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A B S T R A C T

This study presents a comprehensive numerical investigation into the optimization of a dual- 
injection diesel engine fueled with diesel–hydrogen blends, aiming to enhance thermal perfor
mance while preventing severe knock. A detailed model was developed to assess the influence of 
key injection parameters on energy and exergy efficiencies, combustion characteristics, and 
output emissions. Knock occurrence was evaluated using ringing intensity and maximum pressure 
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Optimization
Knocking

rise rate as indicators. To ensure real-world applicability, datasets exceeding knock thresholds 
were excluded from the optimization process. Initial optimization of the baseline diesel engine 
resulted in a 2.61 % and 2.46 % increase in first- and second-law efficiencies, respectively. 
Introducing 5 % premixed hydrogen further improved these efficiencies to 5.1 % and 6.99 %, 
without surpassing knock limits. A dual-spray injection strategy was then implemented with 
varying hydrogen fractions. The optimal case with 20 % hydrogen achieved energy and exergy 
efficiencies of 44.68 % and 41.48 %, respectively, using specifically tuned injection parameters. 
While the spray cone angle had a smaller effect than the start of injection and injection duration, 
wider angles were more favorable for diesel-dominant diffusion combustion, whereas narrower 
angles enhanced premixed hydrogen combustion. Hydrogen injection improved combustion ef
ficiency, reduced CO and CO2 emissions, and lowered specific fuel consumption, albeit with 
increased nitrogen oxide and water vapor formation. Finally, a machine learning approach using 
computational dataset and regression-based optimization was developed to balance engine per
formance and emissions within knock-limited conditions, providing a practical route toward 
cleaner and more efficient hydrogen–diesel combustion engines.

Nomenclature

Acronym Full name

BDC Bottom Dead Center
CO Carbon Monoxide
CO2 Carbon Dioxide
CeO2 Cerium Oxide
CI Compression Ignition
DOE Design of Experiments
ECFM-3z Extended Coherent Flame Model - 3 zones
EGR Exhaust Gas Recirculation
H2 Hydrogen
H2DI Hydrogen-Direct Injected
H2O Water vapor
HCCI Homogeneous Charge Compression Ignition
IMEP Indicated Mean Effective Pressure
ISFC Indicated Specific Fuel Consumption
ML Machine Learning
MPRR Maximum Pressure Rise Rate
MnO2 Manganese Dioxide
NOx Nitrogen Oxides
PCCI Premixed Charge Compression Ignition
PDE Partial Differential Equation
PRA Pressure Rise crank Angle (due to start of combustion)
PJB Prosopis Juliflora Biodiesel
RCCI Reactivity Controlled Compression Ignition
SOI Start of Injection
TiO2 Titanium Dioxide
TDC Top Dead Center

Letters.

Letter Description

Aq
wall Exergy dissipated through heat transfer from the wall

ΔAsys Changes in the exergy of system
ΔUsys Changes in the internal energy of system
H Enthalpy (J)
U Internal energy (J)
S Entropy (J/K)
ρ Density (kg/m3)
t Time (s)
u→ Velocity vector (m/s)
ε Vorticity dissipation rate (m2/s3)
k Turbulent kinetic energy (m2/s2)
ζ Turbulence frequency (− )
mi Mass of species i (kg)
W Received work (J)
Qin Heat generated in the system due to combustion (J)
Qwall Heat dissipated from the cylinder wall (J)
Sgen Generated entropy (J)

(continued on next page)
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(continued )

Letter Description

I Destroyed exergy (J)
ηІ Energy efficiency (− )
ηІІ Exergy efficiency (− )

1. Introduction

With the transportation sector contributing ~20 % of global GHG emissions and associated health impacts, manufacturers are 
increasingly implementing lean combustion technologies. However, these emission-reduction strategies frequently introduce trade- 
offs in engine performance characteristics [1,2]. Driven by environmental concerns and the depletion of fossil fuels, researchers are 
actively seeking sustainable and cleaner solutions. Recent research has explored sustainable alternatives to diesel fuel, including 
Prosopis juliflora biodiesel (PJB) blended with metal-based nanoparticles—cerium oxide (CeO2), manganese dioxide (MnO2), and 
titanium dioxide (TiO2)—which can reduce engine exergy destruction by 3.5–6.4 % [3]. The growing urgency to address global fossil 
fuel dependence has positioned hydrogen as a promising alternative fuel for internal combustion engines. When applied in 
compression ignition engines, hydrogen demonstrates significant potential for reducing harmful emissions, including unburned hy
drocarbons, carbon monoxide, carbon dioxide, and particulate matter [4]. As investigated by Karagoz et al., 2016 the diesel-enriched 
hydrogen could decrease the amount of CO and Smoke emissions by up to 69 % and 58 % respectively [5]. HCCI combustion regime for 
the hydrogen/n-heptane fuel would cause an increase of HC, while in a conventional system, it would reduce this particular emission 
[6,7]. Injecting HHO gas at a flow rate of 0.3 LPM in an RCCI combustion of a CI engine effectively reduces HC emission by 5.7 % and 
brake-specific fuel consumption by 4.58 %, though with an accompanying increase in nitrogen oxide emissions [8]. Dual-fuel injection 
systems, a novel technology for compression ignition engines, these injectors can simultaneously inject two different fuels. This 
capability can lead to significant improvements in engine performance, efficiency, and fuel consumption [9,10].

Exergy analysis serves as a powerful tool for diesel engine optimization, revealing pathways to reconcile competing objectives of 
performance enhancement, emission reduction, and fuel economy through thermodynamic system balancing [11,12]. A 3E (Energy, 
Exergy, Environmental) study of spirulina biodiesel and its diesel blends demonstrated significant effects in engine performance while 
reducing emissions by up to 28.09 % [13]. A study by Taghvifar et al. investigated the combined effects of hydrogen addition and 
turbocharging pressure ratio on a 1.8-L Ford direct injection diesel engine. They found that increasing the turbocharging pressure ratio 
led to a significant 14.7 kW improvement in power that enhances the exergy efficiency. However, the study also highlighted a potential 
drawback of premature hydrogen injection into the intake manifold. This can lead to faster combustion and a steeper rise in the 
temperature graph, ultimately increasing the risk of engine knocking [14].

Hydrogen’s high flammability, often touted as an advantage for clean combustion, presents a potential challenge in CI engines. 
Unlike diesel fuel, hydrogen rapid combustion can lead to a sharp pressure rise rate within the cylinder, a phenomenon known as knock 
that is detrimental to engine performance and longevity, causing vibrations, increased wear, and potential engine damage [15,16]. Yao 
et al. [17] highlight this concern. They explore the concept of mixing ammonia with hydrogen to moderate the rapid flame propagation 
and mitigate knock in spark-ignition engines. Similar strategies are being explored for Compression ignition engines, aiming to 
leverage the benefits of hydrogen’s clean combustion while addressing its knock propensity. Finding the optimal balance between the 
increased combustion efficiency provided by hydrogen and the prevention of extreme knocking in engines is a crucial area of research. 
This optimization process may involve adjusting injection parameters, such as timing and duration, exploring alternative injection 
strategies like dual or stratified injection systems, and potentially mixing hydrogen with other fuels that have lower flammability 
characteristics [18–20].

While hydrogen offers advantages such as high flammability, a low quenching distance, and a high flame speed, it also has a high 
auto-ignition temperature, which makes it somewhat resistant to auto-ignition. However, to store sufficient hydrogen in a vehicle for 
an acceptable travel range, a storage pressure of 700 bar is required, leading to significant logistical challenges [21–23]. A compre
hensive understanding of fuel property interactions, fuel injection characteristics, and optimized valve timing enables researchers to 
develop advanced strategies for maximizing the efficiency of compression ignition engines [24,25]. Investigations by Ozkana et al. 
[26] revealed that employing multi-stage diesel fuel injection with varying injection start times to deliver a specific amount of fuel into 
the combustion chamber, as analyzed using a one-dimensional approach, demonstrated the potential impact of injection strategies on 
soot and nitrogen oxide emissions. Conversely, delaying the start of injection can lead to incomplete combustion, increased soot 
emissions, reduced thermal efficiency, and lower peak cylinder pressure. On the other hand, advancing the injection start timing by 9◦

in an ethanol-diesel blend engine can result in improved engine efficiency and increased peak pressure of up to 1 MPa compared to 
injection with a 3 ͦCA bTDC advance [27]. Also, injection duration plays a crucial role in the performance and emission characteristics of 
diesel engines, prompting extensive research into the effects of spray duration on these engines. Studies have demonstrated that both 
injection duration and start timing can significantly impact engine efficiency and exhaust emissions. When optimized, these param
eters can enhance fuel atomization, improve air-fuel mixing, and increase combustion efficiency, ultimately leading to gains in engine 
torque and power output. A 2021 study found that reducing injection duration from 35 ͦCA to 15 ͦCA at a fixed injection start resulted in a 
5.4 % increase in brake mean effective pressure and a decrease in specific fuel consumption [28].

Driven by environmental concerns and the depletion of fossil fuel resources, this study focuses on optimizing exergy in combustion 
engines to enhance efficiency and reduce pollution. Exergy analysis, which measures useable energy, is applied to improve fuel uti
lization and decrease greenhouse gas emissions. The research also simulates a novel dual-nozzle injector for diesel-hydrogen 

K. Ghadamkheir et al.                                                                                                                                                                                                Case Studies in Thermal Engineering 72 (2025) 106325 

3 



combustion, investigating "ringing intensity" as a potential indicator for preventing extreme knock. Also, both premixed and direct 
injection of hydrogen are studied and compared with the baseline diesel engine. Additionally, machine learning techniques, specif
ically regression, are employed to optimize injection parameters, including fuel type, SOI, injection cone angle, and injection duration. 
This approach aims to balance first and second-law efficiencies while minimizing pollutants, fuel consumption, and the occurrence of 
engine knocking.

2. Materials and methods

The pre-processing stage of the computational fluid dynamics (CFD) solution involves defining boundary and initial conditions, 
which are presented below. A closed-cycle simulation strategy is employed for the engine simulation. This approach focuses on 
analyzing changes in fluid flow parameters within the cylinder during the intake valve closing (IVC) to exhaust valve opening (EVO) 
interval. As shown in Fig. 1, the compression ignition (CI) engine simulation employs a dual-injection mechanism of diesel fuel and 
gaseous hydrogen. To accurately capture the complex chemical reactions during combustion, two modeling approaches are employed: 
a detailed chemistry mechanism for comprehensive representation of the diesel-hydrogen mixture oxidation, and the computationally 
efficient ECFM-3z combustion model for large-scale simulations.

2.1. Theoritical background

Generally, studying the behavior of fluid flow in any physical system requires first identifying the governing equations, which are 
predominantly partial differential equations (PDEs), and then solving them using analytical or numerical methods to gain a proper 
understanding of the fluid motion. In this research, the focus is on a sector of a complete piston from a direct injection diesel engine. 
Due to the closed nature of the simulation cycle, only the compression and power cycles will be modeled, and the open cycle modeling 
will be omitted due to high computational time and volume.

In the above modeling, the equations governing the flow inside the cylinder include the conservation of momentum, mass, energy, 
and species, which will be discussed in detail in the following sections [29]. 

∂ρ
∂t

+∇ ⋅ (ρu) = 0 (1) 

In equation (1), the term ∂ρ/∂t represents changes in fluid density over time. This is crucial in combustion engines where the 
cylinder and piston undergo compression, affecting the compressible fluid’s density. The ideal gas state equation models this time- 
varying density. Additionally, the term ∇⋅(ρu) expresses the divergence of the flow velocity vector within the computational 
domain. In addition to the above equation, conservation of momentum, which relates the rate of momentum in a control volume to the 
net forces acting on it, is another equation that must be solved, and its mathematical expression is as follows. 
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In this context, u denotes the velocity vector with three components. The δij denotes the Kronecker delta operator, and úiúj rep
resents the Reynolds stress tensor.

In this study, the Boussinesq approach, detailed in equation (3), was employed. Initially, the eddy viscosity was computed using the 
k-ζ-f model. By incorporating the turbulence stress term (which is linked to eddy viscosity through the Boussinesq equation) into the 
momentum equation, the fluid flow problem can be solved [30]. 

− ρúiúj = 2μtSij −
2
3

ρkδij (3) 

To describe the state of chemical reactions in the combustion chamber and control the kinetics of the reaction, species transport 
equation must be solved. In fact, by using the species equation, the mass distribution and penetration rate of any chemical species in 
the fluid are determined. Equation (4) describes the general form of the species transport equation [31]. 

Fig. 1. Schematic view of dual-channel injector tip and the modeled engine segment.
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In the above equations, Yk is equal to the species mass fraction, ui is the velocity, D is the diffusion coefficient, Sct is the Turbulent 
Schmidt number, which has a value of about 0.7, and Syk is the source term caused by the production or consumption of the species 
shown in equation (5). 

Syk = Ṙk.Mk (5) 

which in this equation Ṙk is equal to the rate of production or consumption of the kth species and Mk is the molar mass of the specific 
species.

2.2. Combustion modeling

In this study, combustion simulations were conducted using two methods to compute the energy equation’s reactive term. Initially, 
the coupling of a chemical mechanism with CFD software enabled the retrieval of equilibrium constants and stoichiometric coefficients 
for each reaction from the Valeri and Grimech3.0 mechanisms developed by Rahimi et al. [32]. This approach enabled the real-time 
calculation of species production and consumption rates based on kinetic reaction relationships. The decision to use Grimech 3.0 along 
with Valeri was driven by the requirement to model hydrogen oxidation, which is not included in Valeri mechanism. Furthermore, the 
AVL NC7 mechanism from AVL GmbH was employed for engine diffusion combustion, despite its closed-source nature in the AVL Fire 
software [33,34]. The combustion process initiates upon reaching predefined pressure and temperature conditions, triggering fuel 
decomposition and subsequent reaction rate calculations. This detailed approach, while time-intensive, is essential for studying in
termediate radicals and conventional pollutants in combustion modeling. Hence, after comparing numerical results, the accuracy of 
both reaction mechanisms and the combustion model has been investigated.

Fig. 2. Combustion chamber control volume.
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2.3. Thermodynamic modeling

To model the first law of thermodynamics, a control volume similar to the schematic shown in Fig. 2 was employed. This control 
volume captures the system’s initial condition (after closing of intake valve) with air inside, and progresses through compression and 
heat generation from combustion to reach final conditions (before exhaust valve opening).

Within this thermodynamic framework, energy and exergy transfers from the cylinder wall, along with the amount of useful work 
in each cycle, are modeled and quantified. The energy balance equation is expressed mathematically as follows [35]: 

Qcv − Wcv =ΔUsys (6) 

The change in internal energy (ΔUsys) spans from closing the air valve to opening the exhaust valve. Heat generated by combustion 
typically increases final internal energy, as combustion gases hold more thermal energy than incoming air. This energy difference 
corresponds to the heat released into the atmosphere through exhaust [36]. Qcv represents net heat gained due to combustion, while 
W cv denotes total useful work done by the system. The first law efficiency, a key focus of this study, is defined as equation (7): 

ηІ =
Wcv

Qin
=

∫

cv
P.dv

mDiesel burnt .LHVDiesel + mH2 burnt .LHVH2
(7) 

where P is the pressure, dv is the displacement volume, m burnt is the amount of fuel burned and LHV is the heating value of each of 
the used fuels. But in order for the potential state of the system to be checked and for the efficiency to be estimated along with the 
quality of the energies converted to each other, the second law is needed, which is mathematically expressed in equation (8) as follows 
[37]. 

Q
T0

≤ΔS →
Qwall

T0
+ Sgen = S2 − S1 (8) 

In the above context, ΔS represents the entropy changes of the system, while Sgen quantifies the generated entropy. Qwall denotes the 
heat exchanged from the system to the environment at temperature T0, typically ambient temperature. However, in combustion 
engines, calculating the system’s exergy efficiency is crucial [38]. To achieve this, the first step is to compute Sgen, which is then 
multiplied by the ambient temperature to determine the destroyed exergy amount. Equation (9) mathematically expresses the exergy 
balance required for second-law thermodynamic analysis [39]. 

ΔA=Exf,ch + minbin − moutbout − ExW − ExQ − I (9) 

where, I denotes the exergy destroyed by combustion, ExQ represents exergy lost through heat transfer from the wall, and ExW 

signifies work exergy. Additionally, minbin denotes the exergy of the incoming flow from the air valve (initial state), while moutbout 

represents the exergy of the flow exiting from the smoke valve (final state). The reversible work, Exf,ch, equates to the chemical exergy 
of the fuel in this study. ΔA denotes the term encompassing exergy changes in the system, incorporating thermomechanical and 
chemical exergy components.

But the efficiency of the second law, which is the amount of available exergy received (Wcv) to the total exergy entered into the 
system (Ach), is mathematically expressed in equation (10) as follows [40]: 

ηІІ =
Wcv

Exf,ch
=

∫

cv
P.dv

mDiesel.Ach,Diesel + mH2 .Ach,H2
(10) 

2.4. CFD modeling

The engine used for this numerical modeling was a conventional diesel engine that its specifications are illustrated in Table .1.
Table .2 displays all numerical models utilized for simulating flow turbulence motion, fuel combustion and evaporation, and 

emission analysis.

Table 1 
Engine specification.

Bore 85 mm
Stroke 94 mm
Displacement 533.4 cm3

Bowl shape Omega
Connecting rod length 161 mm
Number of injection holes 8
Compression ratio 16:1
Aspiration TCI

K. Ghadamkheir et al.                                                                                                                                                                                                Case Studies in Thermal Engineering 72 (2025) 106325 

6 



2.5. Model validation

In this research, two methods were used for combustion modeling: the ECFM-3z combustion model and a chemical mechanism. 
Pressure and heat release rates from simulations were compared with experimental data achieved on the base engine with injection 
systrm of “BOSCH Piezo CR”, “spray angle of 158 ͦ”, “injection pressure between 1200 and 1600 bar”, and “IMEP equal to 8.3 bar” by 
Priesching et al. [42]. Using the ECFM-3z model, the difference in maximum pressures was minimal, within 4 %. The AVL NC7 
mechanism showed approximately 4 % deviation, while the Valeri-Grimech 3.0 combination by Rahimi et al. exhibited up to 14.5 % 
variance in maximum pressures. Diesel combustion, characterized by two-stage combustion, was accurately simulated by the ECFM-3z 
model, showing two distinct heat release peaks (Fig. 3). Based on these findings, the ECFM-3z model was chosen for further simulations 
due to acceptable accuracy and extensive less calculation time.

To ensure simulation accuracy, the results were compared with experimental data. Table .3 outlines the initial and boundary 
conditions established for this numerical study.

A grid independence analysis was performed to ensure that the numerical results are not affected by the mesh size, as illustrated in 
Fig. 4. It was found that variations in the results became minimal when the cell sizes were below 2 mm, confirming that this model 
meets convergence requirements with reasonable accuracy.

By selecting a grid size of 1 mm and setting two boundary layer mesh layers at 0.1 mm, the local and average changes of y + are 
shown in Fig. 5. Due to the curved surfaces and varying flame behavior within the combustion chamber, y + changes more in turbulent 
areas and less around the flame, especially near the top dead center. The y + values for the engine with asymmetric geometry are below 
35, indicating acceptable accuracy near the wall in this study.

3. Results and discussion

In this section, the numerical results of combustion modeling for the base single-injection diesel engine and the modified hydrogen- 
fueled dual-injection engine are discussed. The studied parameters in this research have been listed in Table .4.

3.1. Diesel engine simulation

One advantage of transient CFD modeling is its ability to capture instantaneous interactions in the combustion chamber, elimi
nating the need for fast imaging facilities to estimate flame propagation. As illustrated in Fig. 6, the propagation of the diesel com
bustion flame initiates near top dead center (TDC), consistent with expected ignition timing under conventional operating conditions. 
Notably, the simulation reveals a significant accumulation of unburnt fuel within the piston bowl region upon exhaust valve opening 
(EVO). This observation suggests incomplete combustion, likely attributable to localized fuel-rich zones or insufficient mixing prior to 
flame quenching.

After the simulations were conducted by varying one of the levels of the studied inputs, an experiment matrix was designed to 

Table 2 
Numerical models used in the simulation.

Module Simulation methodology

Combustion model Reaction mechanisms / ECFM 3-z
Spray evaporation model Multi component
Discretization method Simple
Turbulence model k-ζ-f
Particle interaction model Schmit
Breakup model Wave
Nitrogen oxides formation Zeldovich
Engine knocking J. A. Eng equation1 [41]

Fig. 3. Pressure and HRR diagrams comparison in simulation and experimental data.
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Table 3 
Initial and boundary conditions of the base model.

Start of injection timing 7.5 ͦ bTDC

Intake valve closed 110 ͦ bTDC
Exhaust valve opened 140 ͦ aTDC
Pressure at IVC 2.495 bar
Temperature at IVC 422.5 K
Liquid temperature 365 K
Turbulent kinetic energy 35 m2/s2

Dissipation rate
6804.78 

m2

s3

Cylinder Head Fixed Wall - Temperature 550.15K
Piston Wall with movement - Temperature 575.15K
Liner Wall with movement - Temperature 475.15 K
Axis Symmetry
Segment cut Periodic inlet/outlet

Fig. 4. grid independency analysis with pressure diagram.

Fig. 5. Local and mean amount of calculated y+ in simulated segment.
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investigate the simultaneous effects of modifying engine injection parameters on efficiency and performance. The results of these 
simulations, where each parameter (SOI, injection duration, and spray cone angle) was analyzed at 3 levels, can be found in the table 
included in Appendix I.

As illustrated in Fig. 7, the influence of baseline diesel engine spray parameters on combustion performance was systematically 
evaluated. Among the variables examined—spray cone angle, injection duration, and start of injection (SOI)—the spray cone angle 
exhibited the least pronounced effect on in-cylinder pressure variation. However, the results indicate that a wider cone angle enhances 
air-fuel mixing efficiency, leading to a significant reduction in carbon monoxide (CO) emissions by up to 62.14 %. This improvement 
can be attributed to improved fuel dispersion and subsequent oxidation due to greater interaction with ambient air.

Furthermore, reducing the injection duration was found to elevate peak in-cylinder pressure while simultaneously decreasing CO 
emissions. This trend suggests that shorter injection events promote more rapid and complete combustion, minimizing the formation of 
partial combustion products.

The start of injection (SOI) has become an important factor influencing engine performance. When injection occurs much earlier 
than top dead center (TDC), it can cause excessive pressure rise rates, leading to mechanical stress and potential engine damage. On the 
other hand, significantly retarded combustion results in lower thermal efficiency due to late heat release, which increases the chances 
of misfires and incomplete combustion.

The base engine simulations with pure fuel analyzed knocking potential, energy efficiency, exergy, and pressure rise due to 
combustion (PRA). Optimizing diesel injection timing and shortening spray duration enhanced first and second law efficiencies, 
increasing IMEP. However, cases with high RI and PRR far from 720◦ were deemed impractical due to the risk of engine damage. 
Premature combustion increased cylinder temperatures, creating thermal management challenges. While advancing injection timing 
enhanced engine performance theoretically, very early injection (25◦ bTDC) combined with a short injection duration led to premature 
ignition, significantly increasing the risk of knock. Optimization at SOI 15◦ bTDC, injection duration 1.6 ms, and spray cone angle 12◦

maximized efficiencies, achieving 24.15 % CO reduction, and improved mechanical work output as shown in Fig. 8. In this condition, 
first and second law efficiencies reached 44.24 % and 39.54 %, respectively.

Table 4 
Studied parameters whith their simulated range.

% H2 0 %, 5 %, 10 %, 20 %
Spray Cone angle 3.75, 7.875, 12
Start of injection 25 bTDC, 15 bTDC, 5 bTDC
Injection duration 1.2 ms, 1.6 ms, 2 ms

Fig. 6. Local distribution equivalance ratio of the balinese diesel engine at various crank angles.
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3.2. Diesel/hydrogen-fueled engine

In order to study hydrogen combustion effects more deeply, two approaches have been used to do so. The first one is to simulate the 
hydrogen in a homogeneous blend injected from the intake port, and then diesel is directly injected into the combustion chamber as the 
high-reactive fuel and the starter of combustion. While the second approach is to use a dual-nozzle direct injection mechanism to 
model both diesel and hydrogen being mixed and sprayed directly.

3.2.1. Premixed hydrogen addition
The simulation led to the fact that due to a very high flammability and low ignition energy, hydrogen can be combusted easily. As 

illustrated in Fig. 9, for cases where the amount of premixed hydrogen would be 10 or 20 %, the pressure rise rate will exceed its 
standard value and would not be favorable in real-world engine conditions. Hence, the 5 % hydrogen was chosen to be simulated as the 
port injected fuel.

In this case, the calculated ringing intensity was about 1.35, and the maximum pressure rise rate (MPRR) was approximately 4.46. 
Compared to the premixed hydrogen cases, this indicates a much smoother combustion process. As shown in Fig. 10, both the first- and 
second-law efficiencies were optimized, reaching 46.73 % and 44.07 %, respectively. Additionally, due to more rapid combustion, 
energy was converted to mechanical work at a more optimal crank angle, resulting in an increase in IMEP in the presence of hydrogen.

3.2.2. Direct-injection hydrogen addition
As mentioned, the second approach involves using two nozzles within the combustion chamber: one nozzle to inject diesel at 3.5 

mm from the top dead center and another to inject hydrogen at 1.5 mm from the top dead center. This method has been utilized to 
continue simulations and optimize performance of the engine. Hydrogen is injected into the combustion chamber simultaneously with 
the base fuel. This approach prevents the accumulation of hydrogen inside the chamber and helps control its sudden combustion by 
enabling gradual spraying along with the diesel fuel.

Fig. 7. In-cylinder pressure and the CO emission variation under different simulated injection strategies.
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As shown in Fig. 11, the local equivalence ratio in flame regions for 20 % hydrogen spray near the injected fuel is higher than the 
other sides of the cylinder due to hydrogen’s gaseous nature, molecular energy, and higher flame speed. Optimizing the single-fueled 
diesel engine by advancing injection timing and controlling injection rate improves efficiency and reduces emissions, but increases 
knocking potential. Also, Direct hydrogen injection into the combustion chamber requires a complex experiment matrix to optimize 
diesel flame timing and hydrogen ignition. Both fuels share the same start and duration of spraying for simultaneous combustion. This 
method aims to achieve maximum first and second law efficiency while managing knocking potential.

To refine the analysis, simulation cases exceeding standard knocking criteria, specifically those with a pressure rise angle (PRA) 
greater than 1◦CA before top dead center, were excluded from consideration. Fig. 12 presents the first- and second-law efficiencies, 
along with the average effective pressure, across the remaining simulated cases. The optimal operating conditions were identified as 
follows: Run ID #51 for pure diesel combustion, Run ID #69 for 10 % hydrogen direct injection, and Run ID #28 for 20 % hydrogen 
direct injection. As demonstrated in Fig. 12, the 20 % H2DI case exhibited a significant enhancement in both engine performance and 

Fig. 8. Energy/Exergy distribution in base and optimized diesl engines.

Fig. 9. Pressure variation under different H2 mass being injected.
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thermodynamic efficiency compared to the baseline diesel configuration, while maintaining minimal knocking propensity.
As observed in Fig. 13, increasing hydrogen content in the fuel elevates cylinder temperatures alongside pressure. These parameters 

enhance performance in hydrogen-enriched engines, as indicated by calculations in this study. Hydrogen fractions of 10 % and 20 %, 
under specified diesel injection conditions, can expand the enclosed area in the pressure-volume diagram which leads to higher 
engineperformance.

Fig. 14 shows that with the effective use of hydrogen in the engine, it is possible to contribute to the relative reduction of carbon 
pollutants; Because the main product of hydrogen combustion is water vapor, it is expected that by increasing the percentage of 
hydrogen in the fuel being consumed and decreasing the share of heavy fuel, H2O vapor will be added to the exhaust composition and 
carbon dioxide as a greenhouse gas be reduced up to 20.06 % for the optimum 20 % H2DI case.

Fig. 15 illustrates that as efficiency improves and combustion temperatures rise, carbon monoxide emissions are significantly 
reduced, while nitrogen oxides levels increase. In fact, enhancing the second law efficiency improves the interactions within the 
system, leading to the extraction of more useful work. This also minimizes pollutants generated by incomplete combustion, which are 
negative impacts of the system on the environment.

Fig. 10. Pressure variation under different H2 mass being injected.

Fig. 11. Local Turbulent kinetic energy and equivalance ratio of the dual injection H2-Diesel engine at TDC.

Fig. 12. Performance and efficiencies of standard cases with allowable knocking index.
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3.3. Multi-objective optimization and correlation analysis

The Kendall correlation analysis shown in Fig. 16 indicates that the spray cone angle has the least impact on engine performance, as 
evidenced by its correlation coefficient being close to zero compared to the three other parameters examined. The analysis also clarifies 
the relationships among the input and output variables. Coefficients close to +1 or − 1 indicate strongly aligned or inversely related 
effects, respectively, while values near zero suggest minimal influence between the pairs.

A significant finding is the negative correlation of − 0.4 between hydrogen enrichment and indicated specific fuel consumption, 
highlighting how hydrogen can improve combustion efficiency. However, this advantage comes with increased emissions of water 
vapor and nitrogen oxides, which is consistent with the higher adiabatic flame temperature and oxidative potential of hydrogen- 
blended combustion. Furthermore, the analysis reveals an inverse relationship between thermodynamic irreversibility and the indi
cated mean effective pressure. This suggests that by reducing irreversibility, thus maximizing energy extraction from the fuel, it is 
possible to enhance the usefulwork output of the engine.

Optimizing engine performance necessitates a robust statistical modeling framework to establish responses as functions of critical 

Fig. 13. Performance and efficiencies of standard cases with acceptable knock index.

Fig. 14. Performance and efficiencies of standard cases with acceptable knock index.
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input variables, ensuring that operational constraints and objective functions are systematically defined. In this study, response levels 
and parameter boundaries were derived from CFD simulations guided by a design of experiments (DoE) approach. The trained 
regression model, developed using Design Expert software (Fig. 17), was employed to maximize first- and second-law thermodynamic 
efficiencies while simultaneously minimizing pollutant emissions and fuel consumption.

The optimization results indicate that the following parameters yield optimal performance: an injection duration of 1.39 ms, a 
spray cone angle of 11.99◦, and a start of injection (SOI) timing of 11.12◦ bTDC. Furthermore, the model recommends a hydrogen 
enrichment level of 13.26 %, which is projected to achieve an energy efficiency of 41.44 % and an exergy efficiency of 38.02 %. To 
mitigate knocking, the peak pressure rise rate must be constrained below 5 MPa/ms, aligning with established engine durability 
thresholds. Additionally, the optimization framework prioritizes the reduction of carbon monoxide, and nitrogen oxides, alongside 
minimizing indicated specific fuel consumption ISFC to enhance both environmental and operational performance.

The optimization framework leverages a defined objective function to identify an optimal solution space. For the specific inves
tigated engine, response parameters are derived through multivariable regression modeling as explicit functions of input variables (e. 
g., SOI, injection duration, cone angle, and hydrogen ratio).

Given the study’s focus on quantifying energy and exergy efficiency, the regression-derived surrogate model circumvents the need 
for computationally intensive thermodynamic simulations. Specifically, the model directly outputs efficiency values as functions of 
spray cone angle, injection duration, hydrogen fuel composition, and start of injection timing, while concurrently enforcing 

Fig. 15. Performance and efficiencies of standard H2-Diesel cases with acceptable knock index.

Fig. 16. Correlation matrix between input and output investigated parameters.
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combustion stability constraints such as maximum pressure rise rate. The analytical relationships governing these outputs are provided 
in Appendix II. This approach enables rapid prediction of system performance while ensuring adherence to knock mitigation criteria 
(MPRR <5 MPa/ms) and emission reduction targets.

4. Conclusion

This study examines critical injection parameters in compression ignition engines through detailed modeling and multi-objective 
optimization. The analysis assesses both energy and exergy efficiencies while considering emission characteristics. Key findings are 
summarized as follows. 

• The use of hydrogen as a supplement to primary fossil fuels reduces carbon monoxide and carbon dioxide emissions in the com
bustion engine.

• In single-fuel diesel operation, employing a wider spray cone angle (12◦) increases nitrogen oxide emissions while reducing carbon 
monoxide. This configuration enhances air-fuel mixing, resulting in a 14 % higher heat release rate peak during the diesel second 
combustion phase.

• Optimizing the primary engine without hydrogen shows that increasing injection duration with a 7.5-degree advance in SOI 
achieves energy efficiency of 44.24 % and exergy efficiency of 39.54 %.

• The limiting factor for injection timing and duration is allowable knock, calculated by ringing intensity. A very advanced start of 
injection increases knocking, causing potential engine damage.

• Using 5 % premixed hydrogen achieves 46.73 % energy efficiency and 44.07 % exergy efficiency while keeping ringing intensity 
below 2 MW/m2.

• Direct hydrogen injection at 20 % mass fraction with extended injection duration (1.6 ms) and 15◦ advanced timing demonstrates 
significant performance improvements, increasing mechanical useful work by 47.72 % and enhancing exergy recovery compared to 
baseline diesel operation.

• Correlation analysis demonstrates that increased exergy efficiency reduces CO emissions while improving the system’s thermo
dynamic performance, consequently reducing specific fuel consumption. Results indicate that hydrogen enrichment, start of in
jection timing, and injection duration have significantly greater influence than spray cone angle on combustion characteristics.

• Multi-objective regression optimization identifies an optimal hydrogen-enriched combustion configuration: a 13.26 % H2 mass 
fraction, 1.39 ms injection duration, an 11.99◦ spray cone angle, and an 11.12◦ bTDC start of injection. This configuration 
simultaneously reduces CO emissions while decreasing fuel consumption and increasing indicated mean effective pressure 
compared to conventional operation.

As demonstrated, hydrogen application in combustion engines could effectively reduce carbon emissions. Through fine-tuning of 
injection parameters using regression-based and statistical analysis, an optimal system configuration was identified that improves 
performance while maintaining knocking within allowable limits. Future research should investigate additional carbon-neutral fuel 
blends, particularly hydrogen-ammonia mixtures in combination with e-fuels such as oxymethylene ethers, to achieve comprehensive 
improvements in: emission reduction, engine performance, and knocking mitigation.

Fig. 17. Performance and efficiencies of standard cases with acceptable knock index.
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Appendix I 

Table 1 
Simulation matrix for parametric analysis of hydrogen-enriched combustion with variable injection parameters

ID Spray Cone Angle 
(degree)

Injection 
Duration (ms)

SOI 
(CA)

H2 
(%)

RI (MW/ 
m2)

PRA 
(CA)

IMEP 
(bar)

Exergy 
Efficiecy (%)

Energy 
Efficiency (%)

1 3.75 1.2 695 0 7.20 708.00 10.27 43.09 48.22
2 3.75 1.2 695 20 4.60 709.00 16.65 53.31 57.41
3 3.75 1.2 705 0 3.10 714.00 9.72 40.80 45.66
4 3.75 1.2 705 20 2.70 715.50 15.50 49.65 53.47
5 3.75 1.2 715 0 0.80 724.50 9.06 38.04 42.56
6 3.75 1.2 715 20 1.56 724.00 11.05 35.39 38.12
7 3.75 1.6 695 0 3.78 709.00 9.73 40.86 45.73
8 3.75 1.6 695 20 2.90 710.50 16.42 52.59 56.63
9 3.75 1.6 705 0 1.00 717.00 9.59 40.26 45.06
10 3.75 1.6 705 20 1.70 720.50 12.80 41.00 44.16
11 3.75 1.6 715 0 0.50 728.00 8.69 36.48 40.83
12 3.75 1.6 715 20 0.69 725.00 7.90 25.29 27.23
13 3.75 2 695 0 1.93 710.00 10.25 43.00 48.12
14 3.75 2 695 20 1.69 712.00 15.88 50.85 54.76
15 3.75 2 705 0 0.78 720.00 9.36 39.28 43.96
16 3.75 2 705 20 0.85 720.00 9.95 31.87 34.33
17 3.75 2 715 0 0.63 732.50 7.85 32.96 36.88
18 3.75 2 715 20 0.75 726.00 6.24 19.99 21.53
19 7.875 1.2 695 0 6.56 707.00 10.30 43.25 48.40
20 7.875 1.2 695 20 3.98 707.50 17.19 55.06 59.29
21 7.875 1.2 705 0 3.21 715.00 10.09 42.36 47.40
22 7.875 1.2 705 20 2.59 715.00 15.72 50.34 54.22
23 7.875 1.2 715 0 1.39 724.50 9.36 39.30 43.98
24 7.875 1.2 715 20 1.25 724.00 11.16 35.74 38.49
25 7.875 1.6 695 0 4.01 709.50 10.34 43.41 48.58
26 7.875 1.6 695 20 3.00 711.00 17.10 54.78 58.99
27 7.875 1.6 705 0 1.00 717.00 10.01 42.02 47.02
28 7.875 1.6 705 20 1.20 719.50 12.95 41.48 44.68
29 7.875 1.6 715 0 0.51 728.00 8.86 37.20 41.63
30 7.875 1.6 715 20 1.05 726.00 7.84 25.10 27.03
31 7.875 2 695 0 1.85 712.00 10.47 43.95 49.18
32 7.875 2 695 20 1.06 714.00 16.15 51.71 55.69
33 7.875 2 705 0 0.63 720.00 9.41 39.40 44.21
34 7.875 2 705 20 0.91 721.50 10.02 32.08 34.54
35 7.875 2 715 0 0.52 732.00 7.94 33.34 37.30
36 7.875 2 715 20 0.82 726.50 6.29 20.13 21.68
37 12 1.2 695 0 7.53 708.00 10.34 43.41 48.58
38 12 1.2 695 20 4.00 708.00 17.81 57.02 61.41
39 12 1.2 705 0 3.02 714.00 10.43 43.77 48.98
40 12 1.2 705 20 2.65 715.50 15.93 51.01 54.93
41 12 1.2 715 0 0.75 724.50 9.58 40.21 45.00
42 12 1.2 715 20 1.13 724.00 10.92 34.96 37.65
43 12 1.6 695 0 3.97 709.00 10.65 44.69 50.01
44 12 1.6 695 20 2.69 711.00 17.75 56.84 61.22
45 12 1.6 705 0 1.06 717.00 10.18 42.73 47.81
46 12 1.6 705 20 0.99 719.00 12.80 40.98 44.13
47 12 1.6 715 0 0.68 729.00 8.96 37.60 42.07
48 12 1.6 715 20 0.89 726.00 7.84 25.09 27.02
49 12 2 695 0 1.56 712.00 10.46 43.89 49.12
50 12 2 695 20 1.25 714.00 16.05 51.40 55.36

(continued on next page)
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Table 1 (continued )

ID Spray Cone Angle 
(degree) 

Injection 
Duration (ms) 

SOI 
(CA) 

H2 
(%) 

RI (MW/ 
m2) 

PRA 
(CA) 

IMEP 
(bar) 

Exergy 
Efficiecy (%) 

Energy 
Efficiency (%)

51 12 2 705 0 0.40 720.00 9.42 39.54 44.24
52 12 2 705 20 0.69 720.00 9.89 31.66 34.10
53 12 2 715 0 0.56 732.00 7.97 33.47 37.45
54 12 2 715 20 0.60 726.00 6.23 19.95 21.48
55 12 2 695 10 1.59 712.00 15.55 56.48 61.83
56 12 1.6 715 10 0.46 727.50 4.90 17.79 19.48
57 3.75 1.2 705 10 2.27 714.00 13.12 47.67 52.19
58 12 1.2 705 10 2.81 715.00 13.29 48.29 52.87
59 12 1.6 705 10 1.03 718.00 10.41 37.82 41.40
60 3.75 1.2 695 10 5.78 708.00 14.66 53.25 58.30
61 12 1.6 695 10 3.41 711.00 15.95 57.93 63.42
62 12 2 705 10 0.62 720.00 6.99 25.40 27.81
63 3.75 1.2 715 10 0.98 724.00 7.30 26.51 29.02
64 12 1.2 715 10 0.86 724.50 7.07 25.67 28.10
65 3.75 1.6 695 10 3.25 709.00 15.55 56.48 61.83
66 7.875 1.2 695 10 5.99 708.00 14.96 54.37 59.52
67 3.75 2 715 10 0.56 729.00 3.55 12.90 14.13
68 7.875 2 715 10 0.56 729.00 3.40 12.34 13.51
69 3.75 1.6 705 10 1.36 719.50 10.88 39.51 43.26
70 7.875 2 705 10 0.68 720.00 7.49 27.20 29.78
71 7.875 2 695 10 1.95 713.00 14.87 54.03 59.15
72 3.75 1.6 715 10 17.25 727.50 5.21 18.94 20.73
73 7.875 1.6 715 10 9.19 727.50 5.11 18.55 20.31
74 7.875 1.6 705 10 1.26 719.00 10.82 39.29 43.02
75 3.75 2 695 10 1.95 712.00 14.86 53.99 59.11
76 7.875 1.6 695 10 3.33 710.00 15.74 57.19 62.61
77 7.875 1.2 715 10 0.89 724.00 7.13 25.89 28.34
78 3.75 2 705 10 0.70 720.00 7.89 28.68 31.40
79 7.875 1.2 705 10 2.45 714.00 13.26 48.18 52.74
80 12 1.2 695 10 6.33 708.00 15.42 56.01 61.32
81 12 2 715 10 0.56 729.00 3.18 11.56 12.66
5 % H2- 

Premixed
7.5 1.2 712.5 5 1.35 720.00 11.09 44.07 46.73

Base Engine 7.5 1.35 712.5 0 0.55 720.00 8.88 37.08 41.63

Appendix II 

Exergy Efficiency= − 368.65+10.42(Spray Cone angle)+491.71(Injection Duration)+0.58(SOI)+36.98(H2 Composition)
− 0.20(Spray Cone angle× Injection Duration) − 0.01(Spray Cone angle× SOI)
− 0.0035(Spray Cone angle×H2 Composition) − 0.7(Injection Duration× SOI)
− 0.58(Injection Duration×H2 Composition) − 0.05(H2 Composition× SOI)

Energy Efficiency= − 400.21+11.40(Spray Cone angle)+ 537.92(Injection Duration)+0.63(SOI)+39.65(H2 Composition)
− 0.22(Spray Cone angle× Injection Duration) − 0.01(Spray Cone angle× SOI) − 0.004(Spray Cone angle
×H2 Composition) − 0.76(Injection Duration× SOI) − 0.61(Injection Duration×H2 Composition)
− 0.05(H2 Composition× SOI)

MPRR= 330.93+7.16(Spray Cone angle) − 100.83(Injection Duration) − 0.44(SOI) − 6.77(H2 Composition)
− 0.01(Spray Cone angle× Injection Duration) − 0.01(Spray Cone angle× SOI) − 0.002(Spray Cone angle
×H2 Composition)+0.13(Injection Duration× SOI)+0.1(Injection Duration×H2 Composition)
+ 0.009(H2 Composition× SOI)

PRA=111.02+ 1.39(Spray Cone angle) − 35.66(Injection Duration)+0.84(SOI)+7.17(H2 Composition)
+ 0.04(Spray Cone angle× Injection Duration) − 0.002(Spray Cone angle× SOI) − 0.001(Spray Cone angle
×H2 Composition)+ 0.06(Injection Duration× SOI) − 0.11(Injection Duration×H2 Composition)
− 0.009(H2 Composition× SOI)
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