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Abstract: Natural gas-diesel dual-fuel (NDDF) engines can reduce harmful emissions while
maintaining diesel-like efficiency. However, under low-load conditions, they suffer from high
methane (CH4) emissions, reduced combustion stability, and lower thermal efficiency. To address
and improve these issues, this study numerically investigates the effects of injection pressure (32, 50,
90, and 126 MPa) and nozzle hole diameter (NHD, 110-230 um) on dual-fuel combustion. 25%, 50%,
and 75% natural gas energy fraction (NGEF) conditions are simulated for dual-fuel cases, and fully
diesel-fueled conditions are also studied. Results at 50% and 75% NGEF indicate that increasing
injection pressure significantly improves thermal efficiency while reducing CHs and soot emissions.
Furthermore, at 75% NGEF, NHD reduction from 230 to 150 um provides more stable combustion
rates, higher thermal efficiency and lower CHas emissions. At 75% NGEF, the combination of 126 MPa
injection pressure and 150 um NHD reduces CHs emissions by 77% and increases thermal efficiency
by 9.8% compared to the baseline case (32 MPa and 230 pum). This study demonstrates that optimal
combinations of injection pressure and NHD can significantly improve low-load issues in NDDF
engines.

Keywords: dual-fuel; engine; natural gas; diesel; injection pressure; nozzle hole diameter; efficiency;
emission; greenhouse gas

1. Introduction

Internal combustion engines (ICEs) have been widely used to power on-road, non-road, and
marine vehicles. Due to their fuel economy and reliability, diesel engines are particularly preferred
in heavy-duty applications among ICEs. However, diesel combustion produces high levels of soot
and nitrogen oxides (NOx) emissions and diesel engines significantly contribute to greenhouse gas
(GHG) emissions [1,2]. Furthermore, the sulfur content of heavy fuel oil used in marine diesel engines
leads to sulfur oxides (SOx) emissions [3]. Considering the adverse effects of exhaust emissions and
GHG [2,4], regulations have gradually been introduced to limit these pollutants [5-7]. Tightening
emission regulations and decarbonisation targets require the adoption of advanced combustion
technologies, alternative fuel usage, and exhaust after treatment systems in diesel engines [8-11].
Among the emerging sustainable and cleaner power technologies, NDDF combustion represents a
promising alternative [9,12]. NDDF engines produce significantly lower exhaust emissions and GHG
compared to conventional diesel engines while maintaining diesel-like efficiency [10-12].

Dual fuel engines can be operated with different fuel combinations; however, this study focuses
on NDDF combustion. In this combustion strategy, diesel fuel is used to ignite a natural gas-air
mixture in the cylinder. Because natural gas and air are premixed, combustion temperatures of these
engines are considerably lower than those in conventional diesel engines. The reduced combustion

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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temperatures provide a significant decrease in NOx emissions [10,11]. An increase in premixed fuel
ratio also leads to a substantial decrease in soot emissions [10]. Furthermore, carbon dioxide (CO,)
emissions can be reduced by up to 30% compared to conventional diesel engines because natural gas
has a higher hydrogen-to-carbon ratio than diesel fuel [12,13]. Finally, since natural gas contains no
sulfur, SOx emissions decrease as NGEF increases. In brief, NOx, soot, SOx, and CO: emissions can be
simultaneously reduced in NDDF engines under high NGEF conditions. However, an increase in
NGEF also introduces several challenges in NDDF engines particularly under low load conditions.
These issues are significantly related to the poor combustion properties of natural gas [14,15]. Natural
gas commonly contains over 90% CHs, and CHa4 has much lower flame propagation speed, burning
rate and chemical reactivity compared to higher hydrocarbons and liquid fuels [13]. The combustion
characteristics of natural gas and increased premixed fuel ratio lead to decreased combustion stability
and thermal efficiency under high NGEF and low load conditions [16]. Additionally, combustion
control becomes increasingly challenging due to reduced diesel fuel [17]. Consequently, issues
including high CHs emissions, low thermal efficiency, and reduced combustion stability emerge as
main challenges in NDDF engines under low load conditions [10,11].

Researchers have extensively investigated the effects of operating parameters on NDDF
combustion to address the low load issues [10,11,18]. These studies demonstrate that diesel injection
conditions significantly influence combustion performance and emission characteristics. Therefore,
the effects of injection conditions have become a key area of focus in NDDF engine studies [19-21].
Among various injection parameters, such as injection timing, spray angle, and nozzle number,
injection pressure is particularly critical. It significantly influences fuel injection velocity, mass flow
rate, atomization, evaporation, and mixture formation [22,23]. As injection pressure increases, spray
penetration increases and the time required for mixture formation and ignition decreases [22,23]. A
shorter ignition delay and higher combustion rates reduce unburned hydrocarbon (UHC) emissions
and improve thermal efficiency at elevated injection pressures. Despite these benefits, higher
injection pressures cause several challenges in NDDF engines. For example, higher NOx emissions
and maximum pressure rise rates (MPRR) are observed at elevated injection pressures [24]. Because
excessive MPRR levels result in increased noise and vibration in ICEs, these levels must remain
within defined operating limits. Furthermore, researchers report an increase in cyclic variations at
elevated injection pressures under low-load and high NGEF conditions [19,21]. The cyclic variations
arise from fluctuations in operating parameters, and these variations are expected to be minimal for
stable and reliable operation [21]. In brief, an increase in injection pressure significantly improves
thermal efficiency and reduces CH4 emissions. However, some low load issues persist and problems
associated with higher injection pressure have emerged in NDDF engines.

Injection conditions play a significant role in the low-load and high injection pressure issues of
NDDF engines. Therefore, the injection conditions should be examined. The diesel fuel mass per cycle
in an NDDF engine is lower than in a fully diesel-fueled engine, proportional to the NGEF value.
Furthermore, the fuel mass per cycle under low-load conditions is 3 to 4 times lower than under high-
load conditions. As a result, diesel fuel mass and injection duration decrease to significantly lower
levels in NDDF engines. Because diesel fuel has a higher chemical reactivity, the reduced amount of
diesel fuel is rapidly burned out following injection. When diesel fuel is consumed, the remaining
natural gas burns at lower rates. The reduction in combustion rates decreases thermal efficiency and
increases CH4 emissions. However, an increase in injection pressure improves injection conditions
and enhances combustion rates. While these improvements enhance thermal efficiency and reduce
CH4 emissions, they also contribute to increased NOx emissions and MPRR values. Additionally,
injection durations further decrease at elevated injection pressures, introducing challenges in
injection and combustion control. Zhang et al. [25] reported that fluctuations in injection parameters
such as injected fuel mass, injection rate, and timing are relatively higher at shorter injection
durations. The increased fluctuations in injection conditions and lower combustion stability are
significant causes of increased cyclic variations in NDDF engines. To improve these issues, lower
NHD values can be implemented in NDDF engines. A reduction in NHD value decreases fuel mass
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flow rates and increases injection durations at the same injection pressure and fuel mass per cycle. By
reducing injection rate, the rapid consumption of diesel fuel can be delayed, allowing better control
over combustion rates. Moreover, studies [13,26] have shown that even small amounts of higher
hydrocarbons significantly improve natural gas combustion characteristics. An increase in injection
duration can provide the required time for better mixture formation between diesel spray and natural
gas-air mixture. Therefore, an investigation is essential to find an optimal combination of injection
pressure and NHD in an NDDF engine.

Although smaller NHD values promise potential improvements in NDDF engines, the effects of
NHD variation have not been investigated in detail. Only a limited number of studies have
considered NHD variation; however, none have specifically focused on the effects of NHD variation.
For example, Zheng et al. [27] conducted experiments using two different injectors under varying
injection pressures. In addition to NHD variation, the number and arrangement of nozzle holes differ
between the injectors. In another study, Lee [17] numerically investigated the effects of NHD
variation at 80% NGEF condition. However, to maintain a constant injection duration, injection
pressures were adjusted simultaneously. As a result, these studies do not isolate the specific effects
of NHD variation. Additionally, various NHD values have been used in NDDF engines [21,28,29].
However, the specific impact of NHD variation remains unclear due to simultaneous variations in
multiple injection and operating parameters. Consequently, there is a clear need to explain the effects
of NHD variation on NDDF combustion. To fill this research gap, this study numerically investigates
the effects of injection pressure and NHD variations on NDDF combustion under low-load
conditions. Simulations are conducted using a numerical model of a single cylinder heavy-duty
engine. The injection parameters for each operating condition are estimated using a spray box model.
Dual fuel combustion simulations are performed under 25%, 50%, and 75% NGEF conditions.
Additionally, fully diesel fueled conditions (0% NGEF) are simulated for comparisons. The effects of
injection pressure and NHD are separately discussed under each NGEF condition. Subsequently,
optimal combinations of injection pressure and NHD are described. Finally, the study presents key
findings, including MEP variations, CHs- NOx relationships, peak and baseline efficiencies and GHG
emissions.

2. Simulation Methodology and Matrix

2.1. Numerical Model of Engine

A numerical model of a single cylinder heavy-duty engine is constructed using ANSYS Forte
software. Specifications and operating conditions of the engine are shown in Table 1 [29,30]. The
engine has a single diesel injector positioned axisymmetrically and six nozzle holes are located
around the injector tip with a 60-degree interval. Therefore, the combustion chamber is modeled as a
60-degree sector as illustrated in Figure 1.

Table 1. Engine Specifications and Operating Conditions.

Engine Specification and

Operation Conditions Value
Engine speed, rpm 910
Compression ratio 16.25
Nozzle hole number 6
Nozzle hole diameter, pm 230
Inlet valve closure, CA degrees -147
Exhaust valve opening, CA degrees 145

NGEF (%) 0, 25, 50, 75
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Simulations are performed between inlet valve closure (IVC) and exhaust valve opening (EVO).
Natural gas and air are assumed to form a homogeneous mixture at IVC and diesel fuel is directly
injected into the combustion chamber. Natural gas is simulated using a mixture of 96% methane, 3.2%
ethane, and 0.8% propane by mass, while diesel fuel is represented by heptane.

Figure 1. 60-degree sector model of the combustion chamber.

The turbulent flow in combustion chamber is simulated using Re-Normalization Group (RNG)
k-¢ model [31]. A dual fuel chemical mechanism (DFM) is coupled with ANSYS Forte chemistry
solver. The DFM is constructed using the natural gas mechanism presented by Healy et al. [32] and
the diesel mechanism presented by Wang et al. [33]. These chemical mechanisms are reduced and
combined using ANSYS Chemkin. The DFM consists of 116 species and 633 reactions. Diesel spray is
simulated using the solid cone spray model and the Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT)
breakup models [31]. The Radius-of-Influence (ROI) collision and discrete multi-component (DMC)
vaporization models are utilized for droplet collision and evaporation simulations [31]. Diesel fuel
mass per cycle is set at 66.2 mg, 49.7 mg, 34.8 mg, and 18.1 mg, for 0%, 25%, 50%, and 75% NGEF
conditions, respectively. NGEF is calculated using Equation (1), where mnc and mudiesel represent the
masses of natural gas and diesel fuel, respectively. LHV~nG and LHVadiesel indicate the lower heating
values of natural gas and diesel fuel.

MycLHVyg

NGEF= (1)
Myg LHVNG +mdieselLHVdiesel

A grid independence study is conducted using three grids consisting of approximately 220000
(grid 1), 252000 (grid 2), and 290000 (grid 3) cells. The results are presented in Figure 2. Based on the
analysis, the grid with approximately 252000 cells is selected for the study.
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Figure 2. Grid independence study under conditions: (a) 0% NGEF and (b) 75% NGEF.
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2.2. Numerical Model of Spray Box

Since injection parameters significantly influence combustion characteristics, a spray box model
is employed to estimate their values for each operating condition. A disc-shaped constant volume
chamber, with a diameter of 114 mm and a height of 28 mm, is modeled in ANSYS Forte, as shown
in Figure 3. Diesel fuel is injected through a single nozzle hole positioned within the constant volume
chamber. The model simulates spray formation, atomization, and evaporation; however, combustion
is not considered. The nozzle discharge coefficient and the spray angle are assumed to be 0.8 and 16
degrees, respectively.

Figure 3. Spray box model.

The spray box model uses diesel fuel mass, normalized injection velocity profile, and injection
duration as initial conditions to estimate the injection properties, such as injector sac volume pressure,
injection velocity, and injection rate. To maintain constant injection pressure while NGEF and NHD
change, normalized injection velocity profiles and injection durations must be calculated. When
calculating normalized injection velocity profiles for varying NGEF and NHD conditions, the
relationships between injection parameters must be considered. A fuel injection velocity profile
consists of three regions: a rise to maximum rate, injection at the maximum rate, and a fall at the end
of injection [34-36]. These regions are determined by needle movement characteristics of the injector.
When the needle inside the injector lifts, sac volume pressure increases and injection starts [8]. If
injection duration is sufficient, sac pressure reaches its maximum value. Finally, the needle drops to
its seat, the sac volume pressure drops, and injection ends [8]. Throughout these processes, the
pressure difference between sac volume and combustion chamber determines the injection velocity.
The pressure difference and nozzle hole area determine the injection rate. Therefore, sac volume
pressure, injection velocity, and injection rate curves show similar characteristics. These curve
characteristics change in a specific way when an injection condition changes. For example, a change
in fuel mass under the same injection conditions affects the injection duration without altering the
rising and falling curve characteristics [34-36]. As injected fuel mass decreases, the maximum rate
region narrows. Additionally, when the injected mass further decreases, only rising and falling
regions can constitute the injection curve [36]. On the other hand, a variation in NHD under the same
injection pressure does not change the sac volume pressure and maximum injection velocity, but it
changes the injection rate [37,38]. As NHD changes, the rising and falling characteristics of injection
velocity curve remain unchanged. A reduction in NHD at constant injection pressure decreases the
injection rate and extends injection duration. As a result, rising and falling parts of the velocity curve
move apart from each other, and maximum velocity region widens. These relationships between
injection parameters are maintained during normalized injection velocity calculations. Furthermore,
spray simulations are repeated until the curve characteristics and pressure values are aligned. Thus,
the effects of injection pressure, NHD, and NGEF variations can be separately investigated.

2.3. Simulation Matrix

The operating conditions in Table 1 constitute the baseline cases. Under baseline conditions, the
sac volume pressure is calculated as 32 MPa. To analyze the effects of injection pressure, simulations
are performed with 32, 50, 90, and 126 MPa. Furthermore, the effects of NHD variation are studied
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by reducing the diameter from 230 um to 150 um with 20 um intervals. Table 2 presents the
simulation conditions performed under 0%, 25%, 50%, and 75% NGEF. Additionally, NHD values of
130 and 110 pum are simulated at 75% NGEF with injection pressures of 90 and 126 MPa. As a result,
a total of 84 combustion simulations are conducted.

Table 2. Simulation matrix.

Injection
Pressure, MPa NHD, pm
32 150, 170, 190, 210, 230
50 150, 170, 190, 210, 230
90 150, 170, 190, 210, 230
126 150, 170, 190, 210, 230

3. Results and Discussions

3.1. Validation of the Numerical Models

This section presents the results of spray and combustion simulations under baseline conditions.
Simulation results are compared with available experimental data in Figures 4 and 5. Fuel mass flow
rates and total injected mass values used in baseline conditions are shown in Figure 4a. Since the
experimental injection rate curve is unavailable, simulation results cannot be directly compared
under baseline conditions. However, as shown in Figure 5, simulation results agree well with
experiments, when using the presented injection rate profiles. Moreover, the difference between peak
injection mass flow rate values in this study and the measurements presented by Yousefi et al. [39] is
less than 20%. Additionally, the observed changes in injection rate curves are consistent with studies
investigating fuel mass variation under constant injection pressure [34-36]. In addition to the baseline
conditions, spray simulations are performed at injection pressures of 50, 90, and 126 MPa. Results are
compared with experimental data obtained at 50 [40,41], 90 [38,42], and 126 MPa [40,41] injection
pressure conditions. Figure 4b compares the fuel mass flow rate at 126 MPa injection pressure. The
green lines present the simulations performed under the experimental conditions. The difference
between estimated mass flow rate values and experimental data [40] is less than 5%. Similar
comparisons at 50 MPa and 90 MPa confirm the spray box model’s accuracy in estimating injection
conditions. Once the spray model is validated at each injection pressure, its results serve as a reference
for other cases at the same pressure. For example, maximum velocity and sac volume pressure at 126
MPa remain unchanged as NGEF and NHD vary. Figure 4b compares the injection velocity values
from this study and from the validation study. The velocity values in Figure 4b are obtained under
operating conditions of 0% NGEF-230 pm NHD (Op.Con.1), 0% NGEF-150 um NHD (Op.Con.2),
75% NGEF-230 um NHD (Op.Con.3), and 75% NGEF-150 um NHD (Op.Con.4). Injection velocity
comparisons show that the maximum injection velocity remains consistent as NGEF and NHD
change. Additionally, at very short injection durations, injection ends before velocity curve reaches
the maximum value. Injection curves of 75% NGEF almost reach maximum velocity when NHD is
reduced to 150 pm at 126 MPa injection pressure.

The results of the combustion simulations under baseline conditions are presented in Figure 5.
Cylinder pressure and emission results are compared with experimental data [29,30]. The difference
between the cylinder pressures in simulations and experiments is less than 2%, as shown in Figure
5a. These results show that the numerical model accurately predicts ignition delay and peak pressure
values. Additionally, under baseline conditions, the brake mean effective pressure (BMEP) remains
at 4.05 bar, which is equivalent to 20% engine load [29]. In accordance with experiments, mean
effective pressure (MEP) values remain within a 2% range under baseline conditions. Figure 5b shows
comparisons of NOx, CHs and soot emissions. To align the scale with NOx emissions, CHa values are
divided by 10, while soot values are multiplied by 100. As NGEF increases, NOx and soot emissions
decrease. The numerical model accurately captures this trend, showing good agreement with
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measurements, with differences generally below 10% [29]. Since soot emission data is unavailable for
75% NGEEF, only the numerical result of 0.7 mg/kWh is presented. Measurements from Guo et al. [29]
under mid-load conditions show that the 0.7 mg/kWh value is quite reasonable. Despite reductions
in NOx and soot, CH4 emissions increase at higher NGEF conditions. Under 25% and 75% NGEF
conditions, CHs values show good agreement with experiments with differences below 10%.
However, CHa is slightly underestimated by approximately 20% at 50% NGEF. These results indicate
that the numerical model is capable of performing combustion and emission simulations under each

NGEF condition.
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Figure 4. Spray simulation results: (a) Fuel injection mass flow rates and total injected fuel mass values under
baseline conditions; (b) Comparison of injection mass flow rates and velocity values at 126 MPa injection
pressure. *Experimental data are obtained from Sorugbay et al. [40], **Simulation results under experimental
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Figure 5. Comparison of simulation results with experimental data [29]: (a) Cylinder pressure comparison; (b)
Emission comparison.

3.2. Effects of Injection Pressure

The effects of injection pressure on combustion and emission characteristics are discussed in this
section. Simulations are conducted using injection pressures of 32, 50, 90, and 126 MPa, while all other
operating parameters remain the same as baseline conditions. The effects of injection pressure
variation under 0% and 25% NGEF conditions are presented in Figures 6 and 7. An increase in
injection pressure results in a greater pressure difference between injector sac volume and cylinder,
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which leads to higher injection velocities. Since NHD remains constant, injection mass flow rates
increase with rising injection pressure, as shown in Figure 6b. As a result, diesel injection is completed
in a shorter duration. The increase in injection velocity and mass flow rates leads to earlier and more
rapid heat release as shown in Figure 6a. CA50, the crank angle at which half of the chemical heat is
released, is a useful parameter for analyzing combustion rate changes. Figures 7a and 7c show CA50
values are close to 7 crank angle (CA) degrees under baseline conditions. As injection pressure
increases, CA50 values shift toward 0 CA degrees. This shift indicates a significant increase in heat
release rates (HRR). However, an excessive increase in heat release before top dead center (TDC)
leads to elevated pressure values in compression stroke, causing higher compression work [43].
Additionally, while higher pressure values are observed between 0 and 20 CA degrees, slightly lower
pressure values occur beyond 20 CA degrees at elevated injection pressures as shown in Figure 6.
Consequently, when injection pressure increases to 90 MPa and 126 MPa under 0% and 25% NGEF
conditions, MEP values decrease as shown in Figures 7b and 7d. Furthermore, higher HRR values
correspond to increased MPRR levels as presented in Figures 7a and 7c. The MPRR values are
estimated to be 6 and 7.5 bar under 0%, and 25% NGEF baseline conditions. These values agree with
experimental data from Yousefi et al. [24], which defines the MPRR limit as 13 bar for the simulated
engine. As the injection pressure increases to 90 MPa and 126 MPa, MPRR values exceed the limit. In
brief, higher injection pressure values do not provide substantial improvement in combustion
performance under 0% and 25% NGEF conditions.
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Figure 6. Injection pressure effects: (a) Cylinder pressure and total heat release values at 0% NGEF; (b) Cylinder

pressures and injection rates at 25% NGEEF.

The effects of injection pressure on emissions under 0% and 25% NGEF conditions are compared
in Figures 7b and 7d. Additionally, estimated soot emissions are shown in Table 3. Results agree with
previous studies [19,24], which indicate that higher injection pressure values lead to a decrease in
CHs and soot emissions. The decrease in soot emissions reaches 90% when injection pressure
increases to 126 MPa. Although CH4 emissions are not a major pollutant under fully diesel fueled
conditions, their values are provided for consistency in presentation. In contrast to improvements in
soot and CHs emissions, NOx emissions increase by approximately 90% at 126 MPa injection pressure
compared to baseline conditions. As a result, elevated injection pressure values reduce soot and CHs
emissions at the expense of a significant increase in NOx emissions.

The effects of injection pressure under 50% and 75% NGEF conditions are presented in Figures
8 and 9. As injection pressure increases, injection velocity and mass flow rates increase, and injection
duration decreases. As a result, higher combustion rates and increased cylinder peak pressures are
observed, as shown in Figure 8. Unlike 0% and 25% NGEF, an increase in MEP values is observed at
elevated injection pressures, as shown in Figures 9b and 9d. Several factors contribute to this
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improvement. First, as shown in Figures 9a and 9c, CA50 values are significantly delayed under
baseline conditions compared to 0% and 25% NGEF. When the CA50 value is approximately 5-7 CA
degrees, MEP values generally reach their maximum. An increase in injection pressure shifts CA50

values toward 5-7 CA degrees. For example, when injection pressure increases from 32 to 126 MPa,
CAD50 value shifts from 13 to 7 CA degrees under 75% NGEF conditions. Furthermore, in addition to
higher peak pressures, cylinder pressures remain higher during expansion stroke due to an increased

combustion rate and greater total heat release at elevated injection pressures. As a result, MEP values

improve up to 4.6% and 6.7% compared to baseline cases under 50% and 75% NGEF, respectively.
Additionally, MPRR values remain below the 13-bar limit under 75% NGEF. However, the highest
MPRR values are observed under 50% NGEEF at elevated injection pressures.
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(b) 0% NGEF and (d) 25% NGEF.

Pressure, MPa

9
— £N0 — s 32MP
NGEF= 50% ST |
81 —=—— 90MPa _|
E ———— 126 MPa |
7_
6_
5r -—
4._
3F : —
,_,,~ ﬁ |
2 1 1 L 1 1 L 1
-20 -10 0 10 20

Crank Angle, degree
(a)

[5)] [=)]
o o

s
o

N w
o (=
Injection Rate, mg/CA

2
o

Pressure, MPa

)
S

9
NGEF= 75% i |
8 —=— 90 MPa _
L ———— 126 MPa |
7- —
6: /*" E
) |
Jf !
= y 4
2— l 1 1 1

10 0 10 20
Crank Angle, degree

(b)

Figure 8. Cylinder pressures and injection rates under: (a) 50% NGEF and (b) 75% NGEF.

Table 3. Soot Emissions (g/kWh).
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126 6.6E-03 9.1E-04 2.5E-04 1.5E-04

The improvements in combustion performance under 50% and 75% NGEF conditions are
accompanied by a reduction in CHs and soot emissions. At 126 MPa injection pressure, soot emissions
are estimated to be 0.25 and 0.15 mg/kWh under 50% and 75% NGEF conditions, respectively.
Additionally, CHs emissions decrease from 20.5 g/kWh to 6.3 g/kWh under 75% NGEF conditions.
However, NOx emissions increase with a rise in injection pressure, as shown in Figures 9b and 9d. At
126 MPa injection pressure, NOx emissions are estimated to be 10.0, 8.6, 9.7, and 6.5 g/kWh under the
0%, 25%, 50%, and 75% NGEF conditions, respectively. These results indicate that NOx emissions at
75% NGEF are significantly lower than at 0%, 25%, and 50% NGEF. In summary, an increase in
injection pressure improves combustion performance and reduces CHs and soot emissions under 50%
and 75% NGEF conditions. Injection pressures of 90 and 126 MPa are particularly critical, as they
result in excessive MPRR values under 50% NGEF. On the other hand, 75% NGEF conditions
experience a NOx increase up to 80% compared to the baseline, although it remains lower than other

NGEF conditions.
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Figure 9. CA50 and MPRR values under: (a) 50% NGEF and (c) 75% NGEF. MEP, NOx, and CHa4 values under:
(b) 50% NGEF and (d) 75% NGEF.

Finally, changes in injection rate curves under high NGEF conditions require careful
consideration. A comparison of Figures 6 and 8 reveals that maximum injection rates at 75% NGEF
are lower than observed at other NGEF conditions. At 75% NGEF, injection duration decreases by up
to 2.6 CA degrees at elevated injection pressures. Due to shortened injection durations, fuel injection
ends before the injection rate curve reaches its maximum value, as shown in Figure 8b. Furthermore,
a comparison of injection velocity values in Figure Al (in Appendix) shows that most of the fuel is
injected at a lower injection velocity compared to the maximum value. These results indicate that
excessively short injection durations limit the benefits of an increase in injection pressure.
Additionally, under high NGEF and low-load conditions, combustion performance and emission
characteristics are highly sensitive to injection conditions. However, Lee et al. [17] reported that cyclic
variations in injection conditions become more pronounced as injection durations shorten.
Consequently, cyclic variations are more pronounced where the combustion is highly sensitive to
injection conditions. Therefore, it is important to reduce the cyclic variations in injection conditions
for improving combustion stability.
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3.3. Effects of NHD Variations

This section discusses the effects of NHD variation on combustion performance and emission
characteristics. The results are sequentially presented for NGEF conditions ranging from 0% to 75%.
Figure 10 presents cylinder pressures for injection pressures of 32 MPa and 126 MPa at varying NHD
values. Additionally, Figure 11 presents CA50, MEP, MPRR, and emission results for all injection
pressure conditions. Reducing NHD, which corresponds to a smaller nozzle exit area, lowers mass
flow rates, as shown in Figure 10b. Because diesel fuel mass per cycle is constant, injection duration
increases. The reduction in mass flow rate does not significantly delay the ignition timing. However,
lower mass flow rates lead to a reduction in HRR, as shown in Figure 10a. As a result of this reduction,
cylinder pressures decrease and CA50 values are delayed, as shown in Figure 11a. The decrease in
cylinder pressure is more pronounced at injection pressures of 32 MPa and 50 MPa. A decrease in
HRR also leads to a reduction in MPRR values, as shown in Figure 11c. Furthermore, Figure 11b
shows the normalized MEP values according to the baseline condition. MEP comparison indicates
that MEP values decrease as NHD decreases. Additionally, while a few operating conditions show
slight improvements in MEP, most result in a decline. On the other hand, a reduction in NHD leads
to a decline in NOx emissions under 32, 50, and 90 MPa injection pressures. However, Figure 11d
indicates that NOx emissions remain almost constant as NHD decreases at 126 MPa injection
pressure. These NOx values exceed EURO 7 and IMO limits [5,6]. Finally, soot emissions generally
rise as NHD decreases. The relative increase in soot emissions reaches up to 20% at 32 MPa and 50
MPa injection pressures. However, a reduction in NHD at 90 MPa and 126 MPa leads to an increase
in soot emissions up to 60%. Additionally, Dallmann et al. [44] report that soot emissions account for
40-50% of fine particulate matter (PM) emissions. Therefore, it can be said that soot emissions are
higher than Euro 7 limits (8 mg/kWh). In brief, the results show that combinations of injection
pressure and NHD considered in the study provide limited improvement in combustion performance
compared to baseline conditions. The results also show that MPRR levels and NOx emissions can be
reduced with a reduction in NHD.
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Figure 10. NHD effects at 0% NGEF: (a) Cylinder pressures and HRR values at 32 MPa injection pressure; (b)
Cylinder pressures and injection rates at 126 MPa injection pressure.

The effects of NHD variation under 25% NGEF conditions are similar to those observed at 0%
NGEEF. First, in most 25% NGEF cases, MEP decreases, while only a few operating conditions show
slight improvement in MEP. The magnitude of the decrease in MEP is limited compared to 0% NGEEF.
MEP ranges between -2.5% and +1.4% of the baseline condition. As discussed in the previous section,
the use of 90 and 126 MPa injection pressures leads to excessive MPRR values under 25% NGEF
conditions. To achieve MPRR levels below 13 bar, NHD values must be reduced to 190 pm or lower
at 90 and 126 MPa. Similar to 0% NGEF, a reduction in NHD increases soot emissions and decreases
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NOx emissions. NOx values range between 3.8-8.6 g/kWh, while CH4 emissions range between 4.1-
6.3 g/kWh. NOx emissions are higher than the limits specified in EURO 7 and IMO [5,6]. IMO does
not regulate CH4 emissions; however, FuelEU Maritime [7] classifies CHs emissions as methane slip,
setting a limit of 3.1% of the fuel mass. At 25% NGEF, CHa emissions range between 2.6-3.5% of the
fuel mass, which is close to 3.1% criterion; however, they are higher than EURO 7 limits. Additionally,
soot emissions exceed EURO 7 regulatory limits at 32 and 50 MPa injection pressures but remain
slightly below the limits at 90 and 126 MPa. In summary, at 25% NGEF, NOx and soot emissions are
higher than that at 50% and 75% NGEF, while UHC emissions remain similar. Since 25% NGEF does
not offer a significant advantage, the results are briefly discussed.

Finally, it can be noted that injection durations reach excessive values under 0% and 25% NGEF
conditions when NHD is reduced to 150 um at lower injection pressures. For example, at 0% NGEF
with a 50 MPa injection pressure and a 150 pm NHD, the injection duration extends to 19 CA degrees.
Since high-load injection durations can be 3 to 4 times longer than low-load conditions, reducing
NHD to 150 pm may not be reasonable at lower NGEF and fully diesel fueled conditions.
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Figure 11. Under 0% NGEF conditions: (a) CA50; (b) MEP; (c) MPRR; (d) NOx; and (e) Soot values.

Although NHD variation leads to similar changes in combustion characteristics under 0%, 25%,
and 50% NGEF conditions, some of the effects significantly differ under 50% NGEF. Smaller NHD
values lead to lower injection flow rates, HRR, and peak pressures. However, the decrease in cylinder
pressures is limited compared to 0% and 25% NGEF conditions, as shown in Figure 12. Limited
reductions in cylinder pressures are related to the change in CA50 values. At 50% NGEF, the delay
in CA50 values caused by NHD reduction is smaller than at 0% and 25% NGEF, as shown in Figure
13a. Since natural gas contributes to heat release in NDDF combustion, a reduction in diesel mass
flow rate has a smaller effect on CA50 values. As NHD decreases from 230 um, MEP values vary
within a range of approximately 2%. In contrast to 0% and 25% NGEF, MEP values are generally
higher than the baseline condition, with only one case leading to a loss in MEP, as shown in Figure
13b. At 50% NGEF, the highest MEP levels are obtained at NHD values of 230 pm and 210 um.
Further reductions in NHD do not result in additional MEP improvements. MEP improvement
depends more on injection pressure than NHD values at 50% NGEF. However, 210 and 230 um NHD
values lead to excessive MPRR levels at 90 and 126 MPa injection pressures, as shown in Figure 13c.
To maintain acceptable MPRR levels at 90 MPa, 190 um or lower NHD values must be used. A further
reduction to 150 um is required at 126 MPa. Furthermore, the reduction in NHD leads to a decline in
NOx emissions at 90 and 126 MPa injection pressures. Conversely, NOx emissions increase as NHD
decreases at 32 and 50 MPa injection pressures, as shown in Figure 13d. Finally, CHs and soot
emissions generally increase as NHD decreases. Soot emissions range between 7.1-7.3, 1.8-3.2, 0.6-1.1,
and 0.3-0.6 mg/kWh at injection pressures of 32, 50, 90, and 126 MPa, respectively. A comparison with
EURO 7 and IMO Tier 3 standards shows that NOx emissions are higher than those limits [5,6].
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However, at 90 and 126 MPa injection pressures, soot emissions remain significantly lower than
EURO 7 and IMO limits. Finally, CHs emissions are higher than EURO 7, but they are very close to
3.1% criterion of FuelEU [5,7]. CHa4 values range from 2.4 to 3.5% of the fuel mass.
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Figure 12. Cylinder pressures and injection rates under 50% NGEF conditions with injection pressures of: (a) 32
MPa; (b) 126 MPa.
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Figure 13. Under 50% NGEF conditions: (a) CA50; (b) MEP; (c¢) MPRR; (d) NOx; and (e) CHa values.

The effects of NHD variation under 75% NGEF conditions are presented in Figures 14 to 16.
Compared to lower NGEF conditions, the effects of NHD variation differ significantly under 75%
NGEF. First, Figure 14 and Figure Al (in Appendix) indicate that injection durations decrease to
very short values and injection mass flow rates are lower than those in other NGEF conditions.
Because of the lower fuel mass, injection completes before sac volume pressure and injection velocity
reach their peaks. When NHD decreases, injection duration increases. This allows sac pressure and
injection velocity to reach higher values, as shown in Figure Al. Reducing NHD improves
combustion by increasing injection velocity, which enhances atomization, spray penetration, and
combustion rate. On the other hand, a smaller NHD reduces the injection rate, which causes a decline
in HRR. In brief, reducing NHD under 75% NGEF conditions leads to opposing effects in injection
conditions. These changes occur simultaneously with NHD reduction, and their combined effects
determine the injection conditions and combustion characteristics.

The opposing effects in injection conditions create specific impacts on combustion and emission
characteristics at 75% NGEF. Figure 14a indicates that the reduction in NHD leads to a limited
decrease in cylinder peak pressure values at 32 MPa injection pressure. However, in contrast to other
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NGEEF conditions, at injection pressures of 50, 90, and 126 MPa, cylinder peak pressure values remain
nearly the same as NHD decreases. Additionally, slightly higher cylinder pressures are observed
during expansion stroke beyond peak pressure region. Higher cylinder pressures result in higher
MEP values, as shown in Figure 15b. MEP values increase to a peak as NHD decreases, then start to
decline. Several factors contribute to the increase in MEP. First, improved injection conditions
compensate for the reduction in HRR caused by a lower fuel mass flow rate. Particularly, at 90 and
126 MPa injection pressures, the decline in HRR is minimal. The delay in CA50 values is observed to
be less than 1 CA degree between NHD values of 150 um and 230 pm, as shown in Figure 15a. The
limited decrease in CA50 and HRR explains the similar cylinder peak pressure values in Figure 14b.
Furthermore, it is observed that combustion durations between CA50 and CA90 (90% heat release)
decrease as NHD decreases at 90, and 126 MPa injection pressures. Figure A2 (in Appendix) presents
CA90 values. The reduction in CA90 indicates that higher combustion rates are maintained for a
longer period. Increased injection durations lead to this improvement in combustion rates. This is
because an increase in injection duration delays the diesel fuel consumption duration. This delay
provides the required time for better mixture formation between natural gas-air mixture and diesel
spray. The diesel spray contains more chemically active species, including higher hydrocarbons and
active radicals formed during diesel combustion. Additionally, the presence of these species
significantly improves the poor combustion characteristics of natural gas. As a result, a reduction in
NHD delays the rapid consumption of diesel fuel, provides better mixture formation and prevents
the deterioration of combustion rates. These improvements in combustion rates result in higher
cylinder pressure values beyond peak pressure region at 90 and 126 MPa injection pressures.
Cylinder temperature (Figure 16a) and CHs mass fraction (Figure 16b) comparison support the
discussed findings. When NHD decreases from 230 pm to 150 um there is no significant delay or
reduction in combustion. Furthermore, as NHD decreases from 230 pm to 150 pum, cold regions in
the cylinder become significantly smaller. Additionally, CHs+ mass fraction images presented in
Figure 16b indicate that at 0 CA degree, CHa4 burns in a larger zone under 230 um NHD and 126 MPa
injection conditions. However, images at 37 CA degrees show that more CHais burned under 150 um
NHD and 126 MPa injection conditions. These images show that combustion rates deteriorate after a
rapid combustion stage at 230 um NHD, while the 150 pum NHD case maintains combustion rates.

To determine the NHD value that maximizes MEP, simulations are conducted with 130 and 110
um at 90 and 126 MPa injection pressures. However, a further reduction in NHD from 150 um leads
to a decrease in MEP values, as shown in Figure 15b. As previously discussed, the injection conditions
of 126 MPa and 230 pum increase MEP by 6.7% under 75% NGEF. In addition to this, NHD reduction
further improves MEP up to 9.8% compared to the baseline. Moreover, this improvement is achieved
while MPRR remains below 11 bar as shown in Figure 15c. Along with improvements in combustion
performance, the use of smaller NHD values further reduces CHs emissions. In the best case, the
combination of 150 um NHD and 126 MPa injection pressure reduces CHs emission to 4.7 g/kWh.
Figure 16b presents CHs emission regions at EVO. In-cylinder images at 145 CA indicate the
isovolumes of CHs mass fractions. When injection pressure increases from 32 MPa to 126 MPa, CHs
emissions remain in three regions: the axis region, near the cylinder wall, and the crevice region. As
NHD decreases from 230 to 150 pm, CHs emissions in these regions are further reduced. The 4.7
g/kWh CH: emission value at 126 MPa and 150 pm exceeds the EURO 7 limits. However, this value
is equivalent to 2.7% of total fuel mass and it is lower than Fuel EU methane slip regulation [7]. Soot
emissions are estimated to range between 0.1-0.2 mg/kWh at 90 MPa and 126 MPa injection pressures.
Soot emission levels indicate that NDDF engines can meet EURO 7 and IMO regulations without
requiring an exhaust aftertreatment device such as a diesel particulate filter (DPF). Moreover, at the
same injection pressure, NOx emissions under 75% NGEF conditions are significantly lower than at
other NGEF levels. However, even at 75% NGEF, NOx emissions exceed EURO 7 and IMO regulatory
limits. In brief, results indicate that the low-load issues, including reduced thermal efficiency, high
CH: emissions, and lower combustion stability can be significantly improved with an optimal
injection pressure and NHD combinations.
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Figure 14. Cylinder pressures and injection rates under 75% NGEF conditions with injection pressures of: (a) 32

MPa; (b) 126 MPa.
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Figure 15. Under 75% NGEF conditions: (a) CA50; (b) MEP; (c¢) MPRR; (d) NOx; and (e) CHa values.

In addition to improvements in combustion and emission characteristics, NHD reduction may
reduce cyclic variations reported under high injection pressure and high NGEF conditions in NDDF
engines. A smaller NHD improves combustion stability and enhances control over combustion. This
reduces combustion sensitivity to variations in operating conditions. Moreover, fluctuations in
injection conditions caused by the injection system decrease at smaller NHD values. This is because,
with longer injection durations, cyclic differences in the injection system have a reduced impact on
sac volume pressure, injection velocity, and mass flow rate.
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Figure 16. Under 75% NGEF: (a) Cylinder temperatures and (b) CHs mass fractions.

3.4. Evaluation of Simulated Matrix

This section presents the results of optimal injection pressure and NHD combinations, MEP
variations, NOx - CHa4 relationships, thermal efficiency, and GHG comparisons. The results of 0%,
and 25% NGEF conditions indicate that no clear combination exists. Since MEP values vary within a
narrow range, different combinations of injection pressure and NHD can be selected based on
priorities such as MPRR values, NOx, and soot emissions. At 50% NGEF, the 90 MPa injection
pressure and 190 pm NHD condition yields an MEP value close to the maximum, along with
significantly lower soot and CHa emissions. Additionally, similar to 0% and 25% NGEF, there are also
several other viable combinations. Unlike 0%, 25%, and 50% NGEF conditions, a clear operating
region emerges under 75% NGEF. The combination of 126 MPa injection pressure and 150 um NHD
conditions provides the highest MEP value along with considerably lower soot and CHs emissions.
Soot emissions comply with IMO and EURO 7 limits, while CHs emissions meet FuelEU standards
under these operating conditions.

Another important result is shown in Figure 17a, which presents the normalized MEP results for
all simulated cases in the study. The differences between maximum and minimum MEP values are
estimated to be 4.5%, 4%, 6%, and 13% under 0%, 25%, 50%, and 75% NGEF conditions, respectively.
These results indicate that at high NGEF conditions, injection parameters significantly affect the
engine performance. Additionally, MEP comparisons reveal that combustion stability is highly
sensitive under low-load and high-NGEF conditions. Figure 17b represents CHs and NOx
relationship under varying NGEF conditions. CH4 is only formed during diesel fuel combustion at
0% NGEF conditions because there is no premixed natural gas. Therefore, CH4 values are quite low
under 0% NGEF conditions. On the other hand, NOx emissions are significantly influenced by
injection pressure and NHD. NOx values vary over a wide range. As NGEF increases, NOx emissions
decrease, and CHs4 emissions increase. Under 25% and 50% NGEF conditions, CHs emissions change
within a small range, while NOx changes substantially. However, under 75% NGEF conditions, CHa
values vary over a wide range and they correlate with NOx emissions. As CHa decreases, NOx
emissions increases. The lowest CHs emissions are observed under conditions with higher NOx
emissions. In brief, a clear trade-off emerges under 75% NGEF conditions.
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Figure 17. Results of the combustion simulations considered in the study: (a) Relative MEP change; (b) NOx -
CHas relationships.

Thermal efficiency values estimated within closed-cycle region (IVC-EVO) are compared in
Figure 18. Baseline results are compared with the cases that provide the highest thermal efficiency at
each NGEF. Under 0% and 25% NGEF conditions, the total fuel energy remains constant, and power
outputs are similar. As expected, the thermal efficiency values remain nearly identical. To achieve
the same power output, additional fuel is required under 50% and 75% NGEF conditions due to lower
thermal efficiency. However, Figure 18 shows that the same level of efficiency as conventional diesel
engines can be achieved at high NGEF conditions through the implementation of optimal injection
pressure and NHD combinations. Finally, total GHG emissions are compared for the baseline and
highest ITE cases, as shown in Figure 19. In the baseline cases, NDDF combustion reduces CO:
emissions compared to fully diesel fueled conditions, by 3%, 9%, and 21% under 25%, 50%, and 75%
NGEEF conditions, respectively. However, under baseline conditions, even a 21% decline in CO2 does
not lead to an overall reduction in GHG emissions. In fact, this case increases the total GHG
emissions. CHs has a global warming potential 28 times higher than CO: emissions [45]. Therefore,
when CHs emissions are converted to COz-equivalent using a factor of 28, total GHG emissions at
75% NGEF are 80% higher than those at 0% NGEF. In accordance with this result, Sagot et al. [46]
reported a 30% increase in total GHG emissions in a dual-fuel engine operating at low load. The total
GHG at the highest ITE case of 75% NGEF is about 13% higher than that of 0% NGEF. Further
reductions in CH4 emissions are necessary to benefit from GHG emissions reduction potential of
natural gas.
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Figure 18. Comparison of ITE.
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Figure 19. Comparison of total GHG emissions observed at baseline (B.C.) and highest ITE (H. ITE) conditions.

4. Conclusions

This study numerically investigates the effects of injection pressure and NHD variation in an
NDDF engine operating at low-load. Simulations are performed with injection pressures of 32, 50, 90,
and 126 MPa while the engine operates under 0%, 25%, 50%, and 75% NGEF conditions. Furthermore,
NHD effects are analyzed by varying NHD from 230 to 110 um in 20 um intervals. Results show that
the effects of injection pressure and NHD variation on combustion performance and emissions vary
across different NGEF conditions. The main conclusions can be listed as follows:

e An increase in injection pressure causes a decrease in MEP values because of excessively
advanced combustion under 0% and 25% NGEF conditions. Additionally, a reduction in NHD
from 230 pm to 150 pm does not improve MEP values. Although a substantial improvement in
engine performance is not observed, optimal values of injection pressure and NHD can provide
significant reductions in MPRR values, NOx, and soot emissions.

e  Unlike at 0% and 25%, MEP improves by up to 4.6% under 50% NGEF conditions. MEP values
increase with a rise in injection pressures. However, no additional improvement is observed as
NHD decreases. The highest MPRR levels are observed under 50% NGEF conditions. At higher
injection pressures and larger NHD values, MPRR exceeds the allowable limit. Therefore, a
combination of higher injection pressures and smaller NHD values is preferable. In this way,
compliance with MPRR limit and soot regulations can be achieved.

e  The effects of injection pressure and NHD variation differ between 75% NGEF and others. The
baseline CA50 value is delayed significantly at 75% NGEF depending on reduced combustion
rates. An increase in injection pressure substantially improves the combustion rates, MEP
values, and efficiency at 75% NGEF. When injection pressure increases from 32 MPa to 126 MPa,
MEP increases by 6.7%. However, injection durations are further shortened under high NGEF,
high injection pressure, and larger NHD conditions. These shortened injection durations
introduce challenges in combustion control and stability.

e At 75% NGEF and injection pressures of 90 and 126 MPa, reducing NHD values increases
injection duration and velocity. This improves the mixing between premixed natural gas-air and
diesel spray. As a result, reducing NHD from 230 um, further enhances engine performance.
MEP increases with decreasing NHD up to a certain point, then it declines. The highest MEP is
achieved with the combination of 126 MPa and 150 um. Improvement in MEP reaches 9.8%
compared to baseline. Under these conditions, the thermal efficiency is equivalent to that of a
diesel engine. This improvement also results in a 77% reduction in CHa emissions. This value is
equivalent to 2.7% of fuel mass and it is lower than Fuel EU methane slip value of 3.1%.
Moreover, PM emission regulations are met without requiring a DPF system. Additionally,
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MPRR values are lower than the limit. Finally, this condition results in the lowest total GHG
emissions among the NDDF cases considered in this study.

e  Finally using smaller NHD values at 75% NGEF enhances combustion control and stability.
CA90 values and CHs mass fraction images indicate that combustion rates are more stable at
lower NHD values. Additionally, relative MEP changes indicate that combustion performance
is highly sensitive to injection parameters under high NGEF conditions. Therefore, results
indicate the need for more precise injector control to achieve stable operation. The use of smaller
NHD is also advantageous in this regard as it increases injection durations.
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Figure Al. Injection conditions at 126 MPa injection pressure: (a) sac volume pressure at 0% NGEF; (b) sac
volume pressure at 75% NGEF, (c) injection velocity at 0% NGEF; (d) injection velocity at 75% NGEF; (e) mass
flow rate at 0% NGEF; (f) mass flow rate at 75% NGEF.
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