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Abstract: In this paper, a computational fluid dynamics (CFD) model was established and verified on
the basis of experimental results, and then the effect of hydrogenation addition on combustion and
emission characteristics of a diesel–hydrogen dual-fuel engine fueled with hydrogenation addition
(0%, 5%, and 10%) under different hydrogenation energy shares (HESs) and compression ratios (CRs)
were investigated using CONVERGE3.0 software. And, this work assumed that the hydrogen and
air were premixed uniformly. The correctness of the simulation model was verified by experimental
data. The values of HES are in the range of 0%, 5%, 10%, and 15%. And, the values of CR are in
the range of 14, 16, 18, and 20. The results of this study showed that the addition of hydrogen to
diesel fuel has a significant effect on the combustion characteristics and the emission characteristics of
diesel engines. When the HES was 15%, the in-cylinder pressure increased by 10.54%. The in-cylinder
temperature increased by 15.11%. When the CR was 20, the in-cylinder pressure and the in-cylinder
temperature increased by 66.10% and 13.09%, respectively. In all cases, HC, CO, CO2, and soot
emissions decreased as the HES increased. But, NOx emission increased.

Keywords: dual-fuel engine; hydrogen energy share; compression ratio; combustion characteristics;
emission characteristics

1. Introduction

The rapid development of the world economy is inseparable from the consumption of
fossil energy [1]. In addition to energy shortages [2], there are problems with environmental
issues [3], energy efficiency [4], and emission regulations [5]. Internal combustion (IC)
engines have great advantages in terms of thermal efficiency. They are widely used in
transportation [6], power generation [7], and other fields. However, compress ignition
(CI) engines consume a lot of fossil fuels and emit a lot of pollutants, such as carbon
dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx) [8,9], incomplete combustion
hydrocarbons (HC), and soot [10]. These emissions have many negative impacts on the
environment and human beings [11]. On the environmental front, they contribute to
the destruction of the ozone layer, rising global temperatures, acid rain, and unusual
climate change [12]. Diesel combustion produces harmful carcinogenic emissions, such
as formaldehyde, acetaldehyde, and other aromatic hydrocarbons [13]. At present, many
countries have issued relevant emission policies to limit pollutant emissions, especially NOx
and particulate matter (PM) emissions [14]. These are the reasons that urge researchers
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to look for alternative fuels. In order to overcome the shortcomings of air pollution
and pathogenic risk caused by burning traditional fuels, in addition to optimizing the
combustion process, it is also necessary to solve the problem from the source [15]. At
present, biodiesel [16,17], methane [18], methanol [19], butanol [20], hydrogen [21], and
other alternative fuels are more studied. For example, Kumar et al. [22] claimed that
Mahua methyl ester (MME) was perfectly suitable as an alternative fuel to diesel. And,
they also noted that modifying the nozzle aperture with smaller orifices could result in
better performance, combustion, and emissions than the baseline diesel. In addition, it has
been suggested that thermal barrier coatings (TBCs) can reduce emissions. They concluded
that MME containing TBC significantly reduced ambient hydrocarbon emissions at all
loads [23].

Hydrogen is a potential alternative fuel [24], and it is characterized by rich reserves; it
is also clean [25] and efficient. Hydrogen is considered one of the most reliable, renewable,
and sustainable fuels [26]. The high self-ignition temperature of hydrogen [27] leads to the
inability of hydrogen to burn independently in CI engines. The combustion of a diesel engine
with hydrogen is mainly realized by way of a dual-fuel engine [28]. Diesel is used as the pilot
fuel to ignite the gas mixture [29,30]. Because hydrogen contains no carbon [31], it can also
reduce carbon-based emissions [32]. Hydrogen also has a high diffusion rate, thus improving
the uniformity of the combustion chamber mixture, which is conducive to complete fuel
combustion [33]. Some researchers have studied the diesel–hydrogen dual-fuel engine and
concluded that adding hydrogen could significantly improve the thermal efficiency [34].
This is due to the increase in the combustion rate and the shortening of the whole process’s
duration [35]. It was found that when the hydrogen amount was increased under all engine
loads, the brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE) were
enhanced due to the good mixing of hydrogen and the higher flame speed [36]. Adding
hydrogen to diesel fuel has a positive impact on pollutant emissions, but it does not include
changes to NOx emission [37]. This is because under the hydrogen-rich condition, the peak
value of the gas pressure and the peak value of the heat release rate (HRR) in the cylinder
increase. This results in an increase in NOx emission after hydrogenation [38]. Increased
NOx emission due to the high energy content of hydrogen fuel is a major challenge [39].
And, the ignition delay time will be shortened after hydrogenation [40]. Ignition delay
can be defined as the time between the start of the diesel injection to the cylinder and the
start of combustion. Juknelevicius et al. [41] used hydrogen with energy up to 44% as a
secondary fuel in CI engines. However, due to the high proportion of hydrogen energy,
detonation occurred, which was a bad combustion phenomenon [42]. When the hydrogen
concentration was higher than the lower flammability limit, backfire occurred [43].

The compression ratio (CR) is the ratio between the total volume of the engine cylin-
der and the volume of the combustion chamber. CR is an important parameter in the
development process of the engine thermodynamics in the early stage. The choice of CR
often determines whether engine performance targets are achieved. Increased CR results in
higher temperatures at the compression end of the cylinder and better combustion of the
fuel injected into the cylinder. The combination and emission performance of the diesel
engine is improved. However, too high a compression ratio will cause the phenomenon of
knocking. Therefore, in order to ensure that the diesel engine has a better economy and
power at the same time, it is necessary to reasonably select the CR to avoid rough work.
Hydrogen and diesel are the fuels used in this paper. The addition of hydrogen increases
the temperature in the cylinder and the pressure in the cylinder. The CR chosen in this
paper should be chosen carefully and not too high. The role of varying the CR has been
studied by scholars. They found that the use of higher CR improved energy efficiency. With
an increase in CR from 16.5 to 19.5 at full load operating conditions, exergy efficiency was
increased by 2.94%, and exergy destruction was decreased by 4.66%. In terms of emissions,
the increase in CR resulted in significant reductions in HC, CO, and smoke emissions, but
also an increase in NOx emission [44].
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In addition to finding alternative, clean, and sustainable energy sources, it is also
very important to design effective technologies for existing traditional engines to improve
engine performance and reduce emissions. Some common strategies, such as exhaust gas
recirculation (EGR) [45], diesel particulate filter (DPF), selective catalytic reduction (SCR),
water addition [46], and diesel injection timing [47], have been used to reduce exhaust
emissions and improve engine performance. Karimi et al. [48] developed a numerical
model of HDDF combustion and applied it to study the effect of oxygen enrichment on
engine performance and emission characteristics. They found a 72% reduction in soot
emission and a 63% increase in NOx emission without the use of EGR technology. By
combining the oxygen enrichment and EGR strategies, NOx emission was reduced by 79%
at an oxygen concentration of 27% and an EGR rate of 24% compared to conventional
hydrogen–diesel dual-fuel operation. Based on the above study, Dimitriou et al. [49]
conducted low-load and medium-load operational tests on a heavy-duty hydrogen–diesel
dual-fuel engine. They found that EGR significantly reduced NOx emission by up to 75%.
However, the introduction of a high EGR rate worsens the soot oxidation process and soot
emission from the engine exhaust. EGR also improves hydrogen utilization in dual-fuel
engines, especially under high load conditions [50]. Kumar et al. [51] advocated that a
combination of EGR, DPF, and SCR applications could control both soot and NOx emissions.
In addition to EGR technology, there have been many studies using injection strategies to
improve performance. Gürbüz [52] investigated the effect of hydrogen injection strategies
on engine performance and emissions. The results showed that 2 pilot injections and 1 post
injection strategies reduced soot emission more than 1 pilot injection strategy. However,
NOx emission increased in all strategies. The method of low-temperature combustion can
be adopted to make the combustion start ahead of time, so as to prolong the combustion
duration. Tripathi et al. [53] conducted a numerical study on the characteristics of the
hydrogen–diesel dual-fuel engine under different diesel injection strategies. The results
showed that the best injection time was when the BTDC was 8◦.

There are many ways to optimize for parameters [54]. The more commonly used ways
are the Taguchi design [55], the response surface method (RSM) [56,57], and the genetic
algorithm [58]. Some scholars have solved the multi-objective optimization problem of
target conflict by using different optimization techniques, such as regression analysis,
artificial neural networks, and genetic algorithms. Wang et al. [59] used the RSM to
optimize the emissions and performance of the engine and obtained the optimal tuning
parameters of the engine. They claimed that RSM is a very desirable optimization method
that can save a lot of repetitive studies. Modeling and reduction of CO and NOx emissions
from a direct-injection dual-fuel engine were achieved by combining an artificial neural
network with the non-dominated Sorting Genetic Algorithm II by Lotfan et al. [60]. The
Pareto optimal frontiers for reducing CO and NOx emissions were extracted to obtain the
desired engine speed values at a specific output power. The obtained vector of control
values can be used by designers for better environmental performance. Yu et al. [61]
used the feasibility of combining an adaptive neuro-fuzzy inference system with a genetic
algorithm for diesel engine setup optimization to obtain optimal engine performance and
emission behavior. Their work demonstrated the feasibility of applying this prediction-
optimization intelligent model to further explore nonlinear phenomena in engine research,
such as alternative fuel design.

This literature review provides further clarity on the effect of hydrogen addition
on the performance and emission characteristics of diesel–hydrogen dual-fuel engines.
However, little research has been conducted on the effect of CR on diesel engines in the
case of hydrogen addition. Therefore, these issues need to be investigated in order to fill
the gaps in the literature. This paper presents a numerical study of diesel and hydrogen
co-combustion in a compression-ignition engine. The HESs and CRs taken were 0–15% and
14–20, respectively. The model was then demonstrated to be usable by comparing data from
tests and simulations. The combustion and emission characteristics of the dual-fuel engine
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were then simulated and obtained. The results showed that the addition of hydrogen and
the increase in CR had a positive effect on combustion and emissions.

2. Numerical Method and Modelling Setup

In this work, the 3D drawing software Solidworks2023 was used to model the diesel
engine according to its parameters. Then, the model was imported into CONVERGE 3.0
software. The diesel engine model was established and simulated with CONVERGE 3.0
software. The diesel fuel was expressed as C10H22.

2.1. Calculation Principles
2.1.1. Fluid Dynamics Governing Equations

The main conservation equations in the working process are the mass conservation
equation, the energy conservation equation, and the momentum conservation equation.
The compressible equations for mass transport, momentum transport, and energy transport
are given as follows:

∂ρ

∂t
+

∂ρui
∂xi

= S (1)

∂ρui
∂t

+
∂ρui
∂xj

= − ∂P
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+
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[(
∑
m

hmρD−∑
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emγ
K
Cp

)
∂Ym

∂xj

]
(3)

where S is the source term; u is velocity; ρ is density, g/cm3; Υm is the mass fraction of
species m; D is the mass diffusion coefficient; P is the pressure, Pa; e is the specific internal
energy, J/kg; K is the conductivity; hm is the specific enthalpy, J/kg; Cp and Cv are the
specific heats at constant pressure and volume, respectively; and γ is the specific heat ratio,
J/(kg·K).

2.1.2. Modeling and Simulation Flowchart

Figure 1 shows the modeling and simulation flowchart.
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Figure 1. Flowchart of modeling and simulation. Figure 1. Flowchart of modeling and simulation.
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2.2. Modelling and Numerical Setup
2.2.1. Turbulence Model

Turbulent motion is very complex and irregular in space and chaotic in time. Turbu-
lence significantly increases momentum, energy, and species mixing rates. The turbulence
model chosen in this paper is the Reynolds Averaging Navier–Stokes (RANS). The basic
idea of the RNG k-ε method is to simplify the problem through a series of successive
transformations on a spatial scale, with a coarse discriminative rate of elaboration of an oth-
erwise very complex system. Compared with the standard k-εmodel, the Renormalization
Group (RNG) k-ε model has higher accuracy for high-speed flow and higher accuracy for
vortex flow. And, the effect of a low Reynolds number is considered by the RNG k-ε model.
These characteristics make the RNG k-ε model more accurate and reliable. Therefore, this
article chose to use RNG k-ε to simulate turbulent motion. The turbulent kinetic energy
transport equation is given by:

∂ρk
∂t

+
∂ρuik

∂xi
= τij

∂ui
∂xj

+
∂

∂xj

µ + µt

Prk

∂k
∂xj
− ρε +

Cs

1.5
Ss (4)

And, the transport equation for the dissipation of turbulent kinetic energy is given by:

∂ρε

∂t
+

∂(ρuiε)

∂xi
=

∂

∂xj

(
µ + µt

Prk

∂ε

∂xj

)
+ Cε3ρε

∂ui
∂xj

+

(
Cε1

∂ui
∂xj

τij −Cε2ρε + CsSs

)
ε

k
+ S− ρRε (5)

where S is the source term; Ss is the source term that represents interactions with discrete
phase (spray); τij is stress tensor, N/m; ui is turbulent viscosity, cPs/40 ◦C; k is the turbulent
kinetic energy, m2·s−2; ε is the turbulent energy dissipation rate, m2·s−3; and Cε1, Cε2, and
Cε3 are constants, which are used to account for compression and expansion, Cε1 = 1.42,
Cε2 = 1.68.

2.2.2. Spray Model

The accuracy of the fuel spray simulation can directly affect the simulation predictions
of combustion and emissions. The spraying process is very complex. Spray models
often contain sub-models for droplet evaporation, spray break-up, droplet collision, and
spray touchdown.

The injection of diesel fuel for dual-fuel engine ignition is accomplished in a closed and
narrow cylinder. And, due to space constraints, the diesel droplets will inevitably produce
friction and collision between each other because of the relative motion. Considering
the stochastic variation of the trajectory particles of the droplets under turbulence, the
O′Rourke model was used in this study. For the collision model, the NTC collision was
chosen. For the drag model, a dynamic drop drag model was chosen. A redound/slide
model was chosen to simplify the wall impact model.

In this paper, the Kelvin–Helmholtz/Rayleigh–Taylor (KH-RT) model was used to
describe primary and secondary crushing, respectively. The KH-RT model is based on the
surface wave theory, which can accurately simulate the spray atomization process.

The KH rupture mechanism is applicable during the whole life cycle of the droplet.
The RT mechanism is started only when the droplet reaches the characteristic distance Lb.

Lb = Cbl

√
ρl
ρg

d0 (6)

where Cbl is the break length constant; ρl is the density of liquid, kg/m3; ρg is the density
of gas, g/cm3; and d0 is the droplet radius before breakup, µm.

2.2.3. Combustion Model

In this design scheme, the mixing of hydrogen and air was completed in the intake tract
before entering the cylinder. Among the combustion models that come with CONVERGE
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3.0, the SAGE detailed chemical solution model and the G-Equation combustion model
are able to simulate the premixed combustion model. In this paper, we used the SAGE
detailed chemical kinetics solver. The SAGE detailed chemical solution model can be used for
modeling combustion, such as ignition, premixing, and mixture control. This model allows
the user to combine CHEMKIN input files with detailed chemical kinetics and apply them to
the engine combustion simulation to form a standard set of chemical mechanism files.

A multi-step chemical reaction mechanism can be written in the following form.

M

∑
m=1

v′m,i χm ⇔
M

∑
m=1

v′′m,i χm f or i = 1, 2, . . . I (7)

where v′m,i and v′′m,i are the stoichiometric coefficients for the reactants and products, respec-
tively, for species m and reaction i; I is the total number of reactions; and χm is the chemical
symbol for species m. The net production rate of species of m is given by:

.
ωm =

I

∑
i=1

vm,i qi f or m = 1, 2, . . . M (8)

where M is the total number of species and

vm,i = v′′m − v′m (9)

2.2.4. Other Models

The sub-models used in this paper are shown in Table 1.

Table 1. Mathematical models and chemical mechanisms used in computational fluid dynamics
(CFD) simulations.

Models/Mechanisms Sub-Model

Pilot injection O′ Rurke
Spray break-up KH-RT model [11]

Evaporation Frossling model
Collision model NTC model

Combustion SAGE model [62]
Turbulence RNG k-ε [63]

NOx formation Extended Zeldovich Mechanism [64]
Soot formation Hiroyasu-NSC soot model
Heat transfer O’Rurke and Amsden

2.3. Model Setup and Validation
2.3.1. Model Setup

In this paper, Solidworks2023 software was used to model the 3D geometry of the
studied engine combustion chamber. Eight nozzle holes were evenly distributed, so the
one eighth combustion chamber model was used in this study and the angle of the sector
was 45◦CA. The geometric model was imported into CONVERGE Studio and then pre-
processed for the overall engine parameters, boundary conditions, mesh model, turbulence
model, combustion model, etc.

2.3.2. Computational Mesh Study

The engine combustion chamber CFD model is shown in Figure 2.
In this study, the grid control strategies of adaptive grid refinement (AMR) and fixed

grid refinement based on the basic grid size of CONVERGE 3.0 were used. The adopted
grid strategies and specific parameters are shown in Table 2. In CONVERGE3.0 software,
AMR can be based on velocity, temperature, pressure, density, etc. In this study, AMR
based on velocity and temperature was chosen. And, the maximum embedding level
and sub-grid criterion for velocity AMR were set to 2 and 2.0 m/s, respectively. And, the
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maximum embedding level and sub-grid criteria for temperature AMR were set to 2 and
5 K, respectively.
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Table 2. Mesh control strategy.

Base Grid Size 1.25 mm 2 mm 4 mm

Adaptive mesh
refinement

Max embedding level Sub-grid criterion
Velocity 2 2.0
Temperature 2 5

Fixed embedding

Scale Embed layers
Nozzles 2 -
Piston 1 1
Head 1 1

The size of the mesh affects the computational accuracy and computational speed
of the model. A grid that is too small will lead to slow computation. Conversely, a grid
that is too large will lead to a computational accuracy that cannot be guaranteed. In order
to exclude the influence of the grid size, the independence of the grid was verified by
comparing the simulated in-cylinder pressure of three basic grid sizes. In this paper, three
grid sizes, coarse (4 mm), medium (2 mm), and fine (1.25 mm) were chosen. Among them,
the number of grids for fine, medium, and coarse grids was 107,692, 434,431, and 932,555,
respectively. As can be seen from Figure 3, the difference between the in-cylinder pressure
of the fine and medium grids was small, but the data of the coarse grid differed greatly
from the fine and medium grids. In order to ensure the accuracy and calculation speed at
the same time, the medium grid was chosen in this paper. The subsequent meshes for the
numerical study were all used with the 2 mm grid.
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3. Experiment Cases and Engine Setup
3.1. Fuel Properties

Table 3 shows the main physicochemical properties of diesel and H2. In the simulation,
the HES was 0%, 5%, 10%, and 15%, respectively. Hydrogen entered through the intake
tract and premixed with the air [65], and the energy share of each gas in the air was
calculated based on the calorific value. In contrast, diesel fuel was injected directly into the
combustion chamber.

Table 3. Fuel physical properties.

Parameter Diesel H2 [66]

Density (kg/m3, at 25 ◦C) 833–881 0.0838
Viscosity (Pa·s, at 25 ◦C) 2.419 × 10−3 8.915 × 10−6

Octane number (-) 15–25 >130
Cetane number 50 --

Critical temperature (K) 736 33.19
Critical pressure (Mpa) -- 1.313

Auto-ignition temperature (K) 530 858
Theoretical air/fuel ratio (-) 14.6 34.38

Flammability range in the air (%) 0.5–4.1 4.1–75
Flame velocity in the air (cm/s) 30 265–325

Low calorific value (MJ/kg) 42.8 120.1

3.2. Engine Specification

A four-cylinder diesel engine was converted to use hydrogen–diesel as fuel. The high
auto-ignition temperature of hydrogen meant that hydrogen could not be combusted inde-
pendently in a compression-ignition engine. In the diesel–hydrogen dual-fuel engines, diesel
was used as a pilot fuel to ignite the mixture. The engine was a four-cylinder, water-cooled,
direct injection diesel engine with a bore of 190 mm and a stroke of 210 mm. The engine
had a CR of 14. Hydrogen gas was introduced into the intake manifold by a mixer before
entering the combustion chamber. The engine was at a constant speed of 1000 rpm. When
the engine reached steady-state conditions, the following parameters were measured and
recorded: in-cylinder pressure, in-cylinder temperature, heat release rate, HC emissions,
CO emissions, etc. The experimental setup is shown in Figure 4.
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Hydrogen was injected at 0%, 5%, 10%, and 15% energy percentages to explore the
effect of HES on combustion characteristics and emission characteristics at a CR of 14. The
CR was then varied from 14 to 16, 18, and 20 at 5% hydrogen energy efficiency using CON-
VERGE software to simulate the effect of CR on combustion characteristics and emission
characteristics.

Tables 4 and 5 show the engine performance and operating conditions, respectively.
Table 6 shows the measuring instruments used in the experiment.

Table 4. Engine properties.

Parameter Value

Combustion system Four-stroke diesel with direct injection
Number of cylinders 4

Bore × stroke 190 mm × 210 mm
Connecting rod length 410 mm

Number of injector holes 8
Injection hole diameter 0.26 mm

Swept volume 23.82 L
Compression ratio 14

Engine speed 1000 rpm
Torque 210N·m

Effective power 220 kW
Injection pressure 40 MPa

Injection time −15◦CA
Exhaust valve opening 58◦BBDC
Exhaust valve closing 56◦ATDC
Intake valve opening 66◦BTDC
Intake valve closing 54◦ABDC

Table 5. Operating conditions.

Parameter Value

Engine speed 1000 rpm
Mass of fuel injection 49 mg

Intake pressure 0.157 Mpa
Intake temperature 313.15 K

Hydrogen energy share 0% 5% 10% 15%
Mass flow rate of H2 0 5.5 kg/h 11.0 kg/h 16.5 kg/h
Compression ratio 14 16 18 20

Table 6. Specifications of measurement instruments.

Device Measured Precision

Electric dynamometer NIDY S22-2/05251BV-1 Speed: ±2 r/min;
Torque: ±0.8% F.S

Dynamometer control system PUMA OPEN1.4.1 ±0.8% FS
Diesel flowmeter TOCEIL CMFG010 0.1%

Gas flowmeter TOCEIL 20 N125 ±0.8%
Temperature sensor Thermojunction type ±0.5 ◦C
Emission analyzer

(Horiba MEXA-1600DS) HC, CO, CO2, NOx ±1.0% F.S

Combustion analyzer DEWE-2010CA --
AVL GH13P Piezoelectric sensor 0–25 MPa ±0.3 kPa

AVL 415 S Filter Paper Smoke
Measurement Soot ±0.1 FSN
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3.3. Experimental and Simulation Plan

Table 7 describes the experimental and simulation plan. A dual-fuel engine was used
for the experimental study. In dual-fuel mode, the values for the energy share of hydrogen
were 0%, 5%, 10%, and 15%. And, after that, the effect of CRs on a diesel–hydrogen dual-
fuel engine was also investigated. The CRs used were 14, 16, 18, and 20. The engine was
operated at a higher load. The load was a full load. Among them, the experiment studied
the operation of pure diesel when the CR was 14. After verifying the usability of the model,
the changes in the HES and CR were simulated by model simulation.

Table 7. Experimental and simulation plan.

No. Parameters Load %

1 Diesel 100
2 Diesel + H2 (0% 5% 10% 15%), CR = 14 100
3 Diesel + H2 CR = 14, 16, 18, 20, HES = 5% 100

3.4. Model Validation

Numerical results always need to be validated with reference to experimental results.
In this experimental study, the engine speed was 1000 rpm and the intake air temperature
was kept constant during the experiment. The comparison of experimental and simulation
results regarding in-cylinder pressure, HRR and NOx, HC, CO emissions at different loads
are given in Figure 5a,b and Figure 6a,b. It can be seen that the pressure results obtained
from the numerical study were in good agreement with the experimental study. There are
some differences between the modelled and experimental results regarding the HRR and
the emissions. But the general trend is consistent. Thus, it is shown that this model could
be used for subsequent numerical simulations.
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3.5. Error and Uncertainty Analysis

Generally speaking, the accuracy of an experiment is determined by the error and
uncertainty of the test. The experimental strategy, conditions, sensor selection, etc. can all
lead to experimental errors (as shown in Table 8).

Table 8. Lists of measurements, the measuring range, accuracy, and uncertainty.

Measurements Measuring Range Accuracy Uncertainty (%)

Engine speed 1–2000 rpm ±0.2% ±0.25
Pressure 0–25 MPa ±10 MPa ±0.5

Exhaust temperature 0–2000 ◦C ±0.5 ◦C ±0.25
NOx emission 0–5000 ppm ±10 ppm ±0.48
THC emission 0–20,000 ppm ±10 ppm ±0.12
CO emission 0–10% vol ±0.03% ±0.38
Soot emission 0–9 FSN ±0.1 FSN ±3.2

4. Results and Discussions
4.1. Combustion Characteristics

In this section, the combustion characteristics of diesel engine under different CRs of differ-
ent fuels are investigated in terms of in-cylinder pressure, HRR, and in-cylinder temperature.

4.1.1. In-Cylinder Pressure

The pressure trajectories in the cylinder of a diesel-hydrogen co-combustion engine are
given when HES are 0%, 5%, 10% and 15%, respectively. It can be seen from Figure 7a that
as the HES increased, the maximum combustion pressure was higher. The maximum Pmax
for the operating condition with 15% hydrogen energy share was 8.87 MPa, which was
0.85 MPa higher than the pure diesel operation. This trend is consistent with the findings
of Cernat et al. [67]. The in-cylinder pressure variation curve and the HRR variation curve
reflect the nature of the in-cylinder combustion process of the dual-fuel engine. Hydrogen
burns quickly due to the higher flame speed, increasing the rate of pressure rise as well as
the pressure peak [68]. In addition, it can be noticed that after hydrogenation, the pressure
peak appears earlier. As the HES increased, the pressure peak occurred earlier. It can be
concluded that increasing the HES has a positive effect on in-cylinder pressure.
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The results obtained by varying the value of the CR in the range of 14–20 while
keeping the HES as 5% are shown in Figure 7b. It can be seen that after increasing the
CR, the in-cylinder pressure became much larger, which was consistent with the trend of
in-cylinder pressure change when the CR was fixed and the HES was changed. However, it
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is more obvious that changing the CR had a greater effect on the in-cylinder pressure. When
the CR changed from 14 to 20, the in-cylinder pressure rose from 8.26 MPa to 13.72 MPa.
The combustion of hydrogen fuel occurs mainly in the premixing stage. This is because
the increase in CR results in a better mixing of the fuel and a rise in temperature during
compression. During this process, the fuel reacts more quickly, resulting in a rapid increase
in temperature in the cylinder.

4.1.2. Heat Release Rate (HRR)

The HRR consists of three distinct phases. In the first stage, the HRR reaches a first
peak as the pressure rises sharply, and rapid combustion occurs. In this stage, most of
the diesel fuel and a small portion of the hydrogen fuel are premixed and burned to give
off heat. In the second stage, as the temperature and pressure increase, the second peak
in the HRR occurs when the fuel reaches enough oxygen for a flame to form quickly in
the cylinder. In the last stage, when sufficient oxygen is available, the unburned fuel or
partially burned components in the combustion chamber in the previous stages continue to
burn. A final heat release occurs.

The following conclusions were drawn from Figure 8a. Throughout the process of
combustion, there were three more pronounced peaks. The peak values of HRR were
increased under hydrogenation conditions compared to pure diesel. In addition, the peak
of the HRR increased with increasing HES. This is because hydrogen diffused faster and
hydrogen and air can mix more fully. This is consistent with the conclusion reached by
Khandal et al. [69]. They concluded that the HRR and peak pressure were higher than the
conventional model due to the fast combustion rate of hydrogen.
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As shown in Figure 8b, the peak HRR decreased as the CR increased, and the peak
appeared earlier. This is due to improved combustion efficiency and shorter ignition delay.
With a certain percentage of hydrogen mass, the engine is prone to violent combustion
and knocking. However, there is a trade-off between the CR and the HES, and a lower
CR increases the share of hydrogen energy required to satisfy the non-knocking cylinder
requirement [70].

4.1.3. In-Cylinder Temperature

As shown in Figure 9a, compared to pure diesel operation, the temperature in the
cylinder increased from 1370 K to 1580 K with the HES of 15%. At all operating conditions,
the peak in-cylinder temperature occurred at 0–10 deg. As hydrogen was added, the
cylinder temperature rose. However, during combustion, the relationship between the
amount of hydrogen added and the in-cylinder temperature was reversed. In the early
stage, the bigger the HES, the lower the cylinder temperature became. However, at the
crank angle of −3.09 deg, the addition of hydrogen still increased the cylinder temperature.
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However, the more hydrogen added, the higher the cylinder temperature. This is due to
the fact that a large amount of hydrogen has been ignited and it burns very fast, so the
temperature in the cylinder rises dramatically.
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As can be seen from Figure 9b, the temperature in the cylinder had risen due to
the increase in the CR. At higher CRs, the increased flame speed also contributed to the
combustion of the end gas mixture. When the compression temperature was higher, the
combustion delay was shorter. The shorter the combustion duration, the more efficient the
combustion process. This improved high temperature combustion process increased the
conversion efficiency.

4.2. Emission Characteristic

This section discusses the effect of different fuel blends on the emission characteristics
of the engine under different HES conditions and different CRs in terms of NOx, HC, CO,
CO2, and soot emissions.

4.2.1. HC Emission

The effects of hydrogenation and CR on HC emissions are shown in Figure 10a,b.
Compared to the diesel-only model, HC emission was significantly lower for each set of
simulations after hydrogen addition. And, the HC emission decreased more with increasing
hydrogen addition. As can be seen from the above graph, the peak of HC emission occurred
later as the HES increased. HC is produced by incomplete combustion in the cylinder and
is mainly generated at lower combustion chamber temperatures. After hydrogenation,
HC emission is effectively reduced because hydrogen gas does not contain carbon atoms
and because the amount of diesel fuel injected is reduced. In addition, hydrogen has a
faster flame spread and more intense combustion. Compared with pure diesel engines,
hydrogen–diesel dual-fuel engines contribute to complete combustion.

As the CR increased, the engine’s HC emission reduced, increasing the efficiency of
the engine cycle. This is because the flame propagates faster and the combustion process is
shortened. This increases the boost temperature and, as a result, reduces the quenching
of the flame, which in turn reduces the HC emission. Increasing the CR increases the
temperature during compression and reduces the ignition delay time. In addition, higher
combustion temperatures contribute to better combustion and reduced HC emissions.
Increasing the CR from 14 to 16, 18, and 20 reduced HC emissions by 43.0%, 55.6%, and
60.0%, respectively.
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4.2.2. CO and CO2 Emissions

CO emission is the result of incomplete combustion, an intermediate product produced
by insufficient oxygen. As can be seen from Figure 11a,b, CO emissions were relatively
low, even under the pure diesel condition. This is because diesel engines support lean
combustion. Although there is a localized oxygen deficiency zone in the diesel engine, the
average excess air coefficient is greater than 1, and there is enough air in the cylinder to
oxidize the CO formed. In addition, with the increase in hydrogenation, the CO emission
decreased. This is due to the high diffusion coefficient of hydrogen, which makes the
combustible mixture more homogeneous and more favorable for combustion. And, after
hydrogenation, the cylinder temperature rose, which also made combustion more complete.
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As the CR increased, CO emission were greatly reduced. Temperatures and pressures
near the TDC were naturally higher as the CR increased. At high loads, the temperature
typically increased the rate of chemical kinetics. When increasing the CR from 14 to 16, 18,
and 20, the CO emissions were reduced by 22.3%, 35.4%, and 33.6%, respectively.

The pattern of CO2 emission change after hydrogenation is very obvious. It can be
seen from Figure 12a that there was a significant decrease in CO2 emission. And, with the
increase of the HES, the CO2 emission reduced. There are several reasons to consider for
this phenomenon. The first is that hydrogen has been added to the fuel, which contains
no carbon atoms. Then, the carbon-to-hydrogen ratio of the total fuel decreases, the
combustion duration is shortened, and the combustion efficiency is increased. Finally, it
is also considered that hydrogen has a high diffusion coefficient, and this improves the
inhomogeneity of the diesel fuel.
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As shown in Figure 12b, the effect of CO2 emissions with an increasing CR is opposite
to that of the CO emission. The increase in the CR leads to higher cylinder pressure and
temperature, which promote further oxidation of CO and more complete combustion.

4.2.3. NOx Emission

Hydrogenation reduces HC, CO, and CO2 emissions, but it increases NOx emission,
which is one of the biggest drawbacks of hydrogenation. As shown in Figure 13a, NOx emis-
sion rose sharply after hydrogenation. And, the more hydrogen that was added, the higher
the NOx emission. Compared with the pure diesel operation, the NOx emission increases by
41.9%, 82.1%, and 166.9% for an HES of 5%, 10%, and 15%, respectively. This is due to the
fact that the addition of hydrogen leads to faster combustion and higher temperatures and
pressures in the cylinder. NOx emission is mainly determined by the oxygen concentration,
local temperature, and reaction time. As the combustion temperature increases, the reactivity
between the nitrogen and oxygen atoms increases. When H2 is introduced in the combustion
chamber, the NOx emission increases significantly. The reason behind this situation can be
explained by the fact that the calorific value of H2 gas is significantly higher than that of diesel
fuel. In this case, hydrogen ensures high pressure rates and high in-cylinder temperatures. As
the combustion temperature increases, the reactivity between the nitrogen and oxygen atoms
increases, leading to an increase in NOx emissions.
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This is in agreement with the trend of the experimental findings of Zhang et al. [71]. In
that study, increasing hydrogen substitution compared to pure diesel reduced the formation
of CO and CO2, but the NOx emission rose.

As shown in Figure 13b, with the increase in the CR, the cylinder temperature increased
significantly and, therefore, NOx emissions increased. With the increase in CR, NOx
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emissions rose by at least 48.23%. Because of the increased CR, the fuel combustion
environment is more ideal, and the fuel in the combustion chamber burns more completely.

Hydrogen plays an important role in dual-fuel engines as an alternative fuel and
clean energy source [72]. However, high NOx emission is a major problem in hydrogen
applications. This problem has been studied before. Serrano et al. [73] injected water
into the intake manifold in order to control NOx emission, intake auto-ignition, and com-
bustion detonation. They found that NOx emission rose as the H2/diesel ratio increased.
However, with the water injection operation, NOx emission was reduced by about 50%.
NOx emission can be reduced by using EGR technology. In addition, the SCR technol-
ogy has been widely used for the removal of NOx. However, the development of low-
temperature SCR catalysts with high removal efficiencies still faces serious challenges. Due
to the excellent denitrification ability of manganese-based catalysts at low temperatures,
Zhang et al. [74] concluded that the catalytic activity of manganese-based catalysts could
be significantly improved by doping other metals or loading manganese-based catalysts on
other metal oxides. NOx emission increased significantly with the increase in CR, as shown
in Figure 13b. This is because as CR rises, so does the temperature inside the cylinder. More
NOx is produced when there is enough oxygen.

4.2.4. Soot Emission

In this paper, soot emissions have been measured using a filter paper smoke meter,
and the Filter paper smoke number (FNS) characterization method has been chosen. The
FNS is dimensionless [75]. The specific conversion formula is as follows:

“C”
(

mg/m3
)
=

1
0.405

·4.95·FSN·exp(0.38 ∗ FSN) (10)

Converting this formula gives the amount of carbon soot contained in each cubic
meter of exhaust.

As can be seen from the following figures, a portion of the soot generated in the engine
cylinder is oxidized before it is discharged. Diesel combustion occurs at the beginning of
the premixed combustion stage. Combustion is more complete, and the generation of soot
is reduced. But at this time, the combustion temperature is lower, and the oxidation rate
of soot is also lower. So the net amount of soot is on the rise. When it enters the diffusion
combustion stage, a localized oxygen deficiency region occurs due to the increase in the
cylinder temperature. The rate of soot generation is much higher than its oxidation rate,
so the net amount of soot is greatly increased. When the soot grows to a certain peak, the
oxidation rate of the soot begins to be greater than the rate of its generation, and then the
net soot begins to decline.

Analyzing the data in Figure 14a shows that as more hydrogen was added, the soot
emission decreased. This is because hydrogen allows the flame to propagate quickly and
the fuel mixture to burn more fully, reducing localized areas of oxygen deficiency.
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There are two main dangers of soot. The first is the further formation of PM that
pollutes the air. Then, soot may also mix into the oil, causing the oil quality to deteriorate.
From Figure 14b, it can be seen that increasing the compression ratio could effectively
reduce the soot emission, and the soot emission decreased with the increasing CR.

5. Conclusions

In this work, the effects of HES on the combustion characteristics and emission charac-
teristics of diesel–hydrogen dual fuel with different CRs were investigated by a verified
model. The values of the HES and CR were taken in the ranges of 0–15% and 14–20,
respectively. The obtained results of the numerical study are as follows:

(1) Hydrogenation improves combustion characteristics. The in-cylinder pressure in-
creased by 10.54% when the HES reached 15% compared to when no hydrogen was
added. And, the in-cylinder temperature increased by 15.11%. Hydrogenation is
also good for improving emission characteristics. HC emission, CO emission, CO2
emission, and soot emission can be reduced.

(2) Increasing CR has benefits for both combustion characteristics and emission charac-
teristics. The simulation results show that the in-cylinder pressure and in-cylinder
temperature increased by 66.10% and 13.09%, respectively, when the CR rose from 14
to 20 at the HES of 5%.

(3) It should be also noted that NOx emission increased after hydrogenation, which is
one of the biggest problems after hydrogenation. Higher in-cylinder temperatures
and in-cylinder pressures lead to increased NOx emission.

In conclusion, increasing the HES and CR has a positive effect on diesel engine perfor-
mance, combustion characteristics, and emission characteristics. However, after hydrogena-
tion to a certain percentage of the hydrogen mass, the engine is prone to harsh combustion
and knocking. And, high emission of NOx is also a problem that needs to be solved. In the
future, diesel engine designers will also need to experimentally study the interaction of HES,
CR, and other factors to obtain a superior combination of operating conditions.
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