBV of pure CHsNOz+air mixtures from the present
study and Nauclér et al. [13]. The LBV data from Burners E2 and E3 in
the present study agree within the uncertainty range. The results from
Burner E2 have larger error bars, especially when ®> 1. Both the present
model and the model of Mathieu et al. [15] provide very good pre-
dictions, while the model of Shrestha et al. [45] under-predicts the flame
reactivity across the entire equivalence ratio range.

The data from Nauclér et al. [13] were adjusted by multiplying by a
factor of 1.023, as suggested by Alekseev et al. [26], due to inaccuracies
in the burner’s surface area; Alekseev et al. [26] reported that the actual
surface area of the burner is 1.023 times smaller than the value used by
Nauclér et al. [13]. As a result, the corrected flow rate and LBV should be
1.023 times higher to reflect the true conditions. Despite this, Alekseev
et al. [26] raised concerns about a potential LBV underestimation of 1-3
cm/s. Our recent study [30] confirmed that the LBV data remain lower
even after applying the factor, recommending the exclusion of the data
obtained by this specific burner from future model validations. Another
study by Brequigny et al. [31] also provided LBVs of CHsNO2+air mix-
tures, but their results are not included for comparison, due to concerns
about their data accuracy, as discussed by Nauclér et al. [13] and Faghih
and Chen [21].

Fig. 2 shows the LBV with four equivalence ratios fixed at ® = 0.8,
0.9, 1.0, and 1.5, while the NH3 mole fraction in the fuel (NH3%) varies
from 0% to 100%. The limitation in the investigation range is associated
with the burner used in this study, as previous experiments utilizing a
different burner successfully explored flame speeds in the range of
15-60 cm/s [5,8]. The current limitation may be attributed to deterio-
rated burner performance resulting from prolonged operation with
corrosive fuels. As discussed earlier, flames in this study tended to
become corrugated at high inlet velocities of unburnt gas. Consequently,
laminar burning velocities (LBVs) could only be determined via
extrapolation from lower inlet velocities, where the flames remained flat
and stable.

Under these conditions (Vg < LBV), the flame becomes closely
attached to the burner plate, resulting in elevated burner plate

40 r r r T r r
CH,NO,+air ! | ! :
384 1 3
Q) | |
g304 /% e |
s | |

5 | ,:F ,,,,,,,,,,,,,,, VANV VT

— |
5] s
P/ & | O BumerE3
20 I | A Nauclér et al.*1.023 |
" —t — —
0.6 0.8 1.0 1.2 14 1.6 1.8

o

Fig. 1. Experimental (symbols) and simulated (lines) LBV of CH3NO.+air
flames. Solid line: the present model, dashed line: the model of Mathieu et al.
[15], dotted line: the model of Shrestha et al. [45].

Combustion and Flame 277 (2025) 114230

NH; (%)

Fig. 2. Experimental (symbols) and simulated (lines) LBV of (CH3NO»+NH3)+
air mixtures with various NH3% in the fuel, at ®= 0.8, 0.9,1.0, and 1.5. Solid
lines: the present model, dashed lines: the model of Mathieu et al. [15], dotted
lines: the model of Shrestha et al. [45].

temperatures. This poses a risk of melting the thermal paste between the
burner plate and the burner head. Based on our experience, we therefore
limited the burner plate temperature to below 180 °C during experi-
ments to prevent any damage. As a result, the upper range of LBVs that
could be investigated was restricted, since flames with higher LBVs
cause higher burner plate temperatures. The deteriorated burner per-
formance is most likely attributed to ineffective heat transfer within the
burner plate, as previously discussed in the Experimental Uncertainties
section. This issue was caused by a compromised attachment between
the burner plate and the burner head, leading to heat accumulation and
a rise in temperature within the plate. The lower LBV limit was set by
flame instability; when LBV falls below 24 cm/s, the flames become
weak and tremble.

In Fig. 2, the LBV of the mixture follows a parabolic-like trend with
respect to NHs%, a behavior that remains consistent across all tested
equivalence ratios. As NHs% in the fuel blend increases, the LBV initially
rises, reaching a maximum at around 40% NHs, and then decreases.
Thus, the CHaNOz+NHs mixtures constitute an unexpected and unique
case when ammonia addition increases the burning velocity of a fuel
blend contrary to all previously studied mixtures with Hy, hydrocarbons
or biofuels mentioned in the Introduction. The only exception to this
behaviour was demonstrated and discussed by Wang et al. [55]. The
authors found in the experimental study and modeling that for the fuel
blend of NH3+CO small addition of ammonia increases LBV. This is not
surprising since it is well known that dry CO+air mixtures have very low
LBV, while the addition of hydrogen in any form, even as HyO increases
it by activating the chain-branching reaction H + O,—OH+-O.

Both the present model and the model of Mathieu et al. [15] predict
LBV data well when NHs is present in the fuel. However, these two
models show slight discrepancies, especially when the NHs% exceeds
around 70%, with the Mathieu model predicting lower LBV values than
the present model. The Shrestha model under-predicts the LBV of
(CHsNO2z+NHs)+-air mixtures when NHs% is below approximately 30%
but performs better as NHs% increases.

To explore the LBV of (CHsNO2+NHs)+air mixtures over a wider
equivalence ratio range, a fuel mixture with 70% NHs was chosen. Fig. 3
shows the LBV of (30% CHsNO: + 70% NHs) + air mixtures. The present
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45 r r r T
| (30%CH;NO,+70%NH;)+air

40

LBV (cm/s)
8 &

N
)]
1

20

Fig. 3. Experimental (symbols) and simulated (lines) LBV of (30%
CH3NO»+70%NH3)+air mixtures. Solid line: the present model, dashed line:
the model of Mathieu et al. [15], dotted line: the model of Shrestha et al. [45].

model and the model of Mathieu et al. [15] predict the LBV accurately
across the entire equivalence ratio range, while the model of Shrestha
et al. [45] notably over-predicts the LBV on the fuel-rich side.

In summary, both the present model and the model of Mathieu et al.
[15] match the LBV of the investigated mixtures well, but the model of
Shrestha et al. [45] failed to reproduce measurements, especially when
CH3NOs is the major fuel in the blends. The model of Mathieu et al. [15]
under-predicts the flame reactivity when NHs is the major fuel, as will be
discussed in Section 5, where it severely under-predicts the LBV of
NH:+NO mixtures.

The present model, being the latest version from the author’s group
with updated kinetic reactions, will be used for further analysis, while
the kinetic analyses using another two models will only be included in
the SM for comparison.

4.2. Kinetic analyses

To investigate the enhancing effect of NHs on the LBV of the blends
studied, kinetic analyses were performed. The analysis initially focused
on stoichiometric mixtures to eliminate the influence of equivalence
ratio. Tools such as sensitivity analysis, reaction pathway analysis, and
species mole fraction analysis were employed, as described below.
Together, these methods provide a comprehensive understanding of the
ammonia and nitromethane synergy in flame propagation.

The adiabatic flame temperature (T,q) is the dominant factor
affecting LBV. Since it is known that NH; flames are characterized by
lower Tyq compared to hydrocarbon flames, it is interesting to see if the
promoting effect of NH3 on the LBV of CH3NO; can be correlated to a
variation of Taq. In Fig. 4, Taq,0, and LBV, denote the adiabatic flame
temperature and the LBV of the CH3NOy-+air mixture, while Taq and LBV
represent corresponding parameters with NH3 addition in the fuel blend.
As can be seen in Fig. 4, when NH3% is below about 70%, the ratios Taq/
Tad, 0, and LBV/LBV, both exceed 1, indicating that NHs enhances both
the flame temperature and the LBV. With around 40% NHa in the fuel,
both Tad/Tad,, and LBV/LBVo reach their peak values.

As CH3NO; is a precursor of NO [12], it is expected that blending
NHs with CHsNO:z induces reactions between NHs and NO formed during
CHsNO: decomposition. These reactions release additional heat and
enhance LBV. To validate this hypothesis, first, sensitivity analysis of the
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Fig. 4. Taa/Taq, o (left y-axis) and LBV/LBV, (right y-axis) as a function of
NH;% at ®=1.

LBV was performed under stoichiometric conditions, with 0%, 10%,
40%, and 80% NHs in the fuel blends, as shown in Fig. 5. Reactions with
positive sensitivity coefficients promote LBV when increasing their rate,
while reactions with negative sensitivity coefficients inhibit LBV when
increasing their rate. Sensitivity analyses using the Mathieu model [15]
and Shrestha model [45] at corresponding conditions are shown in the
SM Fig S9.

The chain branching reaction H + O,—OH+H is always the most
sensitive reaction in all fuel blends. For CH3NO»+air mixtures, reactions
involving species of CO, HCO, and CH30 are crucial. Reaction
CO+OH—CO2+H plays a dominant LBV promoting roles, followed H/
HO; producing reactions HCO+0;—CO-+HO,, HCO(+M)=H+CO(+M),
CH30(+M)=CHyO-+H(+M). OH producing reaction
NO-+HO2=NO,+OH is also reactivity-promoting, followed by NO pro-
ducing reaction CH3+NO»,—CH30+NO. Conversely, reactions
consuming NO, such as HCO+NO=HNO-CO, NO+O(+M)=NOz(+M)
and CH30-+NO—HNO+CH50, exhibit inhibitory effects on flame reac-
tivity, since they compete with NO+HO2,—NO,+OH. The bond scission
reaction CHsNO2(+M)=CHs+NO2(+M) produces CHs and NO2, which
act as key fuel and oxidizer intermediates, thus also showing strong
sensitivity.

As the NH3% increases, NHs-related oxidation chemistry becomes
increasingly significant, ultimately dominating the overall reactivity at
80% NHs, as shown by the green bars in Fig. 5, which highlight reactions
sensitive to NHs oxidation discussed elsewhere [1]. Interestingly, even
with only 10% NHs in the fuel, the sensitivity coefficient of
NH+NO—NNH+OH becomes significant. Furthermore, the reaction
NH2+NO=N2+H20, typically a reactivity-inhibiting reaction in NHs
flames [8], enhances flame reactivity in CHsNO2+NHs flames when
NHz% is below 80%. Generally speaking, the addition of ammonia to the
fuel blend converts part of the NO formed in nitromethane oxidation,
producing Nj that, in turn, leads to supplementary heat release. It can
also be observed that the sensitivities of several reactions change
significantly with increasing NHj3, for example, the sensitivity of the H +
0Oz = OH + O reaction decreases at 10% and 40% NHs due to the
contribution of NH. + NO = NNH + OH, which also produces OH.
However, at 80% NHs, NHs-related oxidation chemistry dominates the
reactivity where H + Oz = OH + O regains its dominance, consistent
with typical NHs combustion behavior. Additionally, the reactions HCO
+ Oz = CO + Hz0 and N20 + H = Nz + OH exhibit a reversal in sensi-
tivity sign, switching from promoting to inhibiting at 80% NHas. This
change can be attributed to their competition with H + O = OH + O,
which becomes increasingly dominant at high NHs content. The bond
scission reaction CHaNO2(+M) = CHs + NO2(+M) becomes less impor-
tant when 80% NHs is present in the fuel, likely due to the rising
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Reactions

-0.1

_IJ 11

0.0

I 0% NH,
I 10% NH,
I 40% NH,
I 80% NH,

0.1 0.2 0.3 0.4

Sensitivity Coefficients

Fig. 5. Sensitivity spectra for (CH3NO,+NH3)-+air flames, at stoichiometric conditions, 338 K, 1 atm, ®=1.

dominance of the rate-controlling reactions from NHs oxidation
chemistry.

Sensitivity analyses using the model of Mathieu et al. [15] and the
model of Shrestha et al. [45] under stoichiometric conditions with 0%,
40%, and 80% NHs in the fuel blends are presented in the SM Fig. S9.
Compared to the present model (Fig. 5), the Mathieu model shows
similar dominant reactions for pure CHsNO:z mixtures. In both cases,
HCO + NO = HNO + CO appears as the dominant inhibiting reaction,
while CO + OH = CO: + H is the dominant promoting reaction. Other
important reactions are also the same as in the present model, including
CHs + H (+M) = CH4 (+M), HCO + Oz = CO + HO3, the CHsNO:
decomposition reaction, and HCO + M = H + CO + M.

In contrast, the Shrestha model displays a different sensitivity spec-
trum for CHsNO2 mixtures. In this model, CHs + H (+M) = CHa (+M) and
NO + H (+M) = HNO (+M) are the most inhibiting reactions, while HCO
+ Oz = CO + HO: is not significant. When NHs content increases to 80%,
the discrepancies between the present model and the Mathieu model
become more apparent. While both models show strong sensitivity to
NH:2 + NO = NNH + OH and N: + H:0 reactions, the present model
identifies NH2 + NH = tHNNH + H as a key reaction, consistent with our
previous NHas flame studies [5,8]. In contrast, the Mathieu model does
not consider HNNH-related reactions to be significant; instead, it em-
phasizes only NNH-related pathways. These NNH reactions are far less
prominent in the present model. Interestingly, the Shrestha model shows
a sensitivity spectrum more consistent with the present model at high
NHa blending ratios.

This comparison may help explain the differences in model pre-
dictions. The present model aligns more closely with the Mathieu model
when CHsNO: is the dominant fuel component, due to the similarity in
CHsNO: chemistry. However, as NHs becomes the primary fuel, greater
discrepancies emerge. In contrast, the Shrestha model appears to better
match the present model under high NHs content conditions.

Sensitivity analysis at equivalence ratios ® = 0.8 and 1.5, with 0%,
40%, and 80% NHs addition, are presented in the SM Fig. S10.
Compared to stoichiometric conditions, the sensitivity spectra at ® =0.8
and 1.5 display similar dominant reactions but with varying sensitivity
coefficients and are therefore not detailed here. As in the stoichiometric
case, under both fuel-lean and rich conditions, reactions
CO+OH=—CO2+H and HCO+0,—CO+HO, play key roles in promoting
reactivity when CH3NO, constitutes a large proportion of the fuel
blends; while reaction HCO+NO—HNO-+CO is the most reactivity
inhibiting reaction. The reaction NH;+NO—NNH+OH consistently
emerges as a major promoter of reactivity with NHs addition to the fuel.

The major reaction pathways for CHsNOz and NHs at ®=1 for various
NH; blending ratios are illustrated in Fig. 6, based on the rate of pro-
duction (ROP) analysis from Chemkin Pro. The underlined numbers next
to the arrows represent the percentage of reactant species converted into
product species, through reactions with the species next to the arrows.
These percentages are calculated by dividing the rate of consumption (i.
e., the negative ROP values) of the reactant via a specific reaction
pathway by the total consumption rate of that reactant. Black arrows
and numbers denote pathways and flux percentages for CHsNO>+air
flame, while blue dashed arrows show flux for 40% (with red numbers)
and 80% NHa (with green numbers) fuel blends. It is worth noting that
NHa consumption pathways also appear in the CHsNO: and air flame;
however, the ROP values of the species in NH3 oxidation chemistry are
close to zero, therefore, the flux percentages are not shown in the pure
CHsNO: case.

In CHsNOz+-air flames, the primary carbon pathway from CHsNO: to
CO:2 is as follows: CH3NO,—CH3—CH30—-CH,0—-HCO—CO—CO,. This
aligns with Fig. 5, which highlights the importance of reactions
involving CHsO, CH20, HCO, CO, and the reaction of the bond scission of
nitromethane CHsNO2(+M)= CHs + NO2(+M). The nitrogen atom in
CHsNO: primarily converts to NO via a shorter pathway:
CH3NO2;—NO2—NO. The NO formed participates in oxidation path-
ways, such as the conversion of CHsO to CH20 through the reaction
CH30+NO=—CH20+HNO and the conversion of HCO to CO through
HCO+NO—HNO+CO. NO is also converted back to NOy through re-
actions of NO+O(+M)=NO5(+M) and NO+HO>—NO,-+OH.

With 40% NHs in the fuel blend, as illustrated by the blue pathways
and red numbers, the NHs oxidation pathway appears: NHz—
NH;—NNH-Njy. Nearly all NHs converts to NH2, which will react
directly with NO that is produced from CH3NO, through reactions
NO-+NH;—=NNH+OH (18%) and NH3+NO—N3+H>0 (23%). Conse-
quently, NO consumption pathways participated in CH30—CH20 and
HCO—CO in the neat nitromethane flame diminished to 11% and 14%,
respectively. These pathways, which inhibit flame reactivity, become
less prominent, as manifested in Fig. 5.

At 80% NHs, more NH: radicals convert into NH (31%), as NO from
CHsNO: decreases, reducing participation in NH;4+NO—N3+H20 (12%)
and NHo+NO—NNH+OH (10%), as illustrated by the green numbers.
Reactions of NHs chemistry dominate, and the lower reactivity of NHs
reduces LBV for blends with further increasing NHs%.

Fig. 7 shows the maximum mole fractions of the key species (OH, H,
0, NO, NH>) as a function of NHs%. NO decreases consistently with NHs
addition, contrasting with NH.. The maximum OH and O concentration
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occurs at 40-60% NHa. A rate-of-production (ROP) analysis for OH in
the mixtures with 0%, 40%, and 80% NHs in the fuel blends shown in the
SM Fig. S11 reveals that NO;+H—NO+OH and H + O,—OH+0 are the
primary OH-producing reactions. At 40% NHs, both pathways are highly
effective. This suggests that at this NH3 proportion, NO5 derived from
the decomposition of CH3NO; are still in a good amount to support
NOy+H=NO+OH reaction. At the same time, as NO from CH3NO,
works as an effective oxidizer in the NH3 oxidation pathways (Fig. 6),
providing more opportunities for the supplied O, in the oxidizer to react
with H, thereby enhancing the reaction H + O;—O0H+O.

5. Additional validation of the models

Most recently, Monnier et al. [11] experimentally investigated the
laminar burning velocity of NHs+(NO-+N2) mixtures. Since this work is
closely related to the present study, the models tested here were eval-
uated against their experimental results. Fig. 8 illustrates the predictions
of the present model, the models by Mathieu et al. [15] and Shrestha
et al. [45], compared with the measurements of Monnier et al. [11]. The
NO proportion in the oxidizer (NO+Nz) varies from 40% to 70%, at the
initial temperature of 298 K and pressure of 1 atm.

In Fig. 8, the model by Mathieu et al. [15] poorly predicts the LBV of
NHa+(NO+Nz) mixtures; the model of Shrestha et al. [45] over-predicts
the LBV for mixtures with 40% and 50% NO in the oxidizer, especially
on the fuel-rich side. The performance of the present model varies across
different NO percentages and equivalence ratios. It generally provides
good predictions but under-predicts LBV on the fuel-lean side with 70%
NO in the oxidizer, and over-predicts LBV on the fuel-lean side for 50%
NO in the oxidizer. Remarkably, all the most recent kinetic models
tested in Monnier et al. [11] showed over-predictions for 50% NO series.
It could be noted that the model by Han et al. [9] performed the best in
the study by Monnier et al. [11], and was the base model for the present
N/H/O sub-mechanism, developed by the authors’ group.

Figure S12 in the SM presents sensitivity analysis for 50% and 70%
NO mixtures under fuel-lean (® = 0.8) and fuel-rich (® = 1.6) condi-
tions. The reactions NH2+NO=NNH+OH and NH2+NO=N:+Hz0
demonstrate extraordinarily high sensitivity for the LBV predictions,
regardless of NO percentage or equivalence ratio. The reaction

50
NH;+(NO+N,) O 70% NO
454 298K, 1 atm A 60% NO
O 50% NO
40 4 O 40% NO
354
—~ 30
@
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L 25
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— 20+
15
10
5 -
@
0 T T T T T T
0.6 0.8 1.0 12 1.4 16 1.8 2.0

Fig. 8. Experimental (symbols) and simulated (lines) LBV of NH3+(NO+Ny)
mixtures. Experiments are from [11]. Solid lines: the present model, dashed
lines: the model of Mathieu et al. [15], dotted lines: the model of Shrestha
et al. [45].
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N+OH=NO+H also shows a strong promoting effect under fuel-lean
conditions. This agrees with analysis by Monnier et al. [11], since
these most sensitive reactions have the same directional impact on LBV,
however, it remains unclear why the model predictions are generally in
good agreement but show over-predictions on the fuel-lean side with
50% NO and under-predictions with 70% NO.

Other reactions with minor sensitivity coefficients were reviewed,
focusing on those that showed differing sensitivity coefficients for 50%
and 70% NO on the fuel-lean side. However, most of these reactions
were revisited and selected in our recent paper [5], with their rate
constants adopted from the latest theoretical studies. For example, the
rate constants for reactions HNO+H—NO+H: and NH+OH—HNO-+H
were adopted from Klippenstein et al. [56], while for NH-+H—NH-+H
was taken from Li and Sarathy [57]. The reaction NNH+H = N2+H was
adopted from theoretical calculations by Klippenstein et al. [58], which
choice was noted in [5] for further analysis. If the experimental data and
their uncertainty ranges in Monnier et al. [11] are trustworthy, these
reactions should be further studied in the future with dedicated work.
For now, they will be retained as is, without being tuned to match the
experimental results.

6. Conclusions

In this work, laminar burning velocities of (CH3NO2+NH3)-+tair
mixtures are investigated for the first time. The NH3 proportion in the
fuel (NH3%) varies from 0% to 80%, with equivalence ratios varying
from fuel-lean side to fuel-rich side, at a fixed experimental temperature
of 338 K and pressure of 1 atm. The promoting effect of NH3 on the LBV
of CH3NO, was observed when the NH3 proportion was below around
70% in the fuel, and the maximum promoting effect was found at 40%
NHs.

An updated model based on previous iterations of the authors was
proposed and compared against the present LBV measurements,
together with the models of Mathieu et al. [15] and Shrestha et al. [45].
It was found that both the present and the model of Mathieu et al. [15]
give very good predictions for the present (CH3NOo+NHg)+-air flames.

The present model was employed for kinetic analysis, revealing that
the reaction NH+-NO=NNH+OH plays a dominant role in influencing
the LBV with NHs addition. Flux analysis confirmed that interactions
between NHs and CHaNO: occur primarily through reactions of NH>
radicals with NO, which is directly produced from CHsNOz. The highest
concentrations of free radicals (H, O, OH) were observed at approxi-
mately 40% NHa. Rate-of-production (ROP) analysis showed that OH
radicals are predominantly formed through the reactions H +
0:=0+0H and NOz+H=NO+OH, both of which are significantly pro-
moted at 40% NHs addition.

Novelty and significance statement

The present study, for the first time, investigated the LBV of
(CHsNO2+NHs)+air mixtures. Unlike the inhibiting effect of NHs on
hydrocarbon fuels, a promoting effect was observed with the addition of
NHs to CHsNO:2 fuel. This effect was found to result from the interaction
between NHs and NO through the reaction NH>+NO—NNH-+OH. The
present study also introduces an updated kinetic model, based on iter-
ative versions developed by the authors, which accurately predicts the
LBV of the investigated fuel blends. Hence, this work contributes to the
development of CHsNO: chemistry and provides valuable insights into
NH:+NO interaction.
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