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Abstract 
 
Natural gas (NG) represents a promising low-cost/low-emission alternative to diesel fuel when used in high-
efficiency internal combustion engines. Advanced combustion strategies utilizing high EGR rates and controlled 
end-gas autoignition can be implemented with NG to achieve diesel-like efficiencies; however, to support the 
design of these next-generation NG ICEs, computational tools, including single- and multi-dimensional 
simulation packages will need to account for the complex chemistry that can occur between the reactive species 
found in EGR (including NOx) and the fuel. Research has shown that NOx plays an important role in the 
promotion/inhibition of large hydrocarbon autoignition and when accounted for in CFD engine simulations, can 
significantly improve the prediction of end-gas autoignition for these fuels. However, reduced NOx-enabled NG 
mechanisms for use in CFD engine simulations are lacking, and as a result, the influence of NOx chemistry on 
NG engine operation remains unknown. Here, we analyze the effects of NOx chemistry on the prediction of 
NG/oxidizer/EGR autoignition and generate a reduced mechanism of a suitable size to be used in engine 
simulations. Results indicate that NG ignition is sensitive to NOx chemistry, where it was observed that the 
addition of EGR, which included NOx, promoted NG autoignition. The modified mechanism captured well all 
trends and closely matched experimentally measured ignition delay times for a wide range of EGR rates and NG 
compositions. The importance of C2-C3 chemistry is noted, especially for wet NG compositions containing high 
fractions of ethane and propane. Finally, when utilized in CFD simulations of a Cooperative Fuels Research 
(CFR) engine, the new reduced mechanism was able to predict the knock onset crank angle (KOCA) to within 
one crank angle degree of experimental data, a significant improvement compared to previous simulations 
without NOx chemistry. 
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1. Introduction 
 
Natural gas (NG) fueled internal combustion 

engines (ICE) represent promising alternatives to 
traditional diesel fuel-based powerplants, especially 
in difficult-to-electrify applications, including 
medium- and heavy-duty transportation sectors, off-
road applications, remote power generation, and 
marine propulsion [1, 2]. The interest in NG fuel 
arises from its lower cost, on an energy-equivalent 
basis, compared to diesel fuel [1] and its potential to 
reduce CO2-based greenhouse gas (GHG) emissions 
owning to its high mass-specific heating value and 
its low C/H ratio as a result of being primarily 
composed of Methane (CH4). This potential can only 
be realized if NG ICEs can achieve diesel-like 
efficiencies, but, unfortunately, the efficiency, 
transient load response, and CH4-based GHG 
emissions from state-of-the-art spark-ignited (SI) NG 
engines are inferior to their diesel counterparts. To 
mitigate these issues, high exhaust gas recirculation 
(EGR) rates coupled with advanced combustion 
modes such as Controlled End-Gas Autoignition (C-
EGAI), i.e., where the unburned gas ahead of the 
flame is subjected to auto-ignition (similar to engine 
knock) while controlling the onset and pressure rise 
of the autoignition event to prevent destructive 
knocking, have been demonstrated and are proven 
strategies to achieve diesel-like efficiencies (~44%) 
and significantly reduce cylinder out CH4 emissions 
[2-5]. Employing such combustion control strategies 
for multiple applications will require uniquely 
designed engine platforms and thus will necessitate 
an understanding and ability to accurately model the 
chemistry, including those with NOx species 
(present in the EGR), to accurately predict/control 
the onset of End-Gas Autoignition (EGAI) [3]. 

Research has shown that a small amount of NOx 
(NO and NO2) can strongly influence hydrocarbon 
autoignition, both promoting and inhibiting 
autoignition, depending on the reactant 
thermodynamic conditions, composition, and NOx 
concentrations [6-8]. These previous works, which 
have primarily focused on gasoline-based fuels, 
including Primary Reference Fuels (PRF) (n-
heptane, iso-octane, and toluene) and ethanol, have 
shown that NOx chemistry inhibits autoignition at 
low temperatures (<700 K) and higher 
concentrations (>30 ppm) as a result of NOx 
impeding the well-known low-temperature RO2 
ignition pathway. In contrast, faster ignition of PRFs 
at medium to high temperatures has been observed 
and attributed to the production of OH via 
NO+HO2=NO2+OH (R1) [6]. However, this 
autoignition promotion becomes weaker as NOx 
concentrations are increased due to the decreased 
rate of formation of HO2, which subsequently 
reduces the rate of formation of OH via R1 [6, 9]. 
There have also been a few fundamental chemical 
kinetic studies showing the influence of NOx 
chemistry on the autoignition of smaller HCs which 

make up NG, such as CH4 [7], C2H6 [10-13], and 
C3H8 [14], with the degree of influence being unique 
to each fuel species as well as pressure- and 
temperature-dependent. Since NG is not constrained 
to specific reactivities, due to varying compositions, 
as is the case with gasoline, there is a need to 
understand and predict the combined influence of 
NOx with representative NG blend variations, 
composed of smaller and larger hydrocarbons that 
behave differently in the presence of NOx [7]. 

There is a growing body of evidence highlighting 
the importance of NOx chemistry on SI ICE 
operation via simulation with the majority of work 
also being conducted with PRFs [15, 16]. Chen et al. 
[17], using a Cooperative Fuel Research (CFR) 
engine fueled with iso-octane, found that the onset of 
knock varied significantly with intake charge 
temperature and NO concentration, where low levels 
of NO (<200 ppm) at an intake charge temperature 
of 52 °C promoted EGAI, i.e., advanced the onset of 
knock, but high levels of NO at lower temperatures 
suppressed (or retarded) the onset of EGAI. 
Morganti et al. [18] showed that NO addition in the 
residual gas strongly promoted liquefied petroleum 
gas (LPG) EGAI and that NO chemistry was 
necessary for their models to obtain good agreement 
with experimental data. However, to the best of the 
authors’ knowledge, there have not been detailed 
kinetic studies exploring the importance of NOx 
chemistry on the autoignition tendencies of NG 
mixtures, especially while considering the variability 
in NG compositions that exist within the supply 
chain. Furthermore, a reduced chemical kinetic 
mechanism suitable for Computational Fluid 
Dynamics (CFD) ICE simulations is nonexistent, and 
thus the influence of NOx chemistry on NG engine 
operation remains unknown. 

Mohr et al. [19, 20] investigated the effect of NG 
reactivity, EGR substitution rates, and EGR 
composition on homogeneous ignition delay times 
(IDT), laminar flame speeds, and EGAI for 
stoichiometric NG/oxidizer/EGR blends using a 
laser-ignited rapid compression machine (RCM). 
The study investigated three unique NG blends 
spanning reactivities representative of those 
experienced by NG compositions found in the 
United States. Each of these NG formulations was 
blended with varying levels of a non-reactive (NR-
EGR) and reactive EGR (R-EGR), and the IDTs 
were measured at compressed pressures and 
temperatures ranging from 30-34 bar and 929-1019 
K, respectively. For the NR-EGR, which was only 
composed of inert species (CO2 and Ar), the 
homogeneous IDTs were suppressed as EGR rates 
increased while maintaining similar compressed 
temperatures and pressures. This trend was observed 
for all NG fuel blends. However, for the blends 
including R-EGR, which included NO and CO at 
concentrations mimicking those measured from 
complementary engine tests combined with the inert 
species of CO2 and Ar, an opposite trend was 
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observed with shorter homogeneous IDTs occurring 
at higher EGR rates (under similar compressed 
temperatures and pressures) for all NG fuel blends. 
Removing CO (and keeping NO) from the R-EGR 
blend had no noticeable effect on the fuels’ IDTs, 
and measured flame speeds were indistinguishable 
between the R-EGR and NR-EGR blends (when the 
EGR rate and the compressed temperatures/pressures 
were fixed). These results, which were taken under a 
much more controlled setting of an RCM, signify the 
importance of NO ignition chemistry for EGAI of 
NG fuels and represent a valuable data set to support 
the construction of a predictive yet tractable 
chemical mechanism for use in NG engine 
simulation and design.  

In this study, a reduced NG/oxidizer/NOx 
combustion mechanism was developed with the aim 
to be of suitable size for multi-dimensional CFD 
engine simulations while capturing the non-trivial 
interactions of varying NG blends/activities with 
NOx. To generate the new reduced NG/NOx 
mechanism, NOx chemistry was added to the 
previously developed reduced NG mechanism by 
Mohr et al. [19, 20] called ARIES82 and was 
validated using previously published IDT data [19, 
20]. In this work, a brief discussion on the important 
species and reactions for NG/NOx oxidation is 
provided and the mechanism’s performance is 
compared to state-of-the-art detailed mechanisms 
(i.e., NUIG Mech1.2 and ARAMCO 3.0). Finally, 
the newly generated reduced NG/NOx mechanism 
was employed in a multi-dimensional CFD ICE 
simulation and compared to experimental engine test 
data, highlighting the importance of NOx chemistry 
on NG EGAI prediction under engine-relevant 
conditions [3, 4].  

 
2. Methods 
 
2.1 Ignition Delay Measurements 

 
The experimental data utilized in this study was 

gathered by Mohr et al. [19, 20] and is briefly 
described in this section. Utilizing the RCM 
described in [19], Mohr et al. tested three synthetic 
NG fuel compositions with varying concentrations of 
CH4, C2H6, and C3H8 to simulate the spread in 
reactivity (quantified by the Methane Number) seen 
in the US NG supply chain. The three synthetic NG 
compositions referred by Mohr et al. as dry, mid, and 
wet are provided in Table 1, along with their 
calculated Methane Number (MN). Mohr et al. 
conducted tests with synthetic EGR substitution rates 
at 0%, 10%, 20%, and 30% by mass for each fuel 
composition. The synthetic R-EGR composition, 
shown in Table 2, was chosen to simulate a typical 
medium-duty SI NG engine EGR composition. 
Although EGR composition will change with engine 
operating conditions, the same composition was used 
across all test points to maintain consistency. 
Additionally, the mid fuel composition was also 

tested with an NR-EGR composition to assess the 
effect of reactive species in the EGR on NG 
homogeneous autoignition. The NR-EGR 
composition is also provided in Table 2. 

 
Table 1 

Fuel compositions utilized to analyze NOx influence on NG 

homogeneous autoignition. Concentrations are in Mol%. 

Species Dry Mid Wet 

CH4 99% 95% 82% 

C2H6 0.5% 4% 15% 

C3H8 0.5% 1% 3% 

MN 95 86 68 

 

Water was excluded from their tests to avoid 
condensation and ensure even mixing which, 
according to Mohr et al., had an accuracy of 0.25%. 
CO2 concentration was increased to match the ratio 
of specific heats, γ, to an actual EGR blend 
containing H2O. Argon (Ar) replaced N2 to achieve 
higher compressed temperatures and pressures for 
the same compression ratio by increasing the 
mixture’s γ. 

 
Table 2  

Synthetic EGR compositions utilized to analyze NOx 

influence on NG autoignition. Concentrations are in Mol%. 

Species Reactive EGR Non-Reactive EGR 

Ar 79.3% 80% 

CO2 20.0% 20% 

CO 0.35% - 

NO 0.35% - 

 
Each fuel and EGR composition were tested at a 

fixed initial pressure of 1 bar and three different 
initial temperatures: 35 °C, 45 °C, and 55 °C. This 
approach resulted in multiple compressed 
temperatures (929-1019 K) at similar compressed 
pressures (30-34 bar). Only points with compressed 
temperatures within ±10 K of weighted average were 
selected for analysis. The homogeneous IDT was 
calculated as the time after the RCM’s pistons 
reached top dead center (TDC) to the time 
corresponding to the maximum pressure gradient. 

Mixture preparation was performed as described 
by Mohr et al. [19, 20], where, to ensure good 
mixing, NG/oxidizer/EGR mixtures were stored in 
mixing tanks for up to 2 hours. As noted in [7], 
extended storage of mixtures containing NO and O2 
can lead to NO conversion into NO2 via 
2NO+O2�2NO2. In this study, constant volume 
calculations were performed to estimate the correct 
amount of NO converted into NO2 after 2 hours of 
mixing, and this composition was used in the 
homogeneous IDT calculations. For the 30% R-EGR 
mixtures, roughly 90% of NO was consumed to NO2 
over the course of the 2-hour mixing duration. 
Results of these simulations and the impact of the 
NO to NO2 conversion on predicted ignition delays 
are provided in the supplementary materials, Figures 
2S-5S and Table 1S. 
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2.2 Chemical Mechanism Development 
 

The reduced NG chemical mechanism ARIES82 
[19, 20] (82 species and 518 reactions), which was 
generated by reducing ARAMCO 3.0 using the 
Directed Relation Graph with Error Propagation 
(DRGEP) method and proven to successfully capture 
NG autoignition in both 0-D simulations of the RCM 
and 3-D simulations of an engine without NOx [3, 
4], was used as the base mechanism to subsequently 
incorporate NOx chemistry. The choice of starting 
from a reduced mechanism instead of reducing from 
a large, detailed mechanism came due to the fact that 
detailed mechanisms available at the time of 
conducting this study failed to accurately reproduce 
NG/NOx IDTs as shown later in the manuscript, 
whereas ARIES82 accurately captured NG IDTs 
times (without NOx species) and already had a 
suitable size for multi-dimensional engine 
simulations. The NOx-containing ARIES82 
mechanism, hereafter referred to as ARIES82NOx, 
was generated by incorporating the NOx-chemistry 
subset from the mechanism developed by Dagaut 
and Dayma [21] and the complete C3+NOx sub-
mechanism from NUIG Mech1.1 [22-30]. The final 
ARIES82NOx reduced mechanism incorporated 141 
species and 783 reactions, an acceptable size for use 
in full-cycle ICE CFD simulations. Although the 
focus of this work is the ARIES82NOx mechanism, 
this mechanism was further reduced to improve 
computational efficiency of multi-dimensional 
engine simulations using the DRGEP method and 
sensitivity analysis, targeting a 1% deviation in IDTs 
predicted by ARIES82NOx. The resultant further 
reduced mechanism, referred to as ARIES50NOx, 
contains 50 species and 257 reactions. IDT 
calculation results using ARIES50NOx are shown in 
the supplementary materials, Figure 6S. 

 
2.3 Simulation Approach 

 
The upgraded ARIES82NOx reduced mechanism 

was evaluated by comparing homogeneous IDT 
calculations for all three NG compositions, EGR 
compositions, and conditions tested in the previous 
RCM experimental campaign by Mohr et al. [19, 
20]. Variable Volume 0-D Simulation toolbox 
available in CONVERGE version 3.0.25 [31] was 
used to perform all IDT calculations. The ‘adiabatic 
core hypothesis’ [32] was used to capture heat loss 
effects, and the procedures highlighted in [33] were 
used to calculate the time-dependent gas 
temperatures and the adiabatic core volume for use 
in IDT calculations. IDTs are subsequently plotted 
versus top dead center (TDC) temperatures for 
simplicity; however, the transient volume traces used 
to perform the IDT calculations and account for heat 
losses within the RCM experiments are available 
upon request. Ignition sensitivity analyses were 
performed with the ARIES82NOx mechanism using 
CONVERGE v3.0.25. IDT calculations and 

sensitivity analysis were also performed with the 
recently published NUIGMech1.2 detailed 
mechanism (2857 species, 11809 reactions) with 
updated CH4-NOx chemistry [7] for comparison. 

CFR engine simulations were then performed 
using ARIES82NOx with CONVERGE version 
2.4.35 [31]. Boundary conditions matched those 
reported in previously published engine tests, which 
explored the role of varying EGR rates and 
controlled EGAI on NG SI ICE efficiency [3, 4].    

 
3. Results and Discussion 

 
3.3 Homogeneous Ignition Delay 
 

Figure 1 compares the calculated IDTs plotted 
versus the inverse of the TDC temperature to the 
previously published experimental data from Mohr et 
al. [19, 20]. Cases with and without reactive EGR 
(R-EGR) for all three NG compositions are shown. 
Included are calculations using the newly developed 
reduced mechanism, ARIES82NOx, ARIES82  [19, 
20] (for the cases without EGR addition), and the 
state-of-the-art detailed mechanisms NUIG Mech1.1 
[22-30] and NUIG Mech1.2 [7]. While not shown, 
mixtures containing 10% and 20% R-EGR were 
simulated and compared to experimental data and 
used to assess mechanism errors. These intermediate 
R-EGR data did not show any unusual trends, except 
the large discrepancies with NUIG Mech1.1, and are 
provided in the supplementary materials, Figure 6S.  

As can be seen in Figure 1, the addition of R-EGR 
to the NG/oxidizer mixtures enhances the chemical 
reactivity and shortens the IDTs of all NG mixtures. 
ARIES82 agrees well with the data absent of EGR 
(and NOx) whereas NUIG Mech1.1 shows the 
largest discrepancies for drier fuels in the presence of 
R-EGR, confirming our choice of using the 
ARIES82 mechanism as the foundation on which to 
add NOx-chemistry. Although the results shown in 
Figure 1 of IDTs from NUIG Mech1.1 seem 
promising, additional data shown in the 
supplementary materials (Figure 6S) show the large 
discrepancies for the Dry and Mid fuels with R-EGR 
addition. On the other hand, the results with the 
newly developed reduced mechanism, 
ARIES82NOx, show good agreement with the 
experimental data, demonstrating an average 
absolute error in calculated IDT of 19.1%. The 
average of the absolute errors found for the NUIG 
Mech1.2 was 18.5%, only slightly lower than that 
found with ARIES82NOx. Interestingly, 
ARIES82NOx and NUIG Mech1.2, generally 
followed similar trends when compared to the 
experimental data, for example, both calculating 
faster IDTs for the wet fuel than observed in the 
experiments. The general overlap between the 
reduced and detailed mechanism substantiates the 
robustness of the reduced mechanism in predicting 
NG IDTs in the presence of NOx species. 
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Figure 2: Sensitivity Analysis results for the Wet fuel with 

30% R-EGR. The top graph shows ignition-promoting 

reactions, and the bottom graph shows inhibiting reactions. 
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3.4 Sensitivity Analysis 
 

A sensitivity analysis was performed using 

ARIES82NOx and compared to that of NUIG 

Mech1.2 mechanism to (1) expand on a recently 

published study investigating CH4–NOx chemistry 

by highlighting the important reactions when C2-C3 

species are present and (2) to further validate the 

chemistry being captured by the reduced 

ARIES82NOx mechanism by comparing it to a state-

of-the-art, detailed chemical kinetic mechanism [7]. 

Figure 2 compares the ten most ignition-

promoting (top) and inhibiting (bottom) reactions in 

the ARIES82NOx mechanism to that of NUIG 

Mech1.2 for the wet fuel with a 30% R-EGR 

substitution rate at TDC temperature of 948 K and 

TDC pressure of 32 bar. These analyses were 

conducted to match the RCM conditions and thus 

were performed using the updated composition after 

the mixture was allowed to sit for 2 hours (i.e., with 

the majority of the NO being converted to NO2). As 

shown in Figure 2, although there are some slight 

differences in the normalized sensitivity coefficients 

between the detailed and reduced mechanism, as is 

expected due to the considerably different number of 

reactions in each, the leading reactions responsible 

for both promoting and inhibiting autoignition are 

essentially the same. As noted by Sahu et al. [7],  

CH3+NO2�CH3O+NO is the most important NG 

ignition promoting reaction as it feeds the main 

hydrocarbon oxidation pathway of methane with the 

production of methoxide (CH3O). However, the 

competing reaction, which occurs with a third body 

to form nitromethane (CH3NO2), is an endothermic 

reaction that is very sensitive to reducing system 

reactivity and extending IDTs.  

For NG fuels, there are several reactions with C2-
C3 species that are important, including RH+NO2 � 
R+HONO which enhance fuel consumption, and 
thus, autoignition. Additionally, for the wet fuels, 
NUIG Mech1.2 indicates that the formation of 
Nitroethane, C2H5NO2, is important for inhibiting 
autoignition; however, this reaction does not appear 
in the ARIES82NOx sensitivity analysis since the 
sub-mechanism for the formation and oxidation of 

Figure 1: IDT calculation results for all fuels without (top row) and with 30% R-EGR (bottom row). 
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C2H5NO2 is not present in the reduced mechanism. 
Its addition would result in a considerable number of 
added reactions without considerably improving the 
IDT calculation accuracy. Sensitivity analyses were 
also performed for the dry NG composition 
(provided in supplementary materials, Figure 9S) 
and as expected, showed less sensitivity for the C2-
C3 reactions on ignition than the wet fuel. 
Interestingly, for these conditions, the sensitivity 
analyses do not indicate R1 nor NOx obstruction on 
RO2 chemistry as being important even for the wet 
NG fuels, despite their known sensitivity to the 
ignition of larger hydrocarbons. 

A sensitivity analysis was also conducted using 
the unaffected composition (with all NOx being 
comprised of NO) as would be seen in an engine. 
Interestingly, with NO present the analysis shows 
that RO2+NO reactions promote autoignition for 
methyl fuel radicals; however, the same class of 
reactions for C3 and larger HCs result in inhibition. 
This can be explained due to the fact that RO2+NO 
will form RO+NO2, which is CH3O+NO2 for C1 
species, feeding the main HC oxidation pathway, 
whereas, for C3, the pathway will ultimately form an 
olefin+HO2. The results of these sensitivity and 
pathway flux analyses are provided in the 
supplementary materials (Figures 9S, 10S, and 11S). 

 
3.5 Laminar Flame Speed 
 

As a further validation on the robustness of 
ARIES82NOx in capturing NG combustion, Laminar 

Flame Speed (SL) calculations were performed and 
compared to ARAMCO 3.0, the mechanism used to 
generate SL lookup tables in [3, 4]. The excellent 
agreement of calculated SL between the two 
mechanisms further validates its robustness and 
suitability to be used in NG engine simulations. 
These SL results are shown in the supplementary 
materials, in Figure 7S. Figure 3 shows additional SL 
calculations comparing the effect of R-EGR versus 
NR-EGR on SL for stoichiometric Mid fuel 
combustion at varying temperatures and EGR ratios. 
Similarly to what was observed by Mohr et al., there 
is no noticeable difference between the effects of R-
EGR and NR-EGR up to temperatures of 800 K; 
however, beyond 800 K the addition of R-EGR 
seems to enhance reactivity and increases SL. The 
authors speculate that, due to the higher 
temperatures, H-abstraction is increased which, 
combined with higher rates of NO formation, 
enhances reactivity. Additionally, higher 
temperatures result in greater Nitromethane 
(CH3NO2) dissociation, whose formation, as shown 
in the previous section, is the most inhibiting 
reaction. Figure 8S in the supplementary materials 
shows mass fractions distributions supporting this 
speculation; however, this topic needs further 
analysis. 

 
4. Impact on Engine Simulations 

 

 
Figure 3: Effect of R-EGR versus NR-EGR on the Mid 

fuel's SL. The same SLs are observed up to 800 K, 

agreeing with Mohr et al. results. SLs at higher 

temperatures need further analysis. 
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Multi-dimensional CFR engine CFD simulations 
were carried out with both the ARIES82 and 
ARIES82NOx mechanisms and compared to 
experiments to explore the impact of NOx containing 
EGR on engine performance. The CFR engine CFD 
model developed in [3], calibrated using the 
ARIES82 mechanism, was used to analyze the 
effects of NOx chemistry on the prediction of NG 
EGAI. In this work, the model (originally run with 
ARIES82, without NOx) was rerun with the newly 
developed reduced mechanism, ARIES82NOx, while 
keeping the same boundary and initial conditions as 
well as the same calibration parameters, i.e., nothing 
was changed in the model except for the chemical 
mechanism and the EGR composition. The model 
was run with the intake, exhaust, and residual gas 
compositions updated to properly match the EGR 
composition that was experimentally observed, 
which contains NO and whose composition is shown 
in Table 3. Pipeline NG fuel with an MN of 69 was 
used. The detailed composition of which can be 
found in [3]. Due to the absence of NOx species in 
the ARIES82 mechanism, only complete combustion 
products had been assumed for the EGR composition 
in the previous work [3]. Two operating points were 
simulated with varying compression ratios, Indicated 
Mean Effective Pressures (IMEP), EGR ratios, and 
CA50s, all at a constant engine speed of 900 RPM. 
This sweep of parameters led to various values of 
knock onset crank angle (KOCA), or the crank angle 
at which EGAI occurs, and fractional end-gas 
autoignition (f-EGAI), which we define as the 
fraction of the energy released from the EGAI event 
normalized by the total heat release. Table 4 
summarizes the experimental engine conditions for 
the selected simulated cases. Additionally, ‘Case 1’ 
was also run using ARIES50NOx to assess its 
accuracy and computational performance in multi-
dimensional engine simulation. 

 
Table 3 

EGR composition used in the CFD ICE simulations. 

Exhaust Composition 

Species Mol 

CH4 (THC) 0.09% 

CO 0.06% 

NO 0.14% 

N2 74.52% 

CO2 8.78% 

H2O 16.09% 

 
Figure 4 shows the simulated pressure (taken from 

a monitor point matching the position of the cylinder 
pressure transducer in the experiments) and the 
Apparent Heat Release Rate (AHRR) profiles for the 
two simulated cases with the respective individually 
resolved cycle (gray) and a representative cycle 
(black), chosen to be the cycle with the maximum 
cylinder pressure closest to the average of all cycles 
maximum pressure, from the experimental data. 
These plots also include: (1) The original simulation 

data with ARIES82 without NOx (red trace), (2) the 

 

Figure 4: Cylinder pressure and AHRR with overlaid 

KOCA obtained from experimental data and CFD 

simulations using ARIES82 (red) and ARIES82NOx 
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simulation data using ARIES82NOx (blue trace), 
and (3) the simulation data using ARIES50NOx 
(green trace) with the experimentally observed 
EGR/residual gas composition. Also reflected are the 
measured and predicted KOCA noted by the overlaid 
symbols. 

 

 
In both cases, the addition of NOx chemistry 

advances the onset of EGAI and leads to a better 
representation of the engine pressure data, and more 
accurately reflects the onset of EGAI indicated in the 
AHRR plots. Table 5 shows a comparison of the 
mean experimental KOCAs of all 1000 engine cycles 
and the predicted/simulated KOCA using ARIES82 
and ARIES82NOx. As can be clearly seen, the 
results for KOCA significantly improve, allowing 
the CFR engine simulations to match KOCA within 
1.0 crank-angle degree (°CA) of the experimental 
values when using the ARIES82NOx mechanism. 
Although not shown in Table 5, ARIES50NOx 
predicts a KOCA 1.28 deg. earlier than the 
experimental mean. Important to notice is the 
direction of the change. Similar to the RCM 
experiments, the system’s reactivity when utilizing 

ARIES82NOx is enhanced, and the onset of EGAI is 
advanced by over 2 °CA. ‘Case 2’ further highlights 
the importance of using a NOx-containing 
mechanism even in cases without EGR, where the 
NOx formed during combustion remaining in the 
residual gas is sufficient to influence EGAI and 
improve the CFD simulations. Additionally, as 
observed by Mohr et al. and discussed in §3.2, NOx 
species do not seem to influence flame propagation 
in the CFD simulations since the pressure traces and 
AHRR before the onset of EGAI nearly overlap. 
Lastly, Figure 4 also shows the excellent agreement 
of ARIES50NOx with experimental data, 
showcasing its accuracy, while reducing simulation 
time during the combustion section by nearly 50%. 

Leveraging the CFD results and the predicted 
spatial distribution of CH3, NO2, NO, and OH 
concentrations at onset of EGAI (Figure 5, ‘Case 2’) 
one can visualize and better understand the 
mechanisms responsible for EGAI described in §3.2 
that occur within the engine. Figure 5 illustrates that 
at the same location where the concentrations of CH3 
and NO2 significantly decrease (top row), there is a 

corresponding increase in the concentrations of NO 
and OH, which is an indication of the reaction 
sequence CH3+NO2 � CH3O+NO and NO+HO2 � 
NO2+OH, the importance of which was previously 
discussed with the homogeneous IDT results and in 
[7]. If the subsequent timesteps were to be plotted, 
the same pattern of lower concentrations of CH3 and 
NO2 corresponding to the locations of higher 
concentrations of NO and OH would continue and 
indicate the areas undergoing EGAI. 

 

 
5. Conclusions 

In this study, the importance of accounting for 
NOx chemistry on the prediction of NG autoignition 
was assessed and a reduced mechanism suitable for 
engine simulations was generated and validated with 
published homogeneous ignition and engine test 
data. The reduced ARIES82NOx mechanism is 
comprised of 141 species and 783 reactions and was 
developed by including previously published NOx 
chemistry subsets with the previously published and 
validated ARIES82 reduced NG mechanism. The 
updated and reduced mechanism predicted shorter 
ignition delays with the addition of a reactive EGR 
containing NO & NO2 for three different NG 
compositions/reactivities and reflected RCM data 
resulting in less than a combined 20% deviation 
between the predicted and measured IDTs. A 
sensitivity analysis was performed where it was 
noted that due to the presence of large amounts of 
methane in NG, ignition is generally promoted when 
NOx containing EGR is present due to key reactions 
that accelerate the oxidation of methyl radicals. In 
addition, both the detailed and the reduced 
mechanisms identified several new initiation 
reactions that become important with C2 and C3 
species present in NG. Finally, the newly generated 
reduced mechanism was applied in CFD engine 
simulations where it was noticed that simulations 
which included NOx chemistry, even in cases 
without EGR, predicted an advanced KOCA that 

Eng. Spd IMEP CA50 Pin Tin

(RPM) (bar) (° aTDC) (bar) (°C)

Case 1 9.55 903 12 17% 1.00 12 1.6 61

Case 2 12.30 900 8 0% 1.01 12 0.9 60

Test Case CR EGR Lambda

Table 1 

Simulated engine operating conditions 

Table 2  

Simulated KOCA results comparison between ARIES82 

and ARIES82NOx. 

Experimental ARIES82 Error ARIESNOx Error

Case 1 14.0 16.9 2.9 13.6 -0.4

Case 2 10.3 12.1 1.8 9.8 -0.5

Test Case
KOCA (deg. aTDC)

Figure 5: Spatial distribution of CH3, NO2, NO, and OH. 

Highlighted locations show the onset of EGAI. 
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more closely matched the measured KOCAs 
compared to the simulations which excluded NOx. 
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