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Automobile manufacturers such as BMW, Ford, and Changan have developed
hydrogen- fueled internal combustion engines (HICEs) and used them in their
cars. Data obtained from demonstration operation vehicles have shown that
HICEs have good power performance and reliability, with almost zero carbon
emissions [1-5].

However, NOX is one of the primary harmful major pollutants emitted by from
HICEs. Previous studies have shown that HICEs usually generate large
amounts of NOXx emissions under high loads, which is an rather inevitable
phenomenon and is attributed to the temperature rise within in the cylinder
[6-9]. Various tTechnologies, such as lean burn, retarded ignition, and exhaust
gas recirculation, have been found to be effective in reducing NOXx emissions.
However, although these studies have investigated response the variation inof
NOX emissions to the variation of with changes in the control parameters of IC
engines, using experimental methodscontrol parameters were experimentally
obtained in these studies, insight on the mechanism of formation mechanism
of NOXx formation was insufficiently reportedhas not been discussed in
sufficient detail.

Conventional internal combustion (IC) engines emit large quantities of
greenhouse gases and other harmful pollutants, negatively which have an
adverse impacting on the environment. This urges us tonecessitates the
search for alternative fuels with low carbon emissions for IC engines [10-11].
Hydrogen, a clean and renewable resource, is considered a promising
candidate by many researchers [12-14].

Oxidation of nitrogen under high temperature involves complex reactions;, the
effective analysis of which these reactions often requires the useemployment
of chemical kinetics. In tThis studypaper, aims to elucidate the underlying
physical mechanisms at various engine loads. To this end, by we creating
developed a chemistry-coupled 3-D CFD model based on an existing HICE
prototype, we to investigate the combustion and pollutant- formation
processes occurring inside the cylinder., with the aim of elucidating the
underlying physical mechanisms at various engine loads.

1 Method and model

1.1 HICE

The HICE that tThe numerical model wasis based on is a 4four-cylinder, 4four-
stroke, normally naturally aspirated, spark ignition HICEengine, with a cylinder
displacement of 0.50 L. Table 1 presents Tthe main parameters specifications
of the engine are shown in Table 1.

A 3-D model of the engine wasis created using Pro E. In order tTo simplify the
computation, the differences of in air intake amongbetween the cylinders
wereare neglected; the constructed model only containeds a single cylinder,
intake and exhaust channels, a hydrogen injectorion, and a valve, as shown in
Fig. 1. The model wasis then imported into the CONVERGE CFD software as an
STL file, where the boundaries for different zones, base mesh size, and mesh
refinement criteria wereare set. CONVERGE automatically generateds a
computational grid during simulation. The base element size wasis set to 8
mm. Meshes of the cylinder boundary, internal zone, and valve employed 2 - 4
levels of refinement , whereas the regions with sharp temperature and
pressure changes around the spark and flame front used a level-5 refinement.
The element size of the flame zone wasis set to 0.5 mm. The number of
elements for combustion simulation wasis over 480,000 .

1.2 Combustion model

The SAGE detailed chemistry solver SAGE wasis used, where the chemical
reaction mechanism wasis led by initial values . The built-in chemical
mechanism, in the Chemkin format, wasis saved in the working directory and
couldan be called during the combustion simulation. Containing 69 H—-O--N
elementary reactions, the GRI-Mech 3.0 mechanism has been widely used by
researchers and proven to have high accuracy [15]. In this study, our The
simplified mechanism proposed in this study, derived based on the sensitivity
analysis of the detailed GRI-Mech 3.0 mechanism, contains 22 reversible
elementary reactions, which are, saved inas a text file . In
particularParticularly, the N—-O mechanism includes the commonly used NO,
NNH--NO, and N20--NO paths, capable of revealing the details of NO
formation. The initiation temperature of the reaction mechanism wasis set to
858 K. The ignition model wasis set to the energy release mode. Within the
initial 0.5 °CA, 60% of the ignition energy (set ats 20 mJ) wasis released within
a small area near the spark plug. The rest of this energy wasis released within
the subsequent 2 °CA. The resultant rise in local temperature rise therefore
initiateds the reaction mechanism. The software then computeds the
chemistry using the built-in thermodynamic properties of the reactants,
intermediates, and products.

1.3 Flow, heat transfer, and injection models and simulation parameter
settings

The flow field affects the flame propagation speed. The turbulence inside the
cylinder wasis simulated using a RANS k-g& model, where the instantaneous
velocity wasis decomposed into a mean part and a fluctuating part. The
hydrogen injection wasis set as to a unit mass flow. The initial conditions
wereare set based on our experience. The main temperature boundary
conditions included piston temperature = (550 K), cylinder wall temperature =
(450 K), and cylinder head temperature = (420 K). The simulation step wasis
set to 0.01 °CA. The throttle valve wasis set to fully open in the simulation. The
variations of thermodynamic parameters and elementary reaction rates with
the crank angle are were calculated at a fuel—-air equivalence ratio of 0.6 -
1.0, 3000 r/min, and --14 to - 4 degrees before TDC (top dead center (TDC)).
1.4 Model verification

The NOXx emissions results obtained from the simulation show are in rather
good agreement with the previous experimental data [16], as shown in Fig. 2.
The computed values are slightly lower than the corresponding experimental
ones, with a maximum error of 11.06%. This is mostly because the calculated
flame propagation speeds are higher than the actual ones in the experiment,
which is consistent with the findings from other studies in the literature.

2 Results and discussions

Using the constructed model, the combustion and emissions characteristics
under different fuel—-air equivalence ratios wereare examined in the
simulation.

2.1 Cylinder pressure and temperature variations

Figures 3 and 4 show the cylinder pressure and mean temperature curves
under different equivalence ratios, respectively. When the equivalence ratio
wasis 0.6, the maximum cylinder pressure wasis 5.08 MPa and the maximum
mean temperature wasis 2264 K, whereas these two numbers wereare 6.32
MPa and 2916 K, respectively, when the equivalence ratio wasis 1.0.

As the equivalence ratio increases, the cylinder pressure and mean
temperature curves exhibit higher peaks, which are reached at a lower crank
angle. This suggests shorter ignition delay and faster burning combustion at a
higher hydrogen concentration. Such Thisa more isochoric process of pressure
rise is more isochoric and helps improve the efficiency of the HICE. In the
meantime, the However, high temperatures as a result of fast combustion

burning will also lead to considerable NOXx emissions.



