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Abstract

Under the dual carbon strategy and energy restructuring, the decarbonization of green low-carbon
renewable energy and power systems has become a global focus. Fuel decarbonization and combustion
efficiency improvement represent the inevitable path for the internal combustion engine industry to achieve
carbon neutrality. As a hydrogen carrier and carbon-free alternative fuel, ammonia will play a critical role in
the decarbonization of internal combustion engines. However, the inherent combustion inertia of ammonia
poses challenges in achieving high combustion efficiency and stability in ammonia engines. To meet the
demand for efficient and clean ammonia fuel combustion in power systems, this study investigates the effects
of ammonia energy ratio and injection strategies on in-cylinder combustion and emission characteristics
under varying loads using a bench test on an ammonia/diesel dual-fuel (ADDF) engine. Simultaneously, a
numerical model of the ammonia/diesel dual-fuel engine combustion chamber was established using
CONVERGE software to explore the influence mechanisms of compression ratio and exhaust gas
recirculation (EGR) rate on combustion processes and pollutant formation, aiming to optimize the in-cylinder
combustion process, expand operational scenarios, and enhance engine performance. Key findings are
summarized below:

Firstly, an ammonia/diesel dual-fuel engine test platform was established on a four-cylinder common-
rail diesel engine, realizing ADDF combustion mode. The effects of ammonia energy ratio on the in-cylinder
combustion process, combustion stability, and nitrogen-based and carbon-based emission characteristics of
the dual-fuel engine under low, medium, and high loads in ADDF mode were systematically investigated
through experiments. The results indicated that an increase in the ammonia energy ratio significantly
suppressed the intensity of the combustion process. As the ammonia energy ratio increased, both the peak in-
cylinder pressure and heat release rate of the engine decreased. However, with an increase in load, the in-
cylinder pressure increased notably. At 25% load, both the in-cylinder combustion pressure curve and the
Heat Release Rate (HRR) curve exhibited a single-peak distribution in both pure diesel and ADDF modes,
whereas the HRR curve transitioned to a bi-modal distribution as the load increased. Under various load
conditions, the emissions of unburned NH3 and N,O increased significantly, with unburned NH; emissions
decreasing as the load increased. When the ammonia energy ratio rose to 60%, although CO; emissions could
be reduced by up to 50.2%, the combustion stability of the engine was severely affected, with the Coefficient
of Variation of IMEP (COVvep) reaching up to 3.16%.

Secondly, the significant influence of injection strategies on the ADDF engine was investigated through
experiments. The effects of ammonia energy ratio, diesel injection pressure, and diesel injection timing on
the in-cylinder combustion, emission characteristics, and fuel economy of the ADDF engine under high-load
conditions were explored. The results showed that increasing the ammonia energy ratio enhanced premixed
combustion, significantly prolonging ignition delay and combustion duration. A higher ammonia energy ratio
reduced NOx and CO; emissions but led to a rapid increase in unburned ammonia and N>O emissions, along
with a significant rise in equivalent CO, emissions. When the ammonia energy ratio increased from 0% to
60%, Brake Thermal Efficiency (BTE) improved from 31.3% to 37.3%, with COVmep remaining below 3%.
This suggests that, under relatively stable operating conditions, a higher ammonia energy ratio can enable
the ADDF engine to achieve higher BTE. Additionally, injection pressure and timing played crucial roles in
controlling combustion and emissions. Increasing injection pressure enhanced Indicated Mean Effective
Pressure (IMEP) and combustion efficiency but had limited optimization effects on greenhouse gas emissions.



Advancing injection timing increased IMEP and reduced greenhouse gas emissions but also led to an increase
in NOx emissions. At the optimal point for greenhouse gas emissions, the equivalent CO; emissions of the
ADDF engine were reduced by 14.1% compared to the baseline condition.

Finally, a numerical model of an ammonia/diesel dual-fuel engine was established using CONVERGE
software. Through simulation studies, the influence mechanisms of compression ratio and EGR rate on
combustion and pollutant formation were investigated. The results indicate that increasing the compression
ratio enhances the in-cylinder temperature and pressure at the end of the compression stroke, improves the
atomization quality of diesel, promotes the mixing of fuel and air, advances the combustion phase, and
expands the flame front area, thereby enhancing combustion completeness. However, a higher compression
ratio exacerbates the oxygen concentration gradient during the diffusion combustion phase, accelerating the
conversion of soot precursors into CO and leading to an increase in CO emissions. Meanwhile, the high-
temperature and high-pressure environment intensifies the thermal NOx formation pathway, resulting in a
significant rise in NOx emissions. An increase in the EGR rate reduces the in-cylinder peak pressure and
temperature through the dilution effect, suppresses combustion intensity, and decreases thermal NOx
formation. Nevertheless, the inert gases introduced by EGR shorten the spray penetration distance, increase
the droplet diameter, and create locally fuel-rich regions. This leads to fragmented flame propagation paths,
reduced combustion stability, increased residual unburned NH3, and higher CO and HC emissions.
Additionally, a higher EGR rate significantly exacerbates soot generation, with its peak concentration
showing a rapid upward trend as the EGR rate increases. This suggests that EGR regulation needs to balance
the contradiction between the oxygen concentration suppression effect and the deterioration of mixture
homogeneity.

Key words: Dual-fuel engine; Ammonia fuel, Combustion process; Greenhouse gas emissions; Injection
strategy
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