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ABSTRACT

Hydrogen and ammonia are well known as promising energy sources to replace fossil fuels. However,
hydrogen is characterized by its fast combustion speed, and this characteristic leads to the occurrence
of the abnormal combustion or increase in NOx emission. Ammonia also has disadvantage such as
low ignitability, low burning speed and high NOx emissions. Co-combustion with diesel fuel can
compensate their disadvantages and enable to apply hydrogen and ammonia as a main fuel for
internal combustion engines. Therefore, it is important to understand the combustion process in
internal combustion engines. In this study, a dual-fuel combustion model and a new reaction
mechanism were developed and implemented into 3D-CFD software. Hydrogen-diesel and ammonia-
diesel combustion in internal combustion engines with intake port gas fuel injection were investigated
by engine tests and numerical approaches.

For a hydrogen-diesel dual-fuel engine, a dual-fuel combustion model simulates the ignition of diesel
pilot fuel by detailed chemical mechanics and the flame propagation of hydrogen combustion by G-
equation model. Hydrogen/diesel dual-fuel simulations were performed for various hydrogen ratios
based on experimental data. The simulations clarified the hydrogen-diesel dual-fuel combustion
process in internal combustion engines. Dual-fuel combustion process was also investigated by
observing OH* chemiluminescence in a rapid compression and expansion machine test. 

Ammonia-diesel dual-fuel engine was also numerically investigated. Ammonia/n-heptane co-
combustion emission phi-T map was generated by zero-dimensional chemical reaction simulation. The
3D-CFD simulation reproduced the cylinder pressure history and heat release rate for each
experimental condition with high accuracy. These simulation results clarify that unburned ammonia
remains in the narrow space where diesel spray is not distributed such as crevice volume, and nitrous
oxide remains on the surface of unburned ammonia zone.

 Through these simulations, hydrogen-diesel and ammonia-diesel combustion processes in internal
combustion engines have been investigated and these future challenges have been clarified.
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1 INTRODUCTION 

Yanmar has announced that we will develop and 
market green powertrains that are compatible with 
various green energy sources, such as alternative 
fuels, engines, and fuel cell systems, without 
compromising customer convenience to achieve 
carbon neutrality by 2050. As part of YANMAR 
GREEN CHALLENGE 2050 [1], we are developing 
internal combustion engines compatible with 
carbon-free fuels such as hydrogen (H2), ammonia 
(NH3) and methanol (CH3OH). These fuels have 
different combustion characteristics compared to 
conventional fossil fuels. 

H2 has a higher burning speed than conventional 
fossil fuels, and preventing abnormal combustion 
and reducing NOx emissions are issues to be 
addressed. Dual-fuel combustion with diesel fuel 
makes it easy to control the ignition and 
combustion of H2. Figure 1 shows a diagram of a 
dual-fuel engine. H2 is introduced into the cylinder 
with air, and diesel fuel is injected into the cylinder 
and ignited near top dead center (TDC).  H2 is also 
ignited with diesel fuel, and this system enables 
stable and controlled ignition. NH3 has been 
investigated for use as an energy source in 
shipping because NH3 is easier to store and has 
higher energy density than hydrogen. However, in 
addition to its high toxicity, NH3 has a low burning 
speed and low ignitability, and nitrous oxide (N2O) 
and nitrogen monoxide (NO) and nitrogen dioxide 
(NO2) are generated as the result of NH3 
combustion. It is well known that N2O has a high 
global warming coefficient. Although it is difficult to 
use pure ammonia in internal combustion engines 
due to its low reactivity [2-4], dual-fuel combustion 
with diesel fuel has the potential for practical use 
because a diesel micro pilot ignition system is well 
adapted for ocean-going vessels due to fuel 
redundancy and stable ignition for safe ship 
operation, as well as H2. 

 

Figure 1. Schematic diagram of the dual-fuel 
engine configuration 

Although many studies have demonstrated the 
potential of H2/diesel and NH3/diesel dual-fuel 
combustion engines [5-8], the dual-fuel combustion 
process in internal combustion engines is not yet 
fully understood. In this paper, we introduce our 
research activities for both H2/diesel and 
NH3/diesel dual-fuel combustion [9-12]. The 
discussion of CH3OH will be presented in another 
paper [13]. Dual-fuel combustion engine tests and 
numerical simulations for H2/diesel and NH3/diesel 
were conducted to investigate their combustion 
processes. Additionally, optical measurements and 
combustion model development for H2/diesel dual-
fuel combustion, as well as new reaction 
mechanism development for NH3/diesel dual-fuel 
combustion, were carried out in order to improve 
the accuracy of our numerical simulations. 

2 HYDROGEN AND DIESEL DUAL FUEL 

2.1 Combustion analysis on OH* 
chemiluminescence images 

To understand the H2 and diesel dual-fuel 
combustion process experimentally, an optically 
accessible rapid compression and expansion 
machine (RCEM) that can simulate a single 
compression and expansion stroke was employed. 
Figure 2 shows a schematic of the experimental 
setup and illustrates the visualization area in the 
cylinder. The combustion chamber of the RCEM 
was modified from a naturally aspirated four-stroke-
cycle single-cylinder diesel engine (Yanmar 
NFD170). A quartz window is installed on the 
cylinder head to visualize the combustion behavior 
via OH* (hydroxyl radical) chemiluminescence 
imaging. The technical specifications of the RCEM 
are shown in Table 1. During the combustion cycle, 
an air and H2 mixture is introduced into the cylinder 
through the intake valve, and pilot diesel fuel is 
injected directly into the cylinder. 

 

Figure 2. Schematic of the experimental setup of 
the RCEM and the visualization area in the 
combustion chamber 
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Table 1. Technical specifications of the RCEM 

Bore x Stroke 102 x 105 mm 

Compression ratio 15.4 

Displacement  857 cc 

Diesel injection system Common rail system 

Diesel injector nozzle 0.123mm x 7 holes 

 

OH* imaging was performed for excess air ratio 
(𝜆𝑡𝑜𝑡𝑎𝑙)  of 3. Figure 3 presents the in-cylinder 
pressure and heat release rate (HRR). Figure 4 
presents the visualized images using OH* 
photography with respect to 𝜆𝑡𝑜𝑡𝑎𝑙 of 3. The excess 

air ratio for the H2 alone (𝜆𝐻2) was 3.6. In this study, 

the start of diesel injection was adjusted so that the 
ignition occurs near TDC.  

Figure 4 shows that a bright region rapidly appears 
near the edge and inside the piston bowl after 
ignition. The bright regions then spread throughout 
the entire piston bowl until approximately 6.5 
deg.aTDC (after top dead center), followed by the 
expansion of the low-brightness area from these 
regions toward the squish area. During this time, 
the heat release rate shows a peak value. After 
10.5 deg.aTDC, the bright regions do not spread 
anymore and the heat release rate begins to 
decrease. It is difficult to distinguish between diesel 
combustion and hydrogen combustion; however, 
this test result clarifies the combustion process of 
diesel and H2 dual-fuel combustion. 

 

 

Figure 3. In-cylinder pressure and heat release rate 
for 𝜆𝑡𝑜𝑡𝑎𝑙 = 3 

 

 

Figure 4. Visualized images using OH* 
photography with respect to 𝜆𝑡𝑜𝑡𝑎𝑙 = 3 

2.2 Combustion modelling  

To understand the H2 and diesel dual fuel 
combustion process numerically, the dual-fuel 
combustion model suggested by Perini [10] was 
implemented into 3D-CFD software CONVERGE 
and applied to H2 and diesel dual-fuel combustion. 
In this dual-fuel combustion model, the ignition of 
the pilot fuel is calculated using a detailed chemical 
reaction model by SpeedCHEM [14], and the flame 
propagation of the gas fuel is calculated using the 
G-equation model. Figure 5 shows a schematic 
diagram of the flame kernel determination in the 
dual-fuel combustion model. The cell types are 
divided into the DI zone, which contains a certain 
amount of direct injection fuel components, and the 
Premixed zone, which is composed almost entirely 
of gas fuel, and the Kernel cell, which is defined as 
the flame kernel.  

 

Figure 5. Schematic diagram of dual-fuel 
combustion model 

 

The generation of the Kernel cell is determined by 
equation (1).  

𝐾𝐼 =
𝑆𝑠𝑝
𝑆𝐿

≥ 𝐾𝐼flame (1) 

In equation (1), 𝑆𝐿  is the laminar burning speed, 
which is given by the following equation (2). For 𝑛𝑓 

fuels, including gas and liquid, the overall value is 
calculated from the laminar burning velocity 𝑆𝐿𝑓,𝑖 of 

each fuel type 𝑖 and the mass fraction 𝑌𝑓,𝑖. 

𝑆𝐿 =
∑ 𝑌𝑓,𝑖
𝑛𝑓
𝑖=1

∑
𝑌𝑓,𝑖
𝑆𝐿𝑓,𝑖

𝑛𝑓
𝑖=1

 (2) 
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𝑆𝑠𝑝  in equation (1) is shown by the following 

equation (3). Here, 𝑇 is the temperature, and 𝜆e is 
derived by the eigenvalue calculation of equation 
(4) based on CEMA (Chemical Explosive Mode 
Analysis) [15]. In the eigenvalue calculation, 𝑱  is 
the Jacobian matrix, 𝒗  is the eigenvalue vector, 

and 𝝀 is a diagonal matrix with the eigenvalue 𝜆𝑖 as 
a component. 𝑱 is shown by equation (5) using the 
mass fractions 𝑌𝑠,𝑖 and 𝑌𝑠,𝑗 of the chemical species 

𝑖 and 𝑗. 𝜆e is the maximum value of the real part of 
𝜆𝑖 as shown in equation (6). If the number of cells 
𝑉k that satisfy equation (1) exceeds threshold 𝜀V, 
as shown in the following equation (7), the 
combustion model is changed to flame propagation 
mode. 

𝑆𝑠𝑝 = (|−
1

𝜆e
∙

400

𝑇(400 + 𝑇)
| ‖∇𝑇‖)

−1

 (3) 

𝑱 ∙ 𝒗 = 𝝀 ∙ 𝒗 (4) 

𝑱 =
𝜕

𝜕𝑌𝑠,𝑗
(
𝜕𝑌𝑠,𝑖
𝜕𝑡

) (5) 

𝜆e = max{Re(𝜆𝑖), 𝑖 = 1,… } (6) 

𝑉k
𝑉cyl

≥ 𝜀V (7) 

 

2.3 Combustion analysis on 3D-CFD 
combustion simulations 

Table 2 shows the experimental conditions for this 
study. To understand the hydrogen-diesel mixed 
combustion characteristics, the effect of the H2 ratio 
(𝐺𝐹𝐸𝑅: Gas Fuel Energy Ratio) was investigated 
through engine experiments. 𝐺𝐹𝐸𝑅  is defined by 
equation (8). Here, �̇� is the mass flow rate, 𝐿𝐻𝑉 is 
the lower heating value, and the subscripts indicate 
the fuel type. 

Table 2. Experimental conditions of H2/diesel dual-
fuel engine 

Engine speed 1200 min-1 

BMEP 1.0 MPa 

Intake temperature 313 K 

Intake pressure 240 kPa 

Diesel Injection timing -3 deg.aTDC 

Diesel Injection pressure 80 MPa 

Gas Fuel Energy Ratio 0 ~ 74% 

Excess air ratio 2.7 ~ 2.3 

 

𝐺𝐹𝐸𝑅 =
�̇�H2

∙ 𝐿𝐻𝑉H2

�̇�H2
∙ 𝐿𝐻𝑉H2

+ �̇�Diesel ∙ 𝐿𝐻𝑉Diesel
 

 
(8) 

Figure 6 provides an overview of the experimental 
equipment. H2 and air are well mixed before the 
intake so that a homogeneous mixture in the 
cylinder is assumed in the engine test. The engine 
speed is kept constant at 1200 min-1. The amount 
of fuel supplied was adjusted so that the BMEP 
remained constant at 1.0 MPa. The intake 
temperature, pressure, and diesel injection timing 
were kept constant, and the 𝐺𝐹𝐸𝑅 was varied in the 
range of 0 to 74% by adjusting the amount of H2 
and diesel fuel. As a result, the excess air ratio 
𝜆𝑡𝑜𝑡𝑎𝑙  varied in the range of 2.7(𝐺𝐹𝐸𝑅  =0%) to 
2.3(𝐺𝐹𝐸𝑅 =74%).  

 

Figure 6. Overview of experimental equipment 

 

Table 3 shows the simulation settings for this 
engine test. Converge v3.0.17, a 3D-CFD software 
from Convergent Science, was used. The dual-fuel 
combustion model described in the previous 
section was applied as the combustion model. The 
RNG k-ε model was used as the turbulence model, 
and the KH-RT (Kelvin-Helmholtz and Rayleigh-
Taylor) model was used as the spray breakup 
model. In addition, the mechanism by Ren et al. 
[16], consisting of 178 chemical species and 758 
reaction equations, was used as the chemical 
reaction model. 

Table 3. Simulation conditions of H2/diesel dual-
fuel engine 

Software CONVERGE v3.0.17 

Combustion model Dual-fuel model 

(SpeedCHEM 

 + G-Equation) 

Turbulence model RNG k-ε 

Spray model KH-RT 

Chemical reaction model multi-component 

mechanism by Ren 
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Figure 7 shows the validation results of in-cylinder 
pressure and heat release rate for each 𝐺𝐹𝐸𝑅 
obtained in the H2/diesel dual-fuel engine tests. 
After ignition, the heat release rate increases and 
reaches its first peak around 5 deg.aTDC under all 
conditions. The higher the 𝐺𝐹𝐸𝑅 , the higher the 
observed peak value. After that, the heat release 
rate rises again and reaches a second peak around 
10 deg.aTDC. At this time, the peak value is about 
the same regardless of 𝐺𝐹𝐸𝑅, but the peak timing 
is earlier under higher 𝐺𝐹𝐸𝑅 conditions. Then, the 
heat release rate decreases and follows a similar 
trend regardless of 𝐺𝐹𝐸𝑅, approaching 0 at around 
40 deg.aTDC. As described above, it was found 
that the heat release rate changes depending on 
𝐺𝐹𝐸𝑅 in H2/diesel duel-fuel combustion. Next, the 
dual-fuel combustion process in the cylinder is 
investigated numerically. 

 

Figure 7. Comparisons of rate of heat release 
between experiment and simulation under 𝐺𝐹𝐸𝑅 = 
0%, 46%, and 74% conditions 

Figure 8 shows the isosurface of the equivalence 
ratio of 1 and the distribution of temperature under 
the conditions of 𝐺𝐹𝐸𝑅  74%. At 4.0 deg.aTDC, 
which indicates the ignition timing, the heat release 
rate increases, and high temperature is observed 
inside the equivalence ratio of 1.0, which 
corresponds to the diesel spray. The heat release 
rate reaches its first peak at around 5.5 deg.aTDC. 
High temperature is observed throughout the diesel 
spray, and the surrounding hydrogen starts to be 
involved in the combustion. At 9 deg.aTDC, the 
diesel spray reaches the squish area, and the 
hydrogen flame is observed in the cavity area. After 
that, at 17 deg.aTDC, the hydrogen flame touches 
the cylinder liner, causing a decrease in the heat 
release rate. As seen in Figure 7, the flame 
propagation speed of hydrogen is overestimated 
under high 𝐺𝐹𝐸𝑅  conditions, and to solve this 
problem, it is necessary to improve the combustion 
model. In the future, we will investigate the dual-
fuel combustion process further by combining 
optical measurements and 3D-CFD simulation 
results.

 

Figure 8. 3D visualization of H2/diesel combustion 
process under 𝐺𝐹𝐸𝑅  = 74%: (left) isosurface for 
equivalence ratio of 1.0, (right) temperature 
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3 AMMONIA AND DIESEL DUAL FUEL 

3.1 Reaction mechanism for n-heptane and 
ammonia combustion 

A chemical reaction model for NH3/n-heptane co-
combustion was developed. The model is a 
combined model of the gasoline surrogate detailed 
kinetic model revision 2.0 (SIP-Gd2.0) [17] for the 
H2-O2 and hydrocarbon reaction subsets, the 
Nakamura model [18] for the NH3 reaction subset, 
and the Glarborg model [19] for the reaction 
subsets for C1–C2 species and N-related species 
interactions. For the selection of individual reaction 
subsets, several reaction subsets were validated 
against weak flame locations in a micro flow reactor 
with a controlled temperature profile (MFR) [20]. 
The SIP-Gd2.0 model and the Nakamura model 
were chosen for use in the combined model 
because they showed the best reproducibility of the 
observed respective weak flame locations for n-
heptane/air and NH3/air mixtures in the MFR. The 
combined model comprises 887 species and 4277 
reactions.  

3.2 Emission characteristic for NH3 co-
combustion  

A zero-dimensional chemical reaction simulation 
was carried out to clarify the characteristics of the 
combustion products from NH3 under temperature 
and pressure conditions equivalent to those of a 
compression ignition engine. Reaction simulations 
were conducted under constant temperature and 
pressure conditions without accounting for 
temperature and pressure changes caused by 
chemical reactions. The pressure condition was set 
to 6.0 MPa, assuming the in-cylinder condition at 
the top dead center in a conventional compression 
ignition engine. The operation time was set to 1.0 
millisecond, and the combustion products at the 
end of the calculation were arranged by 
equivalence ratio (φ) and temperature (T) 
conditions. The characteristics of the combustion 
products were investigated by generating a φ-T 
map, similar to the research previously conducted 
on diesel combustion [21] [22]. 

Figure 9 shows a φ-T map of the quantities of 
NO+NO2, unburned NH3, and N2O in the ammonia-
air mixture, and how the adiabatic flame 
temperature of the ammonia-air mixture varies with 
the equivalence ratio (for a pressure of 6 MPa and 
an initial temperature of 900 K). This φ-T map 
clarifies that NO+NO2 is produced across a wide 
range of conditions from low to high temperatures, 
unlike conventional diesel combustion, which 
produces NOx at high temperatures above 2000 K. 
In ammonia combustion, NO is also produced in 
low-temperature conditions below 2000 K, with fuel 
NOx playing a large part in the production of 
NO+NO2 at these lower temperatures. For 

equivalence ratios below 1.0, NH3 remains 
unburned at low temperatures below 1500 K. At 
equivalence ratios above 1.0, it occurs at 
temperatures below 2200 K. N2O, meanwhile, 
tends to increase at temperatures around 1500 K, 
regardless of the equivalence ratio. These results 
indicate that conventional lean combustion, running 
lean with an equivalence ratio of around 0.5, will not 
reduce NO+NO2, and that low-temperature 
combustion will likely increase the amounts of 
unburned NH3 and N2O. The results also indicate 
the existence of a region where the quantities of 
NO+NO2, unburned NH3, and N2O are all kept low 
by running rich with an equivalence ratio in the 1.2-
to-1.5 range. These results agree with those 
obtained from a numerical simulation of a one-
dimensional planar flame by Kobayashi et al. [23]. 
It can be concluded that a high equivalence ratio 
and high-temperature combustion can 
simultaneously inhibit emissions of NO+NO2, 
unburned NH3, and N2O from ammonia 
combustion. 

 

Figure 9. NO+NO2, unburned NH3, and N2O 
emission characteristics of NH3/air mixture with 
NH3/air adiabatic temperature at each equivalence 
ratio, pressure of 6.0 MPa, and initial temperature 
of 900 K 

3.3 Combustion analysis on 3D-CFD 
combustion simulations 

The engine experiment and 3D-CFD simulation 
were performed to study combustion and emission 
characteristics for ammonia and diesel dual-fuel 
engines. Figure 10 shows a diagram of the 
experimental setup. Liquefied ammonia from a 
cylinder was vaporized and continuously supplied 
to the upstream end of the intake manifold while 
regulating the flow rate with a mass flow controller. 
The specifications of the engine experiments are 
shown in Table 4. The engine used in the 
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experiment was a single-cylinder diesel engine with 
a 94-mm bore and a 110-mm stroke. An NH3/diesel 
dual-fuel engine experiment was conducted by 
injecting diesel fuel directly into the cylinder using a 
common rail direct injection system. An external air 
compressor was used on the air intake to achieve 
the required temperature and enable the pressure 
to be adjusted independently of the other engine 
operating conditions. A Fourier-transform infrared 
(FT-IR) spectrometer was used to analyze the 
composition of the exhaust gas.  

 

Figure 10. Outline of the experimental equipment 
for NH3 and diesel dual-fuel engine 

 

Table 4. Engine specification in NH3 and diesel 
dual-fuel combustion 

Number of cylinders 1 

Bore [mm] 94 

Stroke [mm] 110 

Displacement [L] 0.76 

Number of valves 4 

Diesel fuel injection system Common rail 

 

This study involved varying the amounts of 
ammonia and diesel while operating the engine at 
a constant speed of 1200 min-1 with a constant 
load of 1.0 MPa, defined in terms of indicated mean 
effective pressure (IMEP). 𝐺𝐹𝐸𝑅  for NH3 is the 
same as that for H2. The injection pressure for 
diesel fuel is 80 MPa, and the injection timing for 
diesel fuel is adjusted to keep 50% burning point 
constant in any 𝐺𝐹𝐸𝑅 . As aforementioned, in 
addition to the engine test, a detailed investigation 
of the combustion process and emission 

characteristics of the ammonia and diesel dual-fuel 
engine was carried out using the 3D-CFD 
simulation. The basic simulation setup is the same 
as for the H2 and diesel dual-fuel case, as shown in 
Table 3. The differences are that SpeedCHEM [14] 
was used as the chemical reaction solver and the 
NH3 and n-heptane chemical reaction model was 
applied in the NH3 and diesel dual-fuel combustion 
case. In order to verify the accuracy of the 3D-CFD 
simulation, the simulation results were compared 
with engine experimental results. Figure 11 shows 
the comparison of in-cylinder pressure and heat 
release rate histories for 𝐺𝐹𝐸𝑅  = 0%, 55%, and 
95%. The 3D-CFD simulation well reproduced the 
high heat release rate at the 𝐺𝐹𝐸𝑅  of 55% 
condition and the moderate heat release rate at 
𝐺𝐹𝐸𝑅  = 95%, respectively. These simulation 
results show good agreement with the engine 
experimental results at any 𝐺𝐹𝐸𝑅 condition. 

 

Figure 11. Validation of 3D-CFD simulation by the 
comparison of in-cylinder pressure and heat 
release rate history in the engine experimental 
results at 𝐺𝐹𝐸𝑅  = 0% and 55% and 95% 
respectively 
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The numerical simulation results were presented 
visually to enable a detailed study of the 
combustion process and the distribution of 
combustion products. Figure 12 shows the 
isosurface of an equivalence ratio of 1.0 and the 
three-dimensional temperature distribution in the 
combustion chamber for 𝐺𝐹𝐸𝑅  = 95%. An 
ammonia flame front can be seen close to the 
diesel fuel-air mixture when the crank angle is 
5deg.aTDC, after which the ammonia flame 
spreads throughout the combustion chamber. 
Thus, the numerical simulation results provide a 
way to investigate how the ammonia flame spreads 
across the combustion chamber, with the injection 
of a very small amount of diesel serving as an 
ignition source. 

 

Figure 12. Isosurface of equivalence ratio 1.0 
(gray) and temperature distribution at each crank 
angle at 𝐺𝐹𝐸𝑅 = 95% 

 

N2O and unburned NH3 emissions were also 
compared with engine experimental results. 
Figures 13 and 14 show the comparison between 
3D-CFD simulation results and engine 
experimental results for each 𝐺𝐹𝐸𝑅. The simulation 
results reproduce these emissions well both 
qualitatively and quantitatively for 𝐺𝐹𝐸𝑅  of up to 
44%. N2O emissions in the 3D-CFD simulation 
results show declines when 𝐺𝐹𝐸𝑅  exceeds 50% 
and do not coincide with engine experimental 
results. This indicates that further study of NH3/n-
heptane and air reactions in low-temperature 
conditions near the wall boundary is needed to 
understand the N2O and unburned NH3 emissions 
quantitatively. 

Focusing on the in-cylinder distribution of unburned 
NH3, NH3 is consumed by combustion, but the 
ammonia flame does not propagate into narrow 
zones such as the crevice volume. A large amount 
of unburned NH3 remains in such narrow zones at 
𝐺𝐹𝐸𝑅 = 95%, as shown in Figure 15.  

 

 

Figure 13. Comparison of unburned NH3 emission 
between engine experiment and 3D-CFD 
simulation results at each 𝐺𝐹𝐸𝑅 

 

Figure 14. Comparison of N2O emission between 
engine experiment and 3D-CFD simulation results 
at each 𝐺𝐹𝐸𝑅 

 

Figure 15. Unburned NH3 distribution estimated by 
3D-CFD simulation at 𝐺𝐹𝐸𝑅 = 95% 

 

Regarding N2O, Figure 16 shows how N2O is 
formed in the ammonia flame front. This N2O is in 
turn decomposed inside the flame. The high 
temperatures inside the flame cause N2O to 
decompose into N2 and other species. In the vicinity 
of the combustion chamber walls, however, such 
as the crevice between the piston and liner, 
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residual N2O is still present when combustion has 
completed at 20deg.aTDC due to the effects of the 
wall temperature. This is likely to be the reason why 
ammonia engines emit N2O. In other words, this 
indicates that minimizing such crevices inside the 
combustion chamber should help to reduce N2O 
emission. 

 

Figure 16. N2O distribution estimated by 3D-CFD 
simulation the 𝐺𝐹𝐸𝑅 = 95% 

4 CONCLUSIONS 

This paper has described the development of 
optical measurement and numerical simulation for 
H2/diesel and NH3/diesel dual-fuel combustions as 
part of YANMAR’s research activities toward 
carbon neutrality by 2050.  

OH* imaging and numerical simulation have 
clarified the combustion process for H2 and diesel 
dual-fuel engines. Both results show that the high-
temperature region caused by the combustion first 
appears at the periphery of the piston bowl and 
spreads along its wall. H2-diesel mixed combustion 
engine experiments were carried out in the range 
of 𝐺𝐹𝐸𝑅  = 0 to 74%. The heat release rate 
observed in the experimental results was well 
reproduced under each condition. Three-
dimensional visualization of the simulation results 
showed that the initial heat release rate is higher 
under high 𝐺𝐹𝐸𝑅 conditions because diesel burns 
with surrounding H2 after ignition, and that the 
second peak in the heat release rate occurs earlier 
due to interference between H2 flame surfaces. 

Regarding NH3 combustion, an NH3/n-heptane co-
combustion chemical reaction model was 
developed by combining ammonia, n-heptane, and 
C-N reaction models. The φ-T map clarified 
emission characteristics for NH3 combustion, and 
stoichiometric conditions are effective for reducing 
emissions of unburned NH3 and N2O. The 3D-CFD 
simulation well reproduced the engine 
experimental results and was able to clarify the 
combustion and emissions characteristics for 

ammonia and diesel dual-fuel combustion in 
internal combustion engines. 

We believe that the numerical simulation 
technology introduced in this paper can be applied 
not only to hydrogen and ammonia but also to 
various alternative fuel engines such as methanol 
and other fuels. Toward a carbon-neutral society, 
we aim to develop competitive engines early and 
provide them to our customers and markets by 
utilizing these numerical simulation technologies. 
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