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Abstract: Numerous research studies have been conducted to enhance fuel economy and reduce
emissions by converting diesel engines to run on aqueous ammonia-diesel (AAD) blends. However,
only a few studies have investigated the effect of the piston bowl geometry on combustion efficiency
and emissions from AAD blends. This study investigated the effect of piston bowl geometry on the
combustion efficiency of a diesel engine fueled with AAD blends. Five different types of piston bowls,
namely the Double lip (Case 1), 10D100 (Case 2), Mexican hat (Case 3), Inveco F1C Rollbuch (Case 4),
and Peugeot DW 10 (Case 5), were used. Diesel-RK software was used for modeling and simulating
the fuel combustion inside the diesel engine. Based on the numerical findings, with the same
combustion chamber, the results show that the NOx emission, smoke level, and peak pressure reduced
with increased engine speed from 2000 to 3000 rpm, whereas peak temperature, CO2, and PM
emissions increased. Moreover, among all designs, Case 5 achieved the highest combustion
performance, with peak pressure and temperature, along with the lowest PM and smoke. However,
it produced the highest NOx emissions. In contrast, Case 1 yielded the lowest NOx, peak pressure,
and temperature, but the highest PM, indicating poor combustion. Case 3 achieves the
second-highest peak pressure (53.13 bar at 2000 rpm and 52.61 bar at 3000 rpm) and second-highest
temperature (1886.8 K at 2000 rpm and 1914 K at 3000 rpm), and only moderately elevated NOx.
Case 3 offers the best overall emission balance while maintaining high combustion efficiency, making it
the most suitable piston bowl geometry for sustainable operation with AAD blends.
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1. Introduction

In an era of decreasing fossil fuel sources and the harmful influence associated with their
combustion products on the environment, people are increasingly interested in generating energy from
various forms of natural resources, such as wind and solar. Nevertheless, the energy obtained from
these resources is finite and fluctuates according to the seasons, locations, and environmental factors.
Clean energy sources such as ethanol, biodiesel, nitrogen, and natural gas are of interest to
manufacturers and researchers. Alternative fuels give reciprocating engines the chance to continue
developing unhindered and to be modified to meet contemporary environmental protection standards
in the transportation and energy sectors [ 1-3]. Diesel engines are more common than other combustion
engine types because of their great thermal performance, high torque, longevity, and fuel economy,
especially in the power generation, transportation, and agricultural sectors. Still, diesel engines are
harmful to the environment due to the elevated levels of poisonous exhaust gases such as nitrogen
oxides (NOx), hydrocarbons (HC), and particulate matter (PM) [4-6]. Meanwhile, numerous
researchers and producers have looked into diverse strategies to address the emissions issue,
encompassing engine modification, exhaust gas treatment, and fuel alteration [7,8].

Fuel modification is a viable strategy for achieving diminished emissions in diesel engines, as it
directly influences the combustion of the air—fuel combination that produces the mechanical power
required to operate the engine shaft. Fuel modification involves various modes, such as multi-fuel
mixing, water mixing, and the incorporation of additives, with the aim of achieving certain
benefits [9-11]. The concept of water combined with fuel, known as emulsified fuel, has raised
considerable interest among scientists because of its ability to reduce the use of primary fuel, e.g.,
diesel or biodiesel, without affecting engine functionality or raising emissions. In addition, water in
the combustion chamber decreases the temperature, thus decreasing the unnecessary formation of NOx
and PM [12,13]. Oliveira and Brojo [14] studied the effect of 8% water addition in diesel fuel as a
Water-in-Diesel Emulsion (WiDE) on the combustion and emission of a diesel engine. Results showed
an average of 7.57% improvement in specific fuel consumption (SFC), 19.14% improvement in
thermal efficiency (TE), 5.54% reduction in carbon dioxide, 20.50% reduction in nitric oxide (NO),
and 75.19% reduction in smoke levels. However, the mean increases in carbon monoxide (CO) and
hydrocarbon (HC) emissions were 81.09% and 93.83%, respectively. Hasannuddin et al. [15]
conducted 200 h of engine operation with water-diesel emulsion fuels. They found that NOx and smoke
were reduced by 51% and 14%, respectively, and CO and BSFC increased. Watanabe et al. [16] tested
the diesel engine with two types of emulsion fuels with 10% and 20% concentration of water. The tests
showed that E20 fuel had reduced NOx emissions and smoke, which was associated with particles of
water vapor absorbing the flame heat. In addition, CO and SFC of E10 and E20 were higher than those
of the diesel, which was attributed to the OH radicals of water converting carbon into CO.

Carbon-neutral fuels constitute a practical and effective strategy for alleviating the environmental
impact of diesel engine emissions [17—19]. The unique properties of ammonia make it an attractive
alternative fuel source. Its carbon-free content and the ability to reduce NOx emissions make it a
desirable substitute for conventional fuels in compression ignition engines. Ammonia fuel is

AIMS Energy Volume 14, Issue 3, 618-639.



620

recognized to be an environmentally friendly alternative to hydrogen, which addresses the issues of
mobility and storage of hydrogen with its large mass, thermal dispersion, and low boiling point [20,21].
Also, the ammonia fuel contains approximately 17.6% of hydrogen by weight and is considered as
being a hydrogen carrier [22,23]. Consequently, ammonia fuel represents a feasible alternative to
hydrocarbon fuels. Furthermore, ammonia fuel is a crucial component of the selective catalytic
reduction (SCR) system, which aims to diminish NOx emissions during diesel engine combustion.
This is achieved through the chemical reaction of ammonia (NH3) with NOx, yielding H2O and
N2 [24-26]. Nadimi et al. [27] conducted experimental research on the effects of substituting diesel
fuel with ammonia on emission levels and combustion efficiency in an ammonia/diesel dual-fuel
engine. The study findings indicated that ammonia can supply 84.2% of the input energy, while
demonstrating that thermal efficiency improves with greater diesel replacement. Furthermore, the
findings demonstrated that adding ammonia raised NOx emissions and unburned ammonia (14,800 ppm)
while decreasing CO, CO:, and PM emissions. Reiter and Kong [28] examined the influence of diesel
fuel and ammonia mixing on the combustion performance of a diesel engine, maintaining constant
engine power while varying the diesel/ammonia mixing ratios between 40% and 60% diesel and 60%
and 40% ammonia. The findings indicated that, compared with pure diesel-fuel engines, dual engines
exhibited lower exhaust gas emissions of hydrocarbons (HC), nitrogen oxides (NOx), and carbon
monoxide (CO). The substantial use of ammonia also diminished soot emissions owing to the low
carbon content of the dual fuel. Huang et al [29] numerically investigated ammonia—diesel dual-fuel
combustion in a CI engine using 3D CFD simulations, concluding that ammonia is predominantly
consumed within the diesel spray plume, while slip occurs in regions not reached by the spray,
highlighting the need to enhance flame propagation to reduce emissions.

Given the advantages of emulsion and ammonia fuels, the blending of the two fuel systems has
received a lot of interest. Studies on the viability of emulsion fuel-ammonia blends in internal
combustion engines are currently being conducted, and the concentration of ammonia that can be
safely added to the combustor has not been defined yet. However, the low rate of flame propagation
and the high auto-ignition temperature of ammonia pose combustion inefficiencies that may lead to a
compromise in the use of ammonia in diesel engines. Recent research has demonstrated that aqueous
ammonia can be used to mitigate some of these problems in combination with diesel, but to realize
ideal combustion characteristics, complex processes are still required [30,31]. Pyrc et al. [32] carried
out experimental research to identify the influence of the replacement of 25% water ammonia solution
with diesel fuel on the operating properties and emissions of the compression ignition dual-fuel engine
under different operating conditions. The findings indicated that combustion with ammonia reduces
the stability of the test engine, though it remains within the acceptable stability indices of the
reciprocating combustion engines. Moreover, the introduction of water ammonia solution induced
higher emission of hydrocarbons and carbon monoxide, and reduced emission of nitrogen oxides.
Al-Dawody et al. [31] examined the effect of using three different volumetric percentages of ammonia
solution in mixture with diesel fuel (40% NH4+OH + 60% diesel, 50% NH4OH + 50% diesel, and 60%
NH4OH + 40% diesel) on the efficiency of diesel engine combustion and emission of pollutants in
dual-mode operation. The study concluded that the addition of ammonia solutions inhibited heat
emission and pressure of the system and prolonged ignition delay. In addition, the analysis showed
that the level of nitrogen oxides and soot emissions significantly decreases. Saritas et al. [33]
experimentally investigated aqueous ammonia (10-20 wt.%), hydrogen (10% energy), and diesel
blends in an 11 L heavy-duty CI engine at 660 rpm, concluding that A20D80 maximizes brake thermal
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efficiency (39.18%), while NH4sOH reduces CO/HC, and hydrogen mitigates NO at low/medium loads,
emphasizing the need for optimal ammonia—hydrogen balancing.

Many studies have been conducted to increase fuel efficiency and reduce pollutant emissions
through adjusting diesel engines to use aqueous ammonia-diesel blends [30,31]. However, there is a
deficiency of studies investigating the role of the geometry of piston bowls on the combustion
performance and emissions of diesel engines that are fueled with aqueous ammonia—diesel mixtures.
Piston bowl geometry is very critical in the process of combustion in diesel engines. It has a direct
effect on the air—fuel mixing, propagation of the flames, and heat release patterns of the combustion
chamber [34,35]. The design of the piston bowl could either enhance or decrease the combustion
performance and the level of emissions, whenever applied with aqueous ammonia—diesel mixtures.
The piston bowl’s design is essential for mixing an engine’s air and fuel effectively. The mixture of
fuel and air needs to be sufficient to offset the influence of fuel-rich regions and enable the engine to
achieve its performance and emissions objectives, which is a fundamental goal in the design of the
combustion chamber. Turbulence in the airflow within the combustion bowl can be utilized to enhance
the mixing process and to achieve this goal. Through a suitable construction of the bowl in the piston
crown, the swirl caused by the intake port can be augmented, or the squish generated by the piston as
it reaches the cylinder head to create greater turbulence during the compression stroke. Rifat et al. [36]
simulated the effects of three piston bowl geometries on combustion, performance, and UHC/VOC
emissions in a diesel-methane dual-fuel engine with ANSYS Forte 2023 R1 and found that the
modified re-entrant design had the highest thermal efficiency (34.11%) and lowest UHC/VOC
emissions, but marginally higher CO because of delayed oxidation. Sefatjoo and Khaleghi [37]
performed a coupled CFD study of four piston bowl configurations and swirl ratios (0—3) on spray
dynamics and fuel-air mixing, and found moderate swirl (SR-2) to maximize effective penetration and
uniformity of the mixture, and high swirl to create distorted jets and a smaller usable combustion volume.

Only a limited number of studies have dedicated their research to examining the influence of
piston bowl geometry on combustion efficiency and emissions in diesel engines powered by aqueous
ammonia-diesel blends. This study focuses on investigating the relation between aqueous ammonia-
diesel blends and piston bowl geometry to address combustion and emission challenges in diesel
engines fueled by diesel fuel blended with constant volumetric percentages of aqueous ammonia using
the simulation software Diesel-RK. The given study fills the gap by examining the impact of piston
bowl geometry on the dynamics of combustion and the emission profile of a diesel engine working
with an aqueous ammonia-diesel mixture. This research aims to find a combination of piston-bowl
configuration and critical performance indicators by varying the configurations systematically and
determining those that optimize combustion efficiency and, at the same time, reduce environmental
impacts. The findings will contribute to the development of sustainable and high-performing diesel
engines compatible with alternative fuels.

2. Materials and methods

This study employed the Diesel-RK simulation program to analyze the impact of piston bowl
design on the combustion procedure and emission generation characteristics of a diesel engine powered
by aqueous ammonia-diesel blends. The Diesel-RK software is specially designed as a simulation and
modeling application for modeling internal combustion engines. In 1981-1982, Bauman State
Technical University in Moscow created the DIESEL-RK program for combustion engines (piston
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engines). It was mainly developed to simulate and optimize the operation of commercial internal
combustion engines with various upgrades and enhancements. Diesel-RK software is employed to
determine emission levels, combustion, and performance characteristics for a diesel engine [38,39]. In
the current study, five different types of piston bowls were used, namely the Double Lip (Case 1),
10D100 (Case 2), Mexican Hat (Case 3), Inveco F1C Rollbuch (Case 4), and Peugeot DW 10 (Case 5).
Table 1 shows the coordinates of 16 points on the Y and R axes for designing each combustion chamber,
while Figure 1 illustrates the dimensions of the shapes for the five piston bowl designs. The chosen
piston bowl geometries are open and re-entrant with various lip radii and bowl depths, which directly
impact in-cylinder flow properties, including swirl strength, squish movement, and fuel-air mixing, as
these are the basic parameters of combustion efficiency and formation of emissions in compression
ignition engines. Internal combustion engine research has determined that the bowl geometry
influences ignition delay, heat release behavior, and NOx/soot formation by influencing spray
development and turbulent mixing. In addition, the majority of the chosen geometries are based on
configurations that were reported in scientific literature and real engines [40,41].The choice will
facilitate a methodical evaluation of the impact of piston bowl geometry changes on in-cylinder flow,
combustion behavior, and emission properties, and will enable the identification of configurations that
maximize fuel/air mixing, combustion efficiency, and reduce NOx and soot emissions in
ammonia-diesel engines. This study involved a four-stroke, single-cylinder, direct-injection, naturally
aspirated, water-cooled diesel engine. Table 2 shows the engine specifications. In all simulations, the
piston bowl capacity, compression ratio of 15.5, and injected fuel mass of 0.03834 g/cycle at 2000 rpm
and 0.03816 g/cycle at 3000 rpm were maintained constant with the different piston shapes. This
guarantees that results are exclusively reliant on the effect of piston bowl form on combustion
characteristics. The comparative analysis should help to clarify the influence of piston shape variations
on a variety of characteristics and parameters and provide key factors and core features that are relevant
to the design of piston bowl geometries.

The volumetric composition used in this study, as per the literature review, was 50% aqueous
ammonia and 50% diesel fuel [31]. Table 3 describes the characteristics of diesel, aqueous
ammonia (NH4OH), and a combination of 50% NH4OH and 50% diesel. The simulations have been
done under the Diesel-RK using well-specified sub-model settings. A multi-zone combustion model
was used to represent the combustion process; this model splits the in-cylinder charge into zones to
resolve the fuel-air mixing, temperature, species concentration, and combustion development. Further,
ignition delay was determined by applying the Tolstov mechanism, which approximates the time taken
between fuel injection and initiation of combustion depending on pressure and temperature conditions.
The heat release rate was also modeled using the Wiebe function, which is an empirical model
commonly used to describe the phasing and duration of combustion. To model the emissions, the
nitrogen-oxygen reactions of the high-temperature formation of NO were predicted by the thermal
Zeldovich mechanism [42]. The estimation of PM was based on the Alkidas formula, which links the
formation of soot to combustion parameters, including the equivalence ratio and temperature. The
Bosch and Hartridge correlations were used to measure smoke emissions by correlating exhaust
opacity and the soot concentration [43,44]. Furthermore, the heat transfer between the in-cylinder
gases and the walls was also modeled through the Woschni correlation, which approximates convective
heat transfer based on the cylinder pressure, temperature, and velocity of the gases. Turbulence in
Diesel-RK is captured implicitly in the spray and air-fuel mixing processes through semi-empirical
correlations, and not by an explicit turbulence model such as k-g. Turbulent processes are modeled in
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terms of spray penetration, droplet breakup, air entrainment, and diffusion, which govern mixing and
combustion processes [43,44]. A time step of 0.5 crank-angle (CA) was used in all simulations in order
to resolve combustion phasing and emission formation events accurately. The models were used
consistently in all cases of the simulation so that a reliable comparison of the results was possible.

Cases Name Shapes of a piston

Casel Double lip I : Ll ==,

Case 2 10D100 ' Ll T

Case 3 Mexican hat L Ll = =, .

[H] R |
Case4 | Inveco FICRollbuch | ——— — b
‘2_“—”) )/-"" i “-Jn\‘_‘“\“_r ‘j .\ -
Case 5 Peugeot DW 10 . Ll ., .,

Figure 1. Various piston bowl geometries used for examination.

Table 1. Coordinates of sixteen points on the Y and R axes for the drawing of each
combustion chamber.

Case 1 Case 2 Case 3 Case 4 Case 5

points/axes Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm)
point 1 0 6.95 0 6.98 0 2.34 0 4.42 0 5.12
point 2 3.16 6.95 1.93 7.03 1.25 243 2.66 4.42 4.48 6.69
point 3 6.95 8.84 3.86 7.13 2.46 2.72 5.89 6.53 6.43 8.47
point 4 11.16 11.37 7.73 7.46 3.62 3.18 8.74 8.52 7.98 12.22
point 5 1495 13.68 11.59 8.02 7 4.85 11.37 10.11 9.73 15.27
point 6 18.53 15.16 13.53 8.37 10.39  6.52 13.89 11.58 12.85 16.75
point 7 2274 15.16 1546 873 13.77  8.19 16.59 1322 1537 16.84
point 8 2568 1284 1739 9.2 17.16  9.87 1937 14.16 1733 1595
point 9 26.74  9.68 1932 9.69 20.25 10.68 2211 1326 19.37 14.11

Continued on next page
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Case 1 Case 2 Case 3 Case 4 Case 5
points/axes Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm) Y(mm) R(mm)
point 10 25.68 6.32 21.26  9.76 2342  10.2 23.67 11.66 2021 11.16
point 11 24 4.42 23.19 9.45 26.14 8.51 2337 821 20.21 8.84
point 12 24 3.16 25.12 854 2797 5.88 21.89 6.53 18.95 6.53
point 13 2526 1.47 27.05 7.06 28.61 2.74 21.68 4.42 16.84 4.42
point 14 27.58 1.47 28.99 4.06 28.61 1.83 2337 274 16.84 1.68
point 15 29.47 1.26 30.92  0.96 28.61 091 2931 1.05 17.68 1.26
point 16 3137 0 3285 0 2861 0 3015 0 2044 0
d (mm) 8.63 7.15 11.39 9.85 19.56

Table 2. Specifications of the engine [45].

Model Diesel engine (Kiloskar)
Kind Single-cylinder, 4-stroke
Rated output 3. 7KW

Compression ratio 15.5

Bore x stroke 80 mm X% 110 mm
Duration of injection 30 CA

Injection pressure 160 bar

Injection timing 20 CA BTDC

Table 3. Properties of diesel and aqueous ammonia [31].

100% NH4+OH (with 25%

Property Iraqi diesel . 50% NH4+OH + 50% diesel
NH3) aqueous ammonia
Molecular weight (g/mol) 190 35.046 112.523
Density (kg/m?) 830 890.3 860.15
Viscosity (cP) 2.5 0.475 1.49
Surface tension (mN/m) 25 55 40
Flash point (°C) 70 Non-flammable 50
Lower heating value (LHV) (MJ/kg)  45.83 9.83 27.83
Cetane number 534 e 26.7
Autoignition temperature (°C) 210 ~630 350
Stoichiometric air—fuel ratio 14.33 2.93 8.63
Heat of evaporation (kJ/kg) 250 2034.25 1142.125
Mass fraction of carbon (%) 0.87 0 0.435
Mass fraction of hydrogen (%) 0.126 0.142 0.134
Mass fraction of oxygen (%) 0.004 0.457 0.2305
Sulfur fraction (%) 0.2 0 0.1
Activation energy 22 70-80 50
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3. Validation

A sample of the simulation findings, displayed by heat release ratio (HRR) and pressure, has been
validated and confirmed against the study conducted by Mohamed F. Al-Dawody [31]. The results
were validated using the identical fuel characteristics and operating conditions, which comprised
a 1500 rpm engine speed, a 15.5 compression ratio, and a diesel fuel. Figure 2 depicts the pressure
history validation using crank angle. Furthermore, Figure 3 compares the HRR observed in this study
to that found in previous research. Moreover, Table 4 presents a comparison of the brake power, peak
temperature, maximum NO emission, and soot concentration obtained in this study with those reported
by Mohamed F. Al-Dawody. As shown in Figure 2 and Table 4, the combustion chamber pressure,
brake power peak, temperature, maximum NO emission, and soot concentration observed in this study
are within 5% of those found in Mohamed F. Al-Dawody’s study. Furthermore, as demonstrated in
Figure 3, the HRR values observed are reasonably consistent with those obtained from [31].
Furthermore, the figures show the same pattern with a minor divergence, which is encouraging enough
to demonstrate the reliability of the Diesel-RK simulation software.

Mohamed F. Al-Dawody
90.00

80.00
_70.00
30.00
$0.00
10.00
$30.00
©0.00
10.00
0.00

300 350 400 450 500
Crank angle

Figure 2. Validation of pressure history relative to crank angle.

5 Mohamed F. Al-Dawody Present Work

560
550
240
230

220 N

= / .
£ 10 ’/ \

340 360 380
Crank angle

Figure 3. Comparison of the heat release rate (HRR) obtained in this study with that
reported by Mohamed F. Al-Dawody [31].
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Table 4. Comparison of the brake power, temperature, NO emission, and maximum soot
concentration obtained in this study with those reported by Mohamed F. Al-Dawody [31].

Findings according to . .
Numerical findings
Parameter Mohamed F. Al- . Error percentage
in the present study
Dawody’s study

Brake power (kW) 4.625 4.6006 0.52%
Temperature (K) 2040 1996.30 2.14%
NO emission (g/kWh) 18 17.4 3.33%
Maximum soot concentration (g/cm?) 6.33 6.324 0.094%

4. Results and discussion

Five different types of piston bowls, namely the Double lip (Case 1), 10D100 (Case 2), Mexican
hat (Case 3), Inveco F1C Rollbuch (Case 4), and Peugeot DW 10 (Case 5), were used to study the
impact of combustion chamber shapes on the combustion performance and emission formation
characteristics of a diesel engine fueled with aqueous ammonia-diesel. The Diesel-RK simulation
program was utilized. The simulation findings for the combustion characteristics of diesel fuels with
five different types of piston bowls are presented below.

4.1. Pressure

Figures 4 and 5 demonstrate the correlation between the pressure within the various combustion
chambers and the crank angle at engine speeds of 2000 and 3000 rpm. Figure 6 depicts the effect of
combustion chamber geometries on the value of the peak pressure within the engine. The numerical
findings revealed that the combustion pressure was quite different in the six cases, indicating changes
in piston design and the combustion performance of the 50% NH4OH and 50% diesel fuel mixture.
The in-cylinder pressure is strongly influenced by piston bowl geometry due to its effect on air—fuel
mixing and turbulence inside the combustion chamber. Performance (power output) is strongly
influenced by in-cylinder pressure and the homogeneity of the air—fuel mixture. High pressure
improves fuel atomization and distribution, which helps achieve more complete combustion. Still, if
the air—fuel mixture is not well distributed or homogeneous, local rich zones can form, leading to
emissions. The key to achieving low emissions lies not only in high pressure and temperature but also
in the homogeneity of the air—fuel mixture. Figures 4, 5, and 6 show that the maximum pressure value
drops as the engine speed increases under the same combustion chamber. Moreover, according to the
results, Case 5 (Peugeot DW 10) achieved the highest pressure of 53.86 bar at 2000 rpm and 52.67 bar
at 3000 rpm, closely followed by Case 3 (Mexican hat) at 53.13 bar at 2000 rpm and 52.61 at 3000 rpm,
while Case 1 (Double lip) exhibited the lowest pressure of 52.35 bar at 2000 rpm and 50.96 bar
at 3000 rpm. In Case 5, the Peugeot DW 10 design generates intense turbulence, elevating peak
pressure and improving combustion efficiency. This is critical for ammonia-diesel blends, which
require thorough atomization to compensate for ammonia’s slower combustion kinetics. On the other
hand, Case 1, including a bowl with two lips, reduces compression pressure due to the fact that fuel
and air do not mix completely, therefore creating a weaker combustion. Case 3 (Mexican Hat) was
characterized by equal compression and swirl flows, maintaining moderate pressure, ideal for stable
combustion without excessive thermal stress. Increased pressure tends to increase efficiency but has
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to be controlled so that it does not generate too much heat, which worsens NOx emissions.

60.00

55.00

50.00
T 45.00
S 40.00
2 35.00
30.00
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20.00
15.00
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case 2
case 3
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case 5

320.00

Figure 4. Association between pressure and crank angle at different combustion chambers

and an engine speed of 2000 rpm.
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Figure 5. Association between pressure and crank angle at different combustion chambers

and an engine speed of 3000 rpm.
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Figure 6. Relationship between pressure and the different combustion chambers.
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4.2. Temperature

The relationship between temperatures in the different combustion chambers and the crank angle
at an engine speed of 2000 and 3000 rpm is depicted in Figures 7 and 8. Figure 9 explains the impact
of combustion chamber shapes on the temperature inside the engine. Numerical analysis demonstrated
that the combustion temperatures of six piston designs were noticeably variable when operated with a
mix of 50% NH4OH and 50% diesel. This is because the piston design influences the efficient mixing
of the air—fuel mixture and increases flow turbulence in the combustion chamber, improving the
combustion performance and total combustion efficacy. Combustion quality is strongly influenced by
in-cylinder temperature, as well as the homogeneity of the air—fuel mixture. High temperature
accelerates chemical reactions, promoting better oxidation of fuel. As shown in Figures 7, 8, and 9,
under the same combustion chamber, the results explain that the value of the temperature rises as the
engine speed increases. Combustion temperature findings showed that Case 5 (Peugeot DW 10) had
the greatest temperature (1908 K) at 2000 rpm engine speed and 1915 K at 3000 rpm engine speed,
subsequent to Case 3 (Mexican hat), with 1886.8 K at 2000 rpm engine speed and 1914 K at 3000 rpm
engine speed. Case 1 (Double lip) had the lowest temperature (1857.9 K) at 2000 rpm engine speed
and 1864 K at 3000 rpm engine speed. The elevated temperatures in Case 5 correlate with their superior
heat release rates and combustion pressures, suggesting that their piston geometries promote efficient
fuel-air mixing, heat retention, and optimize flame propagation. Conversely, Case 1’s “Double lip”
piston underperformed, possibly due to incomplete combustion, resulting in lower thermal energy.
Temperature management is vital for ammonia blends, as excessive heat negates their NOx-reduction
potential, while insufficient heat risks incomplete combustion.

2000 rpm
2,000
1,800 \
g 1,600
1% case 1
5
s 1,400 case 2
o)
g« case 3
5 1,200
= case 4
1,000 case 5
800 - o
600 =
320 340 360 380 400
Crank angle

Figure 7. Association between temperature and crank angle at different combustion
chambers and an engine speed of 2000 rpm.
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3000 rpm
2,000
1,800
g 1,600 case 1
g 1,400 case 2
2
g 1,200 case 3
& 1,000 case 4
300 case 5
600
320 340 360 380 400
Crank angle

Figure 8. Association between temperature and crank angle at different combustion
chambers and an engine speed of 3000 rpm.

1920
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2 1890
(5]
5 1880
g 1870 ®2000 rpm
o
g 1860 E3000 rpm
[

1850
1840
1830
1820

case 1 case 2 case 3 case 4 case 5
Cases

Figure 9. Relationship between temperature and combustion chamber shapes.
4.3. Heat release rate (HRR)

Figures 10 and 11 show the correlation between heat release rates and the crank angle at the
various combustion chambers. Figure 12 explains the impact of combustion chamber shapes on the
heat release rate. HRR reflects combustion phasing and energy release dynamics. As shown in
Figures 10, 11, and 12, under the same combustion chamber, the value of the heat release rate increases
as the engine speed increases. Numerical findings indicate that HRR correlates with combustion
phasing and energy release dynamics. Case 5 (Peugeot DW 10) demonstrates a pronounced HRR peak
of 73.68 J/deg at 2000 rpm and 75.3 at 3000 rpm, attributable to significant turbulence resulting in
accelerated combustion. In contrast, Case 1 (Double Lip) shows a delayed and lower HRR (65.28 J/deg)
at 2000 rpm and 65.6 J/deg at 3000 rpm, likely due to reduced turbulence and incomplete combustion.
Case 3 (Mexican Hat) offers a balanced HRR of 71.8 J/deg at 2000 rpm and 74.6 at 3000 rpm, which
is more appropriate for ammonia's slower combustion rate, guaranteeing a continuous energy release
without sudden pressure surges. This balance is necessary to extend the life of the engine and reduce
emissions in a dual-fuel setup. Figure 13 shows simulation results of spray formation in the combustion
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chamber in six different piston-bowl geometries using a fuel mixture of 50% NH4OH and 50% diesel

at 2000 and 3000 rpm engine speeds.
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Figure 10. Association between HRR and crank angle at different combustion chambers
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Figure 13. Spray formation of the combustion chamber at six different piston bowl geometries
at an engine speed of 2000 and 3000 rpm using a blend of 50% NH+OH and 50% diesel fuel.

4.4. Nitric oxide emission (NO)

The level of nitric oxide formed depends on the highest temperature within the engine, retention
time, and the oxygen level. The process of forming NO is very dependent on the temperature of
combustion, which also depends on the degree of turbulent mixing in the chamber and the air—fuel
mixture. The piston design affects the effective mixing of the air—fuel mixture and flow turbulence in
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the combustion chamber, which in turn influences combustion performance and overall combustion
effectiveness. Moreover, a lower combustion temperature reduces the NO percentage in the combustion
chamber, while the reverse is true. Figure 14 illustrates the impact of combustion chamber shapes on the
nitric oxide emissions when operated with a mix of 50% NH4OH and 50% diesel. Figure 14 shows that
the concentration of nitric oxide emissions decreases as the engine speed increases for the same fuel
type in the combustion chamber. Moreover, the NO emissions results across the five different
cases (Double Lip, 10D100, Mexican Hat, Inveco F1C Rollbuch, and Peugeot DW 10) indicate
apparent variations in nitrogen oxide formation under similar engine operating conditions (2000 rpm).
As shown in Figure 14, findings regarding NO emissions indicate that Case 5 (Peugeot DW10) had the
greatest NO emission (2.49 g/lkWh at 2000 rpm and 1.99 g/kWh at 3000 rpm), followed by Case 3 (Mexican
Hat), with 2.40 g/kWh at 2000 rpm and 1.974g/kWh at 3000 rpm. Case 1 (Double Lip) had the lowest
NO emission (2.31 g/kWh at 2000 rpm and 1.819 g/kWh at 3000 rpm). The NO emissions results for
Case 2 and Case 4 are 2.35 g/kWh at 2000 rpm and 1.93g/kWh at 3000 rpm, and 2.344 g/kWh at 2000
rpm and 1.871 g/kWh at 3000 rpm, respectively. The increased level of NO emissions in Case 5 is
associated with high heat release rates and the combustion temperature. On the other hand, the
performance of Case 1 in the Double Lip piston was poor, which could be attributed to the low
temperature. Temperature affects ammonia blends the most because excessive heat reduces NOx-
reduction capacity, and an insufficient amount of heat increases the likelihood of incomplete combustion.
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Figure 14. Correlation between NO and combustion chamber shapes at speeds of 2000
and 3000 rpm of an engine.

4.5. Particulate matter (PM) emissions

Figure 15 describes the effects of the shapes of the combustion chambers on the emissions of PM.
The PM emissions in diesel engines are influenced by various factors, such as fuel composition, air—fuel
ratio, mixing efficiency, temperature, and pressure. The increase in the combustion temperatures boosts
the rate of chemical reactions, resulting in more thorough fuel combustion. This should result in fewer
unburned hydrocarbons and reduced PM emissions. Numerical analysis demonstrated that the PM
emissions of six piston designs were noticeably variable when operated with a mix of 50% NH+OH and
50% diesel. PM emissions in a diesel engine are heavily influenced by the piston shape, as evidenced
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by the specific PM emission results at 2000 and 3000 rpm across the five different designs: Double Lip
had 1.02 g/kWh at 2000 rpm and 1.126 g/kWh at 3000 rpm; 10D100 had 0.965 g/kWh at 2000 rpm
and 0.933 g/kWh at 3000 rpm; Mexican Hat had 0.95 g/kWh at 2000 rpm and 0.903933 g/kWh at 3000 rpm;
Inveco F1C Rollbuch had 0.97 g/lkWh at 2000 rpm and 1.006 g/kWh at 3000 rpm; and Peugeot DW10
had 0.91 g/kWh at 2000 rpm and 0.892 g/kWh at 3000 rpm. This is because the piston design affects
the combustion efficiency, including mixing the air—fuel mixture and flow turbulence in the
combustion chamber. The Double Lip design has the largest PM emissions due to poor combustion
efficiency and incomplete combustion of fuel, resulting in increased soot formation and the formation
of particulates. Conversely, the Peugeot design of the DW 10 emits the least amount of PM, indicating
that the air—fuel mixing and combustion process are more efficient and complete, thereby reducing the
production of the particulate. The Mexican hat-10D100 and Inveco FI1C Rollbuch designs are
intermediate, with moderate PM levels, reflecting their varied degrees of combustion efficiency. The
findings highlight the significance of piston geometry in regulating the quantity of particulate emissions,
since an appropriate design can minimize the creation of harmful particles when the diesel burns.
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Figure 15. Relationship between PM emissions and different combustion chambers.

4.6. Hartridge smoke level

Figure 16 illustrates the impact of combustion chamber shapes on the Hartridge smoke level.
Figure 16 shows that the concentration of smoke emissions decreases as the engine speed increases for
the same fuel type in the combustion chamber. Moreover, smoke emissions in a diesel engine are
significantly influenced by the shape of the piston, as demonstrated by the Hartridge Smoke Level
results across five different piston designs: Double Lip (36.41 at 2000 rpm and 36.20 at 3000 rpm),
10D100 (34.05 at 2000 rpm and 29.8 at 3000 rpm), Mexican Hat (33.68 at 2000 rpm and 28.93
at 3000 rpm), Inveco F1C Rollbuch (34.52 at 2000 rpm and 32.17 at 3000 rpm ), and Peugeot
DW 10 (32.14 at 2000 rpm and 28.48 at 3000 rpm). The results indicate that the Peugeot DW 10 design
produces the lowest smoke emissions, suggesting superior air—fuel mixing and combustion efficiency,
which minimizes incomplete combustion and smoke formation. The Double Lip piston, on the other
hand, produces the greatest smoke levels, which is probably due to ineffective distribution of the
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fuel-air mixture as a result of overly high turbulence or unfavorable swirl patterns. The Mexican Hat and
10D100 designs perform relatively well, showing moderate smoke levels, while the Inveco F1C Rollbuch
exhibits slightly higher emissions than both. These variations highlight the critical role of combustion
chamber geometry and piston bowl design in controlling smoke generation during diesel combustion.
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Figure 16. Correlation between smoke level in the Hartridge and various combustion chambers.
4.7. Carbon dioxide (CO>)

The generation of CO: in a diesel engine is largely influenced by the level of completeness of
combustion, which is affected by elements such as air-to-fuel ratio, presence of oxygen, temperature
of combustion process, and fuel composition. Elevated CO: levels indicate that the fuel is combusted
more efficiently and thoroughly. As such, there is a need to optimize engine parameters to improve
combustion efficiency both in terms of performance and environmental aspects. Additionally, the
piston form design significantly influences air—fuel mixing and combustion efficiency, potentially
resulting in more complete combustion and increased CO: emissions. The effect of the shapes of the
combustion chambers on the CO- emission is explained in Figure 17. CO: emissions in a diesel engine
are significantly influenced by the shape of the piston, as demonstrated by the CO: results across five
different piston designs: Double Lip had 614.94 g/kWh at 2000 rpm and 676.8g/kWh at 3000 rpm;
10D100 had 617.58 g/kWh at 2000 rpm and 677.4 g/lkWh at 3000 rpm; Mexican Hat had 617.67 g/lkWh
at 2000 rpm and 677.94 g/kWh at 3000 rpm; Inveco F1C Rollbuch had 616.48 g/kWh at 2000 rpm
and 676.33 g/kWh at 3000 rpm; and Peugeot DW 10 had 617.93 g/kWh at 2000 rpm and 679.93 g/kWh
at 3000 rpm. Figure 17 shows that the concentration of CO: emissions increases as the engine speed
increases for the same fuel type in the combustion chamber. The results indicate that the Double Lip
design produces the lowest CO: emissions, likely due to poor fuel—-air distribution caused by excessive
turbulence or improper swirl patterns, as well as low temperatures inside the combustion chamber. On
the other hand, the Peugeot DW 10 piston produces maximum CO- emissions, indicating excellent air—fuel
mixing and combustion efficiency, thereby reducing the uncompleted combustion and formation of soot.
These findings indicate that the piston geometry plays a significant role in regulating CO- emission,
whereby piston design can greatly minimize or increase the CO: emission during the burning of diesel.
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5. Conclusions

The present work introduces the effect of combustion chamber geometry on emission formation
properties and combustion behavior of a diesel engine under various engine speeds (2000 and 3000 rpm)
fueled with aqueous ammonia-diesel. Five types of piston bowls, i.e., Double lip (Case 1), 10D100 (Case 2),
Mexican hat (Case 3), Inveco F1C Rollbuch (Case 4), and Peugeot DW 10 (Case 5), were implemented.
Numerical computations were performed on a single-cylinder, 4-stroke, and direct-injection diesel
engine. The study outcomes led to the following conclusions:

e  The numerical results indicated that combustion efficiency and emissions are strongly influenced
by piston bowl geometry due to its effect on air—fuel mixing and turbulence inside the combustion
chamber. Moreover, based on the numerical findings, with the same combustion chamber, the
results explain that the NO emission concentration, Hartridge smoke level, and maximum
pressure reduced with increased engine speed from 2000 to 3000 rpm, whereas maximum
temperature, HRR, CO: emission, and PM emissions increased.

e  According to numerical results, the Peugeot DW 10 (Case 5) piston bowl demonstrated superior
combustion performance, reflecting greater air—fuel mixing and completeness of
combustion, achieving the highest in-cylinder pressure, peak temperature, and HRR. It had
the lowest PM (0.91 g/kWh and 0.892 g/kWh) and the lowest Hartridge smoke level (32.14
and 28.48) at 2000 and 3000 rpm, respectively, but also produced the highest NOx
emissions (2.49 g/kWh at 2000 rpm and 1.99 g/kWh at 3000 rpm) because of high combustion
temperatures. In addition, the Double Lip design (Case 1) had the worst combustion parameters,
reflecting inefficient mixing and partial combustion. It recorded the lowest temperature, pressure,
HRR, CO., and NO alongside the highest PM. Moreover, the most balanced design was
Case 3 (Mexican Hat), which provided the best second-highest combustion performance. Case 3
had the second-largest peak pressure and second-largest temperature, and moderate and stable
HRR. It also produced low PM (0.95 and 0.903933 g/kWh), low smoke (33.68 and 28.93), high
CO: (617.67 and 677.94g/kWh), and only moderately increased NOx (2.40 and 1.974 g/kWh)
at 2000 and 3000 rpm, respectively.

e  According to findings, the Peugeot DW 10 presents the most optimal balance of high efficiency
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and low soot/smoke, although with more NO. Case 3 (Mexican Hat) provides an optimal overall
balance of emissions, both soot and NOy are reduced, and the combustion efficiency remains high.
Case 3 is the most appropriate for operation with aqueous ammonia-diesel mixtures on a
sustainable basis.

6. Future work

Our future work will examine the impact of injector spatial alteration, injection pressure, and
nozzle size on combustion efficiency and emissions in a diesel engine fueled with a mixture of aqueous
ammonia and diesel.
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