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Numerical Simulation Study on the Impact of Hydrogen Injection
Quantities on Engine Performance and Emission Characteristics at

Variable Speeds
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Abstract— Hydrogen is a promising clean fuel for dual-
fuel diesel engines, aiming to enhance efficiency and
reduce emissions. “This study employs ANSYS Forte
simulations to investigate the impact of varying hydrogen
injection ratios (15-70%) on engine performance and
emissions at speeds between 1400 and 2500 RPM. At
moderate enrichment levels (around 25%), Brake Thermal
Efficiency (BTE) improves significantly, reaching ~45%,
which represents a ~6% increase compared with
conventional diesel baseline operation. Carbon-based
emissions also decline sharply: CO and CO: are reduced by
more than 40% relative to diesel-only cases, with CO:
dropping to ~1.02E-04 g. Hydrogen further eliminates soot
formation, addressing one of the major drawbacks of diesel
combustion. However, these  advantages are
counterbalanced by notable drawbacks: NOx emissions rise
steeply at higher hydrogen shares, nearly doubling
compared with the diesel baseline, and thermal efficiency
decreases beyond 50% hydrogen due to excessive heat
transfer losses and combustion instabilities. These trade-
offs highlight that while hydrogen enrichment enhances
diesel engine sustainability, careful optimization of the
hydrogen ratio and injection strategy is required to
maximize efficiency and minimize NOx penalties. Further
experimental validation is recommended to support the
numerical findings and guide practical applications in clean
transportation technologies. The study concludes that
hydrogen can improve diesel engine sustainability,
especially under strict emission standards. Balancing
hydrogen ratios and injection timing is essential to
maximize benefits while controlling NOx. Further
experimental research is recommended to optimize system
parameters and support clean transportation technologies.

Keywords: Alternative fuels; Dual-fuel diesel engine;
(NOx) emissions; Brake thermal efficiency; Hydrogen
enrichment.

Received: 19 June 2025/ Accepted: 02 November 2025

1 Corresponding Author: Mahmoud Awaga, fahdmasa@gmail.com,
Nouby Ghazaly, nouby.ghazaly@eng.svu.edu.eg, Ahmad Omar,
moaz777@eng.bsu.edu.eg, A.A Gomaa, a.a.gomaa@eng.svu.edu.eg

1. Mechanical Engineering Department, Faculty of Engineering, South
Valley University, Qena 83523, Egypt

2. Mechanical Engineering Department, Faculty of Engineering, Beni-
Suef University, Egypt

1 Introduction

The urgent necessity to reduce greenhouse gas emissions
and decrease reliance on fossil fuels has driven significant
research into alternative fuels for Compression Ignition (CI)
engines in recent years [1]. While diesel engines are
efficient, they emit particulate matter and nitrogen oxides
(NOx), worsening air pollution and accelerating climate
change [2]. Alternative fuels, such as natural gas, biodiesel,
and methanol, offer the potential to mitigate these
environmental impacts while maintaining performance [3].
Biodiesel, derived from vegetable or animal fats, is
renewable, biodegradable, and produces fewer greenhouse
gases over its lifecycle [4]. Although blends may slightly
increase specific fuel consumption and lower thermal
efficiency, transesterification reduces its viscosity,
improving compatibility with diesel engines [5]. Biodiesel
use significantly reduces particulate matter and unburned
hydrocarbons, meeting strict environmental regulations,
and further reduces greenhouse gas emissions relative to
diesel [6]. Methanol is also under investigation due to its
high-octane rating and favorable combustion characteristics.
It can form stable blends with diesel, offering flexibility in
fuel use and potential gains in efficiency with lower
emissions [7]. Methanol’s combustion in CI engines shows
reduced NOx and higher thermal efficiency [8]. Advanced
combustion technologies, such as homogeneous Charge
Compression Ignition (HCCI) and reactivity-controlled
Compression Ignition (RCCI), improve combustion control,
lower pollutants, and enhance fuel efficiency [9].
Integrating alternative fuels with these systems can amplify
environmental benefits without sacrificing performance,
making their adoption essential for future energy and
environmental targets [4].

Dual-fuel engines represent a key innovation, enabling
simultaneous use of two fuels to optimize efficiency and
emissions. They typically combine a gaseous primary fuel,
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like natural gas or biogas, with diesel as a pilot fuel. This
configuration exploits diesel’s ignition properties and
gaseous fuels’ cleaner combustion [10]. Combustion occurs
via premixed and diffusion modes: gaseous fuel mixed with
air is ignited by diesel injection at the end of the
compression stroke [11] This approach improves
combustion efficiency and significantly reduces NOx and
particulate matter [12]. The flexibility to use fuels such as
LNG and CNG makes dual-fuel systems attractive where
gas availability or cost is favorable [13], and retrofitting
existing diesel engines is feasible with moderate
modifications [14].

Challenges remain, particularly under low load, where
performance may drop due to the lower energy content of
gaseous fuels and the complexity of combustion control
[15]. Strategies like optimizing pilot injection timing and
employing Exhaust Gas Recirculation (EGR) have been
shown to mitigate these issues [16].

Hydrogen integration into dual-fuel engines is gaining
attention to enhance both performance and sustainability
[17]. Hydrogen, when used with diesel, benefits from its
high flame speed, wide flammability range, and zero carbon
content, eliminating CO: and soot emissions [18-20]. It
enables more complete fuel burns, reducing unburned
hydrocarbons and NOx [17, 18], although under certain
conditions it may raise CO emissions [21]. Hydrogen’s high
autoignition temperature necessitates a diesel pilot injection
for ignition [22], where combustion is initiated at the end of
the compression stroke. Optimizing pilot injection timing
can improve pressure, combustion quality, and efficiency
[23, 24], while EGR can lower combustion temperature and
emissions [25]. However, hydrogen’s high flame speed can
cause pressure fluctuations and knocking, requiring careful
control of its proportion in the mixture [23], [26].

Knock suppression in hydrogen—diesel dual-fuel engines
can be achieved through optimized injection strategies.
Adjusting timing and pilot fuel quantity significantly
affects combustion and knock intensity. Lowering
compression ratios, as demonstrated by reducing from
16.5:1 to 15.5:1, decreases in-cylinder temperatures,
reducing both knocking and NOx emissions [27]. EGR is
another effective measure, lowering combustion
temperatures and enhancing knock resistance [28, 29].

Hydrogen’s unique physical and chemical properties shown
in Table 1 distinguish it from common transport fuels like
CNG, gasoline, and diesel [30]. Its zero-carbon content
means NOXx is the sole harmful combustion product, as CO,
COz, and soot are eliminated. With a high specific energy
density, hydrogen can deliver nearly triple the energy per
unit mass compared to fossil fuels, despite its lower heating
value [31]. These attributes, combined with ongoing
advances in engine design, position hydrogen as a leading
candidate in the transition to clean, efficient internal
combustion technologies.

Table 1 Hydrogen properties compared with methane, gasoline
and diesel [32]

Properties Hydrogen Methane Gasoline Diesel
Molecular weight (g/mol) 2.016 16.043 107 107
Density(kg/m®) 0.08 0.65 750 840
Mass d1ffuszlv1ty in air 0.61 016
(cm?/s)
Flammability limits in air 475 5.15 1-7.6 0775
(vol%)

Burning velocity (m/s) 2.65-3.25 0.37-0.43 0.45 0.3
Quenching distance (mm) 0.61 2.00 2.00
Autoignition temperature 258 813 23 483

(K)
Minimum ignition energy 0.02 0.2 0.24 0.24
(mJ)
Adiabatic flame 2390 2226 2275 275
temperature (K)
Stmchlgmetrlc air/fuel 343 172 145 145
ratio by mass
Lower heating value 120 50 34 06

MJkg)

2 Numerical Methodology and Modelling Setup

ANSYS Forte is a Computational Fluid Dynamics (CFD)
tool specifically designed for simulating internal
combustion engines, including dual-fuel engines that utilize
both diesel and hydrogen. In this context, the software is
employed to model complex fluid dynamics, combustion
processes, and emissions formation within the engine. The
numerical methods and models used in ANSYS Forte
provide insights into the performance, efficiency, and
environmental impact of dual-fuel systems. This section
outlines the key numerical models and methodologies
employed in ANSY'S Forte for dual-fuel engine simulations.

2.1 Governing Equations

The simulation of dual-fuel engines in ANSYS Forte is
governed by the fundamental fluid dynamics equations:
Navier-Stokes Equations: These equations describe the
motion of the fluid (air-fuel mixture) within the engine.
They account for mass, momentum, and energy
conservation, which are critical for modeling the behavior
of the fuel and air as they mix and combust [32].

Mass:
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Three further transport equations for pollutant emissions
are solved post-time step for computational efficiency. NOx
emissions are calculated using the following transport
equation for the NOx mass fraction, Y’Nox, accounting for
thermal and prompt mechanisms

9p¥no,  0pT;¥yo d Vv
ZoNox y POy (ppThox) 4 g 5
ot T ox; o \PP oy ) Toves ®)

Soot emissions are calculated using the Moss-Brookes soot
model using acetylene as the inception species. Two
additional transport equations are solved for the soot mass
fraction, Y, , given by:

apZoot + apaj?soot — i He aysoot d_M (6)
at 0x; 0% \Oso0t 0% dt
and the normalized radical nuclei concentration b* ;.
Ipb* e " apajF nuc _ i ial;* nuc 1 dN* )
Jt 6x,- ax]- Onuc ax,- Nr:orm dt

where p is the density of the fluid, ¢t is time, %; a

component of the mean velocity vector, u; a component of

the fluctuating velocity vector, x; a component of the
position vector, S,, the source term accounting for mass
added by fuel spray, P is pressure, g is molecular
viscosity, S; a component of the body forces, d;; the
Kronecker delta, H the mean total enthalpy, kess the
effective conductivity, C, the specific heat capacity of the
fluid, S, the source term accounting for any further heat
losses, ¥, is the mass fraction of species n,], is the
diffusion flux of the given species, R, the net rate of
production of the given species by chemical reaction, S,
the rate of creation of the species by the discrete phase
injection and any other sources, D is the effective
diffusion coefficient, Sy, is the source term for any other
NO, production due to thermal or prompt mechanisms, u,
is the turbulent viscosity, 0y, is the turbulent Prandtl
number for soot transport, M is the soot mass
concentration, d,,. is the turbulent Prandtl number for
radical nuclei transport, N* is the soot particle number
density and Nj.,, is 105 particles [32].

2.2 Model validation

In this section Yasin Karagdéz [23], experimentally
investigated the use of hydrogen as an additive gaseous fuel
introduced into the intake manifold through gas injectors,
while diesel fuel was injected into the cylinder using a
diesel injector and served as the ignition source .Energy
content of introduced hydrogen was set to 0%, 25% and
50% of total fuel energy, where the 0% references neat
diesel operation without hydrogen injection. Test
conditions were set to full load at 750, 900, 1100, 1400,
1750 and finally 2100 r/min engine speed. Variation in
engine performance, emissions and combustion
characteristics with the effect of hydrogen addition was
investigated, as shown in Fig. 1 and Fig. 2.

The study evaluated hydrogen—diesel dual-fuel operation in
a single-cylinder, four-stroke diesel engine by introducing
hydrogen at 25% and 50% of the total fuel energy, with
diesel serving as the igniter. Figure. 3 shows hydrogen
addition improved carbon-based emissions, reducing CO
by 20.4-66.3%, CO: by 12.7-38.7%, and smoke by 10.4—
58.2% due to more homogeneous combustion. However,
NOx emissions increased by 15.2-212.7%, and engine
performance suffered, with brake power and thermal
efficiency dropping by 8.1-25.4% and 3.3-15.5%,
respectively, primarily from decreased volumetric
efficiency.

2
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Fig. 2 Based on engine speed, the brake-specific fuel consumption
value variation (a) and brake thermal efficiency value variation (b)
at varied hydrogen levels

In this work, the authors based their validation on the
experimental study by Faghani [33] which investigated a
dual direct-injection diesel-natural gas engine. Since
experimental data for diesel-hydrogen dual direct injection
is scarce, the natural gas case was chosen as a suitable
reference, supported by the inclusion of a detailed hydrogen
oxidation mechanism in the chemical model.

A sector geometry representing one-seventh of the
combustion chamber (due to seven diesel and seven gas
injectors) was created to reduce computational cost.
Appropriate thermal boundary conditions (600 K for the
head and 650 K for the piston bowl) were applied, and the
initial charge properties, including EGR level, pressure, and
temperature, were matched to the experimental values.
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Figure 4 shows mesh sensitivity study was then carried out

using four grid resolutions (coarse, medium, fine, very fine).

As can be seen in Fig. 5, the coarse mesh underpredicted
combustion rate and delayed ignition, while the medium
and fine meshes closely matched the measured in-cylinder
pressure and Heat Release Rate (HRR). Differences
between the fine (0.35 mm) and very fine (0.3 mm) meshes
were negligible, so the fine mesh was adopted for all
subsequent simulations, striking a balance between
accuracy and computational time.

¢¢

Fig. 4 Sector mesh at 700°CA used in combustion simulations.
Left shows the “coarse” grid used to compute the compression
stroke prior to injection and right shows the “fine” key grid, with
a maximum mesh size of 0.35 mm, used during injection and
combustion

Validation also covered pollutant emission trends shown in
Fig. 6. CFD predictions of NOx and soot under varying
EGR rates reproduced the experimental trends: NOx
decreased by 82% in simulations (80% in experiments),
while soot increased as expected, although the absolute soot
levels were underpredicted. This confirmed that the model
could reliably capture the main physical and chemical
trends.
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Fig. 5 Pressure and heat release rate predictions and mesh

sensitivity study for the 18% EGR test case with comparison to
experimental data
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Fig. 6 Pollutant trend predictions of a) NOx and b) Soot at EVO
for increasing levels of EGR compared with experimental
measurement

The validation framework combined (1) comparison with
experimental combustion data, (2) mesh independence
analysis, and (3) reproduction of pollutant trends. These
steps established confidence that the CFD setup could be
applied to study diesel-hydrogen dual direct injection with
sufficient accuracy. Although the CFD simulations
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successfully reproduced the overall experimental trends for
combustion and emissions, some quantitative deviations,
particularly in soot predictions, highlight inherent model
limitations. Future work should therefore include a broader
uncertainty assessment to enhance the robustness and
credibility of the results.

2.3 Methods and materials

The primary goal of this study is to investigate the use of
hydrogen in dual fuel diesel engines to enhance engine
efficiency and reduce Carbon Monoxide (CO) emissions.

The hypothesis is that by increasing the proportion of
hydrogen in the fuel mixture, engine efficiency will
improve, and pollutant emissions will decrease. The
experiments were conducted using ANSYS Forte, a
specialized software for simulating combustion processes
in internal combustion engines. A computational model was
developed to simulate the performance of a dual-fuel diesel
engine operating with varying percentages of hydrogen
with RPM varying. The sector model approach was
employed, focusing on a 60-degree section of the
combustion chamber as shown in Fig. 7.

. i

A

Fig. 7 Sector angle for model simulation.

A 60-degree sector model of the diesel engine combustion
chamber was designed in ANSYS Forte. This sector was
chosen for computational efficiency while maintaining
accuracy in the analysis. The model used two fuel injectors
for direct injection of both diesel and hydrogen. Piston
temperature 600 K, head temperature 650 K, initial
temperature is 362 K and initial pressure 2.215 bar. Table 2
shows summary of engine parameters.

Table 2 Summary of engine parameters

Item Value
Engine Bore [cm] 13.72
Geometric Compression Ratio 16.12108
Total Fuel Mass [g] 6.70E-02
Pilot start of injection (CA) 703 BTDC
H2 start of injection (CA) 712 BTDC
Cone Angle 12°

This study focuses on the use of hydrogen as a dual fuel in
a diesel engine, aiming to improve engine efficiency and
reduce CO emissions. The research is based on
computational simulations using ANSYS Forte, a powerful
engine simulation software. The study investigates how
varying the percentage of hydrogen injected into the engine

affects its performance across different RPMs. The study's
protocol outlines how the simulations were conducted, the
variables used, and the data analyzed. The study begins by
examining the engine’s performance at a base speed of 1400
RPM. This speed was selected as a starting point because it
represents a common operating speed for medium-load
conditions in diesel engines. By choosing 1400 RPM, the
study captures data relevant to the typical working range of
diesel engines, particularly in applications such as
commercial vehicles and generators. Once the engine's
behavior at 1400 RPM was analyzed, further simulations
were conducted at higher RPMs: 1800, 2000, and 2500
RPM. These additional RPMs represent a broader range of
operating conditions. For instance, 1800 RPM corresponds
to low to medium load conditions, while 2000 RPM and
2500 RPM simulate high-speed engine operations. By
simulating across this range, the study covers a
comprehensive performance spectrum, ensuring that both
low and high-speed efficiency and emissions characteristics
are captured. Each RPM setting was subjected to five
different hydrogen-to-total fuel ratios, which ensured that
the effect of increasing hydrogen concentration on
performance and emissions could be thoroughly studied
under different load conditions.

Hydrogen was injected into the engine in five varying
concentrations relative to the total fuel mass. The hydrogen-
to-total fuel mass percentages were set at 15%, 25%, 50%,
60%, and 70%. The following considerations informed the
selection of these specific percentages:

Low Hydrogen Concentrations (15% and 25%): These
levels were chosen to examine the impact of minor
hydrogen additions on combustion characteristics. Low
hydrogen concentrations allow for a relatively gradual
introduction of the more reactive hydrogen into the
combustion process, providing insight into how the engine
responds with minimal hydrogen addition.

Moderate Hydrogen Concentration (50%): This represents
a balanced mixture of hydrogen and diesel, with hydrogen
making up half of the total fuel mass. This ratio is critical
for understanding the engine's transitional behavior as
hydrogen moves from being a secondary fuel to sharing
equal prominence with diesel in the combustion process.

High Hydrogen Concentrations (60% and 70%): These
levels were chosen to assess the upper limits of hydrogen
usage in the dual-fuel system. Since hydrogen burns faster
and at higher temperatures than diesel, it’s important to
evaluate how the engine manages combustion stability,
knock, and thermal efficiency when hydrogen dominates
the fuel mixture. Each of these hydrogen concentration
levels was applied consistently across the RPM range,
allowing for direct comparison between the engine's
response to hydrogen at different speeds. The engine
simulation model used two separate injectors for hydrogen
and diesel, both employing direct injections to introduce the
fuels into the combustion chamber:
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Hydrogen Injector: The hydrogen was injected at an angle
of 712 degrees in the engine cycle. This specific angle was
selected based on its alignment with the ideal timing for
hydrogen combustion, ensuring that hydrogen is introduced
at the point in the cycle where the in-cylinder conditions
(pressure and temperature) are optimal for complete
combustion.

Diesel Injector: The diesel fuel was injected at 703 degrees,
slightly earlier than hydrogen. The diesel’s earlier injection
allows it to serve as a pilot fuel, igniting first and providing
the necessary heat to initiate the combustion of hydrogen.
This sequential injection strategy ensures stable
combustion, particularly at high hydrogen concentrations,
where premature ignition or knock could otherwise occur.
The total mass of fuel injected in each simulation cycle was
kept constant at 0.067 grams. This constant fuel mass
ensured that the only variable difference between
simulations was the hydrogen-to-diesel ratio, allowing for
a controlled comparison across different hydrogen
percentages and RPM settings.

During each simulation, various performance and emission
parameters were closely monitored. These included:

Brake Thermal Efficiency (BTE): BTE measures how
efficiently the engine converts fuel into mechanical work.
The study tracked how increasing the proportion of
hydrogen affected the engine’s overall efficiency.
Hydrogen’s higher energy content, compared to diesel, was
expected to improve BTE at higher injection levels,
particularly under medium to high load conditions.

In-Cylinder Pressure and Temperature: The combustion
process was monitored for peak in-cylinder pressure and
temperature. Higher hydrogen concentrations were
expected to result in sharper pressure peaks due to
hydrogen’s faster burn rate. Understanding how these peaks
varied with RPM was critical to assessing the engine's
mechanical durability and combustion stability.

Emissions: Emission analysis was a key component of the
study. Carbon monoxide (CO), nitrogen oxides (NOx), and
unburned hydrocarbons (UHC) were measured for each
hydrogen-diesel combination. The hypothesis was that
higher hydrogen concentrations would significantly reduce
CO emissions, given hydrogen’s carbon-free nature.
However, the potential increase in NOx due to higher
combustion temperatures was also a concern. The study
tracked NOx emissions to ensure that any improvements in
CO emissions did not come at the expense of increased
NOx production. Knock, a phenomenon where fuel-air
mixtures ignite prematurely, was a major focus of the study,
especially at higher hydrogen concentrations. Since
hydrogen has a lower ignition energy and higher flame
speed than diesel, it increases the likelihood of knocking
under certain conditions. The simulations monitored the
occurrence of knock and sought to understand how
hydrogen percentages and RPM affected its prevalence.

By injecting diesel slightly earlier than hydrogen, the study
aimed to use diesel as a stabilizing influence, igniting first
and controlling the overall combustion process. This
strategy was expected to minimize knock risk, particularly
at high hydrogen concentrations.

For each combination of RPM and hydrogen percentage,
detailed data was collected on engine performance and
emissions. This data was analyzed to: Establish trends in
efficiency gains or losses as hydrogen concentration
increased.

Identify optimal hydrogen percentages for reducing CO
emissions while maintaining engine stability and avoiding
excessive NOx production. Evaluate how engine load (as
represented by RPM) interacted with hydrogen
concentration to affect overall performance. "In this work,
Brake Thermal Efficiency (BTE) denotes the ratio of brake
power to total fuel energy. Thermal efficiency reflects the
ideal fuel-to-work conversion, while combustion efficiency
indicates the completeness of fuel burning. These
distinctions clarify performance evaluation and avoid
confusion when interpreting simulation results."

3 Results and Discussion

3.1 Case A at 1400 RPM

In Case A, the engine's performance was evaluated at a
constant speed of 1400 RPM with varying hydrogen
injection percentages of 15%, 25%, 50%, 60%, and 70% of
the total fuel mass. The results were visualized using
simulation diagrams and pictures obtained from the
ANSYS Forte model, which was specifically designed and
calibrated by ANSYS to match the specifications of the
studied engine. This ensured that the outcomes accurately
reflected the engine’s real operational behavior under
different hydrogen concentrations.

Figure 8 clearly shows the strong hydrogen enrichment
effect. strongly improves combustion but alters emission
trends. CO and soot decrease sharply, nearly disappearing
at 60-70% due to faster oxidation and hydrogen’s carbon-
free nature. CO: is higher at 15-25% H. from diesel
dominance but falls at higher shares as less carbon is
present. Hz is partly unburned at 15%, yet higher ratios
ensure better mixing and complete consumption. However,
NOx rises notably with hydrogen, especially at 50—70%,
linked to elevated temperature fields exceeding 2000 K.
Pressure also increases, reflecting greater heat release.

The results demonstrate clear effects of hydrogen
enrichment on engine performance and emissions in Fig. 9.
Total chemical heat release increases steadily with
hydrogen share, reflecting the high heating value and fast
reactivity of hydrogen. In Fig. 10, combustion efficiency
rises above 97% at moderate ratios, though it is lower at

15% Ha> due to incomplete combustion. Gross ISFC
decreases significantly, showing better fuel utilization.
Thermal efficiency peaks at 25—-50% H: but declines at 70%
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Emission trends are also notable: CO emissions dI‘Op Variable 15% H2 25% H2 50% H2 60% H2 70% H2
sharply with hydrogen, from 3.49E-03 g to nearly -

negligible at 70% Ha, due to improved oxidation. Similarly, 1 \ 1 | E
soot emissions decline drastically because hydrogen is 5 : I Iz
carbon-free and enhances cleaner burning. Overall, © ' I

moderate hydrogen levels (25-50%) achieve the best

compromise between efficiency improvements and
emission control. — e S —ee s e

3.2 Case B at 1800 RPM

In Case B, the engine's performance was evaluated at a ] 4 :
constant speed of 1800 RPM with varying hydrogen o

injection percentages of 15%, 25%, 50%, 60%, and 70% of l ‘ l

the total fuel mass. | J

In Fig. 11, the effect of hydrogen enrichment on engine
performance and emissions is clearly demonstrated. as we L
can see Fig. 12 the Total chemical heat release rises ]
continuously from 3614 J at 15% H- to 6408 J at 70% Ha,

| 1] ]
: i i
reflecting hydrogen’s higher reactivity and calorific value. .
Similarly, combustion efficiency improves from 93.6% to
nearly 97.9% at 25-50% H-, before stabilizing, showing

more complete oxidation at moderate blends. O e i

Fuel utilization also improves, as shown in Fig. 13 by the :
drop in gross ISFC from 141.36 g/kWh at 15% H: to 86.17 1 ' ]
g/kWh at 70% H.. Thermal efficiency, however, peaks at '
45.5% around 15-25% H: and gradually decreases to

N U\ !
‘ i i i
NOx J
42.6% at 70%, likely due to higher heat losses and NOx- . :
related penalties at extreme enrichment. :

As expected, maximum temperature increases with
hydrogen share, exceeding 1800 K at 60-70% H-. This i
correlates directly with the sharp rise in EINOx, which 1
nearly doubles from ~1.0E-2 g to 1.96E-2 g, indicating a :
significant environmental drawback.

Pressure

On the positive side, CO emissions are reduced drastically, | 1 B

falling from 3.33E-03 g to almost negligible levels at 70% K A 4 | i
H.. Soot emissions also decrease markedly because
hydrogen is carbon-free and promotes cleaner combustion.

3.3 Case C at 2000 RPM

In Case C, the engine's performance was evaluated at a Soot
constant speed of 2000 RPM with varying hydrogen

injection percentages of 15%, 25%, 50%, 60%, and 70% of

the total fuel mass.

Figure 14 shows the contours of the analysis at 2000 RPM,

hydrogen enrichment strongly affects both performance and

emissions, and Fig. 15 shows the graphs of the total rempert
chemical heat release rises from 3644 J at 15% H: to ure
6412 J at 70% H., reflecting hydrogen’s high reactivity.
Combustion efficiency also improves, reaching nearly

97.9% at 50-60% H, compared with only 97.2% at 15%

Ha. Fig. 11 Contours of CO, COz, Ha, N2, NO, NO2, NOx, Pressure,
Soot and temperature at 1800 RPM
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Fig. 15 Calculated temperature, pressure, chemical heat release
rate, speciesmass CO, speciesmass of H2 and EINO at 2000 RPM

Figure 16 illustrates the benefits of fuel utilization.
Benefits are evident from the reduction in gross ISFC,
decreasing from 139.5 g/kWh to 85.8 g/kWh as hydrogen
share increases. Thermal efficiency, however, shows a peak
of 46.25% at 25% Ha before gradually declining to 42.8%
at 70% Ha, suggesting that excessive enrichment increases
heat losses and reduces net efficiency.

The maximum temperature rises steadily, exceeding 1900
K at high hydrogen ratios. This explains the growth in
EINOx, which increases from 1.0E-2 g at 15% H- to 1.8E-
2 g at 70% Ho.

On the other hand, carbon-related pollutants are sharply
reduced. CO emissions fall from 2.83E-03 g to near zero at
70% H2, and soot emissions also decrease dramatically due
to hydrogen’s carbon-free nature and faster oxidation.

3.4 Case D at 2500 RPM

In Case D, the engine's performance was evaluated at a
constant speed of 2500 RPM with varying hydrogen
injection percentages of 15%, 25%, 50%, 60%, and 70% of
the total fuel mass.

Figure 17 shows the contours of the analysis at 2500 RPM,
it is observed that combustion efficiency reaches its peak
with a hydrogen blending rate of 70%. This demonstrates
that the introduction of a high proportion of hydrogen into
the fuel mix can significantly enhance the combustion
process, allowing for more complete fuel utilization. The

total chemical heat release, which reflects the amount of
energy released during combustion, also remains highest at
this 70% hydrogen level. This confirms that, in terms of
energy potential, a higher hydrogen concentration leads to
greater heat generation within the combustion chamber.

However, when examining thermal efficiency in Fig. 18,
a different trend emerges. Despite the increased combustion
efficiency at 70% hydrogen, the highest thermal efficiency
is observed at a much lower hydrogen blend of 25%. This
discrepancy highlights the fact that while more energy is
released at higher hydrogen concentrations, not all of it is
effectively converted into useful work. In fact, the thermal
efficiency at 70% hydrogen is significantly lower compared
to the 25% hydrogen blend. This suggests that, beyond a
certain point, the additional heat generated at high hydrogen
concentrations may result in greater energy losses, such as
heat dissipation or incomplete energy conversion.
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Fig. 16 Calculated total chemical heat release, Combustion
Efficiency, Gross ISFC, thermal efficiency, maximum temperature,
EINOx, CO, and soot at Hydrogen energy share at 15%, 25%, 50%,
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The low thermal efficiency at 70% hydrogen is a critical
finding that is shown in Fig. 19 because thermal efficiency
measures how well the engine converts the chemical energy
of the fuel into mechanical energy. A reduction in thermal
efficiency, despite a high combustion efficiency, indicates
that the system is not optimizing the available energy for
useful work. Therefore, even though 70% of hydrogen
provides the highest combustion efficiency, it is not an ideal
condition for practical engine performance, as thermal
efficiency becomes too low to support efficient combustion.

In terms of emissions, the highest levels of EINOx
(Nitrogen Oxide Emissions Index) are recorded at 70%
hydrogen. This is expected due to the elevated combustion
temperatures  associated ~ with  higher  hydrogen
concentrations. NOx emissions typically increase with
higher temperatures because nitrogen in the air reacts more
readily under these conditions, forming nitrogen oxides.
Conversely, the lowest EINOx levels occur at 15%
hydrogen, where the lower combustion temperature leads
to a decrease in NOx formation.

Soot emissions, on the other hand, are minimal at 70%
hydrogen. Hydrogen, being a clean-burning fuel, does not
produce carbon-based soot like traditional hydrocarbon
fuels. This results in significantly lower soot emissions as
hydrogen concentration increases, particularly at higher
blends like 70%.

The highest combustion temperatures are also observed at
70% hydrogen, due to hydrogen's fast flame speed and
higher energy density. While this increases combustion
efficiency, it also contributes to the rise in NOx emissions
and can lead to thermal stress on engine components.
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At hydrogen enrichment levels beyond 50%, the Brake
Thermal Efficiency (BTE) begins to decline despite higher
combustion efficiency. This reduction is mainly due to
hydrogen’s very high flame speed, which causes sharp
pressure rises and elevated in-cylinder temperatures,
leading to greater heat transfer losses to the cylinder walls
rather than conversion into useful work. At the same time,
these higher temperatures intensify NOx formation through
the thermal Zeldovich mechanism, where nitrogen and
oxygen react more readily under such conditions.
Consequently, while moderate hydrogen ratios improve
performance, excessive enrichment increases thermal
losses and exacerbates NOx emissions, limiting overall
efficiency.

7 Conclusion

The findings across different engine speeds (1400 to
2500 RPM) highlight the complex relationship between
hydrogen injection levels, combustion efficiency, and
emissions. While increasing hydrogen injection improves
certain combustion characteristics, it does not result in a

simple, linear improvement in thermal efficiency. At low
hydrogen injection levels, such as 15%, emissions like
Nitrogen Oxides (NOx) remain low about 1.1E-02 g at
15% , but combustion efficiency and fuel performance are
suboptimal about 97%.

As the hydrogen ratio increases, particularly at 50% and
beyond, combustion efficiency improves significantly,
leading to cleaner combustion with lower Carbon
Monoxide (CO) and soot emissions. However, higher
hydrogen levels, especially at 70%, result in increased NOx
emissions due to elevated combustion temperatures, despite
reducing CO and soot emissions. The study also reveals that
the highest thermal efficiency consistently occurs at 25%
hydrogen, indicating that moderate hydrogen levels strike
the best balance between combustion efficiency and
emission control.

At 2000 and 2500 RPM, the maximum combustion
efficiency is achieved with 70% hydrogen, but this does not
translate to the highest thermal efficiency, which is found at
25%. The elevated temperatures at higher hydrogen levels
lead to heat losses and inefficiencies, reducing the overall
thermal efficiency. Furthermore, the NOx emissions at 70%
hydrogen are significantly higher, while soot emissions are
minimized due to hydrogen's cleaner burning properties.

Ultimately, these findings suggest that moderate
hydrogen blends, around 25% to 50%, offer the best
balance between fuel efficiency and emission control,
providing cleaner combustion without the substantial trade-
offs in thermal efficiency and NOx emissions seen at higher
hydrogen levels.

8 Future Works

Future research could build upon the findings of this
study by addressing several limitations and exploring
additional aspects of hydrogen—diesel dual-fuel operation.
Firstly, experimental validation under real engine operating
conditions should be conducted to verify and complement
the simulation results, particularly for combustion
characteristics such as ignition delay, in-cylinder pressure
traces, and heat release rate. Secondly, future studies could
investigate advanced NOx mitigation strategies, such as
Exhaust Gas Recirculation (EGR), Selective Catalytic
Reduction (SCR), or water injection, and evaluate their
combined effect with hydrogen enrichment. Thirdly,
optimizing injection timing, pressure, and hydrogen—diesel
mixture preparation using multi-objective optimization
techniques could further enhance brake thermal efficiency
while minimizing emissions. Additionally, expanding the
simulation to include transient load conditions, long-term
engine durability, and the economic feasibility of hydrogen
integration would provide a more comprehensive
assessment. Finally, life-cycle analysis of hydrogen
production and its supply chain could help determine the
overall environmental impact and sustainability of large-
scale adoption in the transportation sector.
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