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Supplementary Information
Supplementary Note 1. Engine testing system
[bookmark: OLE_LINK10]The ammonia combustion experiments were conducted on a four-stroke single-cylinder engine, modified from a 6-cylinder diesel engine. The major engine specifications are shown in Table S1. An independent intake/exhaust system and a fuel supply system were provided for the sixth cylinder (the test cylinder). The test cylinder was individually controlled and monitored during the experiment. The other five cylinders were controlled by the original engine control unit, providing a stable engine speed for the test cylinder. The engine test systems for ammonia diffusion combustion and ammonia premixed combustion are shown in Figure S1 and Figure S2, respectively.
[bookmark: OLE_LINK7]For the experiment of ammonia diffusion combustion, a diesel injector with an enlarged nozzle diameter was used for ammonia in-cylinder direct-injection, and a gasoline injector was used for n-heptane port-injection, as detailed in Table S2. An ammonia high-pressure injection system was designed to achieve pressurization and high-pressure injection of liquid ammonia. Detailed information on the ammonia high-pressure injection system can be found in [1][2]. In the experiment, homogeneous charge compression ignition (HCCI) combustion of n-heptane provided the necessary thermodynamic conditions for the auto-ignition of ammonia spray, thereby achieving stable ammonia diffusion combustion.
For the experiment of ammonia premixed combustion, ammonia was injected into the intake port by an electromagnetic gas injection valve. Diesel was injected into the cylinder using the original injector of the diesel engine. Table S3 details the ammonia injection valve and the diesel injector used in the experiment of ammonia premixed combustion. Ammonia-air mixture was ignited by the diesel flames and underwent premixed combustion in the cylinder. The experiment utilized NO.0 diesel and ammonia gas with a purity of 99.99%.
The concentrations of NO, NO2, N2O, and NH3 in exhaust were measured by an FTIR (Bruker Omega 5). The sampling time of FTIR was set to 64 s, which means that the emissions presented in the current work are the averaged values of at least 500 engine cycles for each operating point.


Supplementary Note 2. CFD numerical mode setup
A high-precision 3D numerical model was established utilizing the CONVERGE v3.0 code package [3] to study the ammonia diffusion combustion characteristics. In the simulations, the intake and exhaust processes were ignored to improve the computational efficiency, which is a typical treatment of compression-ignition engines. Therefore, a closed cylinder model (1/7 sector model) with detailed chamber geometry was established, as shown in Figure S3(a). The calculation duration spanned from intake valve closing to exhaust valve opening, including the compression, n-heptane combustion, ammonia combustion, and expansion processes.
[bookmark: OLE_LINK1][bookmark: OLE_LINK9]CONVERGE can generate orthogonal structured grids during runtime based on user-defined grid control parameters. There are three grid control methods in CONVERGE: Base Grid, Adaptive Mesh Refinement, and Fixed Embedding. Adaptive Mesh Refinement (AMR) can automatically refine the grids according to velocity and temperature variations. Fixed Embedding (FMR) enables different-shaped grid refinement regions. In the current work, AMR and FMR were both adopted to refine the grids during calculations, as illustrated in Figure S3(b). The FMR for the in-cylinder domain (2 levels) was started before n-heptane combustion (-30°CA aTDC), and the FMR for ammonia spray (4 levels) was started before ammonia injection. Meanwhile, the AMR for ammonia combustion (4 levels) was adopted during the whole combustion process.
According to the grid refinement levels, the solver will refine the grids during calculations based on the Base Grid. Grid sensitivity analysis was conducted to determine the appropriate grid size for ammonia combustion simulations. As shown in Figure S3(c), the in-cylinder pressure and heat release rate gradually converge as the refined grid in the combustion region varies from 1 mm to 0.125 mm. Notably, the differences between 0.25 mm and 0.125 mm were negligible. Thus, a grid size of 0.25 mm can provide sufficient accuracy for the combustion simulations. However, a smaller grid size of 0.125 mm was adopted in this study to obtain high calculation accuracy.
[bookmark: OLE_LINK305]The spray diffusion combustion in ICEs involves complex processes, such as turbulent gas flow, spray breakup and evaporation, heat release and exchange, chemical reaction, and species transportation. Therefore, the numerical simulation of ammonia diffusion combustion requires multiple physical models, including the turbulence model, the combustion model, the spray model, etc. The physical sub-models adopted in this study are listed in Table S5. By coupling the CFD simulation methods and the physical sub-models, accurate simulations of ammonia combustion and nitrogen oxide generation can be carried out.
The accuracy of the prediction results was validated by the experimental data, as shown in Figure S4. The n-heptane and ammonia combustion characteristics predicted by the numerical model are in good agreement with the experimental results. Meanwhile, the measured and predicted NO, NO2, and N2O emissions are close to each other. Thus, the numerical model can accurately simulate the combustion process and nitrogen oxide generation of ammonia diffusion combustion.


Supplemental Figures
[image: ]
[bookmark: OLE_LINK2]Figure S1. Engine testing system for ammonia diffusion combustion. N-heptane is injected into the intake port while ammonia is direct-injected into the cylinder, which is named the thermal atmosphere compression ignition (TACI) ammonia diffusion combustion mode.
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Figure S2. Engine testing system for ammonia premixed combustion. Ammonia is injected into the intake port while diesel is direct-injected into the cylinder, which is named the diesel-ignited ammonia premixed combustion mode.
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[bookmark: OLE_LINK4]Figure S3. The CFD numerical model of ammonia TACI combustion mode. (a) The sector model of the cylinder. (b) Grid generation strategy using Fixed Mesh Refinement (FMR) method and Adaptive Mesh Refinement (AMR) method. (c) Grid sensitivity analysis results. RPM: Engine speed; Inj.M: Ammonia injection mass; Pin: Intake pressure; Tin: Intake temperature.
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Figure S4. Validation of the CFD numerical model of ammonia TACI combustion mode. (a) Comparison between the experimental and calculational in-cylinder pressure and heat release rate. (b) Comparison between the measured and predicted NO, NO2, and N2O emissions. SOAI: Start of ammonia injection; RPM: Engine speed; Inj.M: Ammonia injection mass; Pin: Intake pressure; Tin: Intake temperature.
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Figure S5. Ammonia spray ignition and flame development process under different ammonia injection timings.
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[bookmark: OLE_LINK6]Figure S6. CFD simulation results of ammonia TACI combustion (SOAI = -6°CA). (a) Schematic of the slice location. (b) Structure of ammonia diffusion flame. (c) Distribution characteristics of Temperature (T), NO mass fraction (MF_NO), and N2O mass fraction (MF_N2O) in ammonia diffusion flame. Region A, Region B, and Region C are the high-temperature rich-burn regions in ammonia diffusion flames, where there is no distribution of NO and N2O.
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Figure S7. Identification and extraction methods for the high-temperature combustion region. (a)-(b) The temperature distribution of ammonia diffusion combustion. (c)-(d) The high-temperature combustion region by excluding the areas below 1800 K or 2000 K.
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Figure S8. The proportions of rich-burn and lean-burn in ammonia diffusion flame at different combustion phases (SOAI = -6°CA).
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[bookmark: OLE_LINK3]Figure S9. (a)-(e) Distribution characteristics of Total-NOx (a), Thermal-NOx (b), Fuel-NOx (c), N2O (d), and Unburned NH3 (e) in the φ-T (Equivalence Ratio-Temperature) diagram. Thermal-NOx is generated by the oxidation of nitrogen in air. Fuel-NOx is generated by the oxidation of nitrogen in ammonia. (f) Statistics of the equivalence ratio-temperature distribution in the combustion chamber during ammonia diffusion combustion.
[bookmark: OLE_LINK8]The distribution characteristics of NOx, N2O, and unburned NH3 in the φ-T diagram are calculated by the zero-dimensional homogeneous reactor model in CHEMKIN [4]. The solution type of constraining pressure and temperature is used to calculate the concentrations of NOx, N2O, and unburned NH3 emissions under different conditions. The pressure was fixed at 10 MPa, corresponding to the in-cylinder pressure of ammonia TACI combustion. The calculation ranges for temperature and equivalence ratio are 1000-3000 K and 0-4, respectively. The calculation duration was set to 1 ms, corresponding to ammonia combustion duration in the engine. A detailed ammonia reaction mechanism [5] that incorporated the isotope labeling method (the nitrogen element in air was marked) was employed to analyze the generation characteristics of Thermal-NOx and Fuel-NOx.
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[bookmark: OLE_LINK5]Figure S10. Distribution of temperature (T), NH3 mass fraction (MF_NH3), NH2 mass fraction (MF_NH2), and NH mass fraction (MF_NH) in ammonia diffusion flame of the TACI mode (SOAI = -6°CA).
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Figure S11. Combustion and emission characteristics of ammonia diffusion combustion with and without active radicals (TACI vs DICI). (a) In-cylinder pressure, temperature, and heat release rate (HRR) of ammonia diffusion combustion with and without active radicals. (b) NO, NO2, and N2O emissions with and without the effect of active radicals. TACI: ammonia thermal-atmosphere compression-ignition combustion mode; DICI: ammonia direct-injection compression-ignition combustion mode.
To verify the applicability of the analysis results and conclusions of ammonia diffusion combustion under conventional conditions, this work also studied the ammonia diffusion combustion characteristics without active thermal atmosphere. The ammonia TACI mode was implemented through the HCCI combustion of n-heptane. The ammonia DICI mode was implemented by increasing the intake temperature. Under the same in-cylinder pressure, temperature, and oxygen content conditions, the combustion characteristics and nitrogen oxide emissions of ammonia diffusion combustion with and without active radicals were compared. The analysis results demonstrate that ammonia diffusion combustion is similar regardless of the presence or absence of active radicals. Consequently, though the study of ammonia diffusion combustion was performed via the TACI mode in the current work, the conclusions drawn are also applicable to conventional ammonia diffusion combustion.
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Figure S12. Distribution of temperature (T), NH2 mass fraction (MF_NH2), NH mass fraction (MF_NH), NO mass fraction (MF_NO), and N2O mass fraction (MF_N2O) in ammonia diffusion flame of the DICI mode (SOAI = -6°CA).
The flame structure and nitrogen oxide generation characteristics of ammonia diffusion combustion without the effect of active radicals were consistent with those in the TACI mode, proving the universality of the conclusions drawn in this study.
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Figure S13. The key reaction pathway of ammonia combustion. Gray arrow: dehydrogenation pathway; Orange arrow: oxygenation pathway; Blue arrow: polymerization pathway; Pink arrow: SNCR pathway for generating N2O.


Supplemental Tables
Table S1. Engine specifications.
	[bookmark: _Hlk172385819]Parameter
	Value

	Engine type
	Four-stroke

	Bore (mm)
	105

	Stroke (mm)
	125

	Connecting rod (mm)
	210

	Compression ratio
	16

	Displacement volume (L)
	1.08

	Intake valve open (°CA aTDC)
	343

	Intake valve close (°CA aTDC)
	587

	Exhaust valve open (°CA aTDC)
	125

	Exhaust valve close (°CA aTDC)
	377





Table S2. Fuel injection parameters of ammonia diffusion combustion experiment.
	Item
	Specification

	Ammonia injector type
	Diesel injector

	Ammonia injector name
	Bosch J6A00-1112100-A38

	Nozzle of the ammonia injector
	7 × 0.24 mm

	Ammonia injection pressure
	60 MPa

	N-heptane injector type
	Gasoline injector

	N-heptane injector name
	DELPHI 25334150

	Nozzle of the n-heptane injector
	4 × 0.12 mm

	N-heptane injection pressure
	0.3-0.5 MPa



Table S3. Fuel injection parameters of ammonia premixed combustion experiment.
	Item
	Specification

	Ammonia injector type
	Gas injection valve

	Ammonia injection pressure
	0.2-0.3 MPa

	Diesel injector name
	Bosch J6A00-1112100-A38

	Nozzle of the diesel injector
	7 × 0.167 mm

	Diesel injection pressure (MPa)
	80 MPa





Table S4. Engine test conditions for ammonia diffusion combustion and ammonia premixed combustion.
	Engine test conditions
	Ammonia diffusion combustion
	Ammonia premixed combustion

	
	Different engine loads
	Different engine speeds
	Different engine loads
	Different engine speeds

	Engine speed (r/min)
	1500
	1000,1500,1700
	1500
	1000,1500,1700

	Engine load (Equivalent diesel) (mg/cyc)
	~43, ~62, ~83
	~62
	~45, ~65, ~85
	~65

	N-heptane/Diesel quantity (mg/cyc)
	~22
	~22
	~23
	~23

	Ammonia 
quantity (mg/cyc)
	~45, ~87, ~140
	~87
	~51, ~96, ~143
	~96

	Intake pressure (bar)
	1.5
	1.5
	1.0-1.8
	1.0-1.8

	Intake temperature (K)
	300
	300
	300
	300

	Equivalence ratio
	0.36-0.72
	0.55
	0.6
	0.6





Table S5. Physical sub-models adopted in the CFD numerical model.
	Models
	Name

	Turbulence model
	LES [6] / RANS [7]

	Combustion model
	SAGE [3]

	Spray breakup model
	KH-RT [8]

	Droplet dispersion model
	O’Rourke [3]

	Spray evaporation model
	Frossling [9]

	Spray collision model
	No-time-counter [10]

	Drop/wall interaction model
	Rebound/slide [11]
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