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Abstract: Hydrogen is a clean and renewable alternative fuel. In this paper, the combustion mecha-
nism of diesel/hydrogen dual fuel is constructed and verified. The mechanism is combined with
three-dimensional numerical simulation to study the effects of pilot injection and main injection on
the combustion and emissions of a diesel/hydrogen dual fuel engine. The mechanism uses a 70%
mole fraction of n-decane and 30% mole fraction of α-methylnaphthalene as diesel substitutes, and it
combines n-decane, α-methylnaphthalene, NOX, PAH, soot and H2/C1-C3 sub-mechanisms to form a
diesel/hydrogen dual fuel combustion mechanism. The mechanism was verified by chemical kinetics,
including the ignition delay time, JSR (Jet Stirred Reactor) oxidation and laminar flame speed, and
then, it was verified by computational fluid dynamics. The results show that the simulated values are
in good agreement with the experimental values of cylinder pressure, heat release rate and emissions
data. The mechanism can well predict the combustion and emissions of a diesel/hydrogen dual fuel
engine. Compared with single injection, the peak heat release rate, peak cylinder pressure and MPIR
(Maximum Pressure Rise Rate) increase with the increase in pilot mass percent from 5% to 20%, which
makes the phase of CA10 and CA50 advance and reduces CO emissions, but NOX emissions increase.
With the advance of pilot injection timing from 10◦ CA BTDC to 30◦ CA BTDC, the peak cylinder
pressure increases, the peak heat release rate decreases, CA10 and CA50 advance, CO emissions
decrease, NOX emissions increase and NOX emissions peak at 30◦ CA BTDC. When the pilot injection
timing is further advanced from 30◦ CA BTDC to 50◦ CA BTDC, the peak cylinder pressure decreases,
the peak heat release rate increases, CA10 and CA50 are delayed, CO and NOX emissions are reduced,
and NOX emissions at 50◦ CA BTDC are lower than those at 10◦ CA BTDC. With the advance of
main injection timing from 0◦ CA BTDC to 8◦ CA BTDC, CO emissions decrease, NOX emissions
increase, the peak cylinder pressure increases, the peak heat release rate decreases slightly first and
then increases, and the peak cylinder pressure and peak heat release rate corresponding to the overall
phase shift forward. When the main injection timing is advanced to 6◦ CA BTDC, MPIR is 1.3 MPa/◦

CA, exceeding the MPIR limit of diesel engine 1.2 MPa/◦ CA.

Keywords: diesel/hydrogen; dual fuel combustion mechanism; pilot injection; main injection;
combustion and emissions

1. Introduction

Fossil fuels such as diesel and gasoline are the most widely used fuels in the field of
transportation [1]. Compressed ignition (CI) engines with diesel as fuel have the advantages
of high energy efficiency and high torque, so they play a vital role in heavy transportation,
agriculture, power generation and other fields [2–4]. However, the emissions released by
diesel engine combustion will further aggravate environmental degradation and global
warming. Among them, CO2 emissions will lead to enhanced greenhouse effect, and NOX
and PM emissions will have adverse effects on human health [5,6]. At present, China is
the world ‘s largest carbon emitter. To reduce carbon emissions, China has committed to
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achieving a carbon peak by 2030 and achieving carbon neutrality by 2060 [7–9]. Energy
conservation and emissions reduction is the common goal of the world. It is of great
significance to develop low-carbon emissions engines and explore clean energy sources
such as hydrogen and ammonia to replace diesel [10]. Among various alternative fuels,
hydrogen has the advantages of wider flammability limit, higher laminar flame speed,
higher calorific value, and lower gas ignition energy, [11] and hydrogen combustion does
not produce CO2 emissions, either. It is recognized as a clean and renewable energy source,
and many countries have introduced policies to support the development of hydrogen
energy [12–17].

Due to the high compression ratio and the equivalence ratio of hydrogen–air mixture
being greater than 1, the engine with pure hydrogen as fuel has the disadvantage of having
a knock phenomenon [18–20]. When hydrogen is combined with diesel in a CI engine, it has
the advantages of low carbon emissions, high operability and good adjustable performance
while ensuring high combustion efficiency. Therefore, in recent years, the engine with
hydrogen as the main fuel and diesel to ignite hydrogen has attracted much attention.
Qin et al. [21] carried out experiments on engine performance under different hydrogen
replacement rates. The results showed that when the hydrogen replacement rate was
20%, the in-cylinder pressure increased by 7.7%. Jianbin Luo et al. [22] found that with
the addition of hydrogen, the heat release rate of the diesel engine increased, the flame
propagation speed accelerated, the combustion duration shortened, and the pressure and
temperature in the cylinder increased. Juknelevicius et al. [23] carried out experimental
research on hydrogen blending in diesel engines. After hydrogen blending, the ignition
delay period of diesel engines is shortened, and NOX emissions are reduced. When the
hydrogen flow rate increases to 30 L/min, the thermal efficiency of the engine increases,
while the specific fuel consumption is lower than that of the pure diesel mode. Szwaja and
Grab-Rogalinski [24] carried out pure hydrogen and diesel/hydrogen dual fuel operations
on a diesel engine, respectively. It was found that the combustion of diesel/hydrogen
dual fuel was milder than that of pure hydrogen mode, and no knock occurred when the
hydrogen replacement rate was low. Rorimpandey et al. [25] used a high-speed camera and
pressure-sensing equipment to study the combustion phenomenon of the direct injection of
hydrogen and n-heptane in a constant volume combustion chamber. The results show that
the hydrogen beam needs to be mixed with the n-heptane liquid beam to a certain extent
before it can be ignited, the heat release rate in this direct injection mode is mainly affected
by hydrogen combustion, and the ignition delay time is longer. Suzuki et al. [26] studied
the performance and emissions of a diesel/hydrogen dual fuel engine on an in-line four-
cylinder engine. Experiments showed that with the increase in hydrogen replacement rate,
the emissions of CO2, HC and soot decreased, the thermal efficiency of the engine increased,
and NOX emissions increased. Jabbr et al. [27] confirmed that in the diesel/hydrogen dual
fuel mode, NOX and soot emissions show a trade-off relationship with the increase in
hydrogen replacement rate.

However, it is expensive and time-consuming to intensively study the combustion and
emissions characteristics of dual fuel engines only through experiments. For the ignition
diesel/hydrogen dual fuel engine, it is a convenient and efficient method to combine
the detailed chemical reaction mechanism with computational fluid dynamics (CFD) to
carry out the three-dimensional simulation of engine combustion and emissions. With the
development of alternative energy sources and new combustion concepts, the development
of a dual fuel combustion mechanism has become one of the research hotspots in recent
years.

Xu et al. [28] constructed an ammonia-n-heptane mechanism containing 69 compo-
nents and 389 elementary reactions by combining decoupling and optimization methods.
Guo et al. [29] used n-hexadecane to characterize diesel; combining a direct relationship
diagram method, error-based direct relationship diagram method, sensitivity analysis and
reaction path analysis, they optimized the reduced diesel engine mechanism, combined
the natural gas mechanism for secondary simplification to obtain the natural gas–diesel
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engine mechanism of 155 components and 645 elementary reactions, and applied it to the
CFD simulation of internal combustion engines. The mechanism is verified to be accurate,
and the three-dimensional combustion state of a natural gas–diesel RCCI engine can be
simulated by a numerical model. Schuh et al. [30] constructed a methane–propane–n-
heptane mechanism and studied the similarities and differences of ignition delay time
of several different n-heptane mechanisms in a simulated natural gas–diesel combustion,
but the mechanism construction still needs a more detailed treatment of the reaction rate
parameters. Wang et al. [31] constructed an n-heptane–n-butanol–PAH mechanism with
78 components and 342 elementary reactions and carried out engine CFD simulation on this
mechanism. The results show that the mechanism calculation results are in good agreement
with the shock tube, constant volume combustion bomb and engine operation data, and
they can effectively provide strong support for how to achieve the best combustion and
emissions coordination in the diesel–n-butanol dual fuel mode. The numerical simulations
of dual fuel engines reviewed above reveal that a smaller-scale, more accurate and reliable
diesel/hydrogen dual fuel chemical kinetic mechanism is still not available, and research
in this aspect is greatly needed.

The analysis of dual fuel engines above shows that researchers need a more suitable
diesel/hydrogen dual fuel chemical kinetic mechanism to predict the combustion and
emissions of dual fuel engines directly. In this paper, a 70% mole fraction of n-decane and
30% mole fraction of α-methylnaphthalene were selected as diesel substitutes to construct
and verify the reduced chemical kinetic mechanism of diesel/hydrogen dual fuel. The
reduced mechanism was applied to a high-pressure common rail diesel engine for three-
dimensional simulation research, and the effects of pilot injection and main injection on
the combustion and emissions of diesel/hydrogen dual fuel engine were investigated. The
results show that the mechanism has a good prediction effect, which can provide reference
for the research of diesel/hydrogen dual fuel engines.

2. Mechanism Development

This section mainly describes the construction of the diesel/hydrogen dual fuel com-
bustion mechanism, including the n-decane sub-mechanism, α-methylnaphthalene sub-
mechanism, H2/C1-C3 sub-mechanism, PAH sub-mechanism, soot sub-mechanism, and
NOX sub-mechanism. The ignition delay sensitivity analysis of the combined diesel/hydrogen
dual fuel combustion mechanism was carried out, and the pre-exponential factor of
some elementary reactions was adjusted to optimize the original mechanism. Finally, the
diesel/hydrogen dual fuel combustion mechanism with 191 components and 847 elementary
reactions was obtained.

2.1. The Reduce Mechanism of N-Decane and A-Methylnaphthalene

Choosing a 70% mole fraction of n-decane and 30% mole fraction ofα-methylnaphthalene
(IDEA reference fuel) as diesel substitutes, it has been proved to be close to real diesel in
fuel injection and atomization, spontaneous combustion, flame propagation, turbulence
field, pollutant formation and so on [32–34]. The main physical and chemical properties of
the IDEA reference fuel and real diesel are shown in Table 1. According to the oxidation
path of straight-chain alkanes at low/high temperatures proposed by Chang et al. [35], the
n-decane mechanism was constructed. The reaction pathway can describe the oxidation
of n-octane to n-hexadecane. The reaction pathways of n-decane at pressure of 10.0 atm,
equivalence ratio of 1.0 and temperatures of 750 (low temperature) and 1150 That’s correctK
(high temperature) are shown in Figure 1. The α-methylnaphthalene mechanism consists
of two parts, which are selected from the α-methylnaphthalene oxidation mechanism of
Mati et al. [36] and the toluene mechanism of Wang Hu et al. [37]. Figure 2 shows the main
reaction path of the α-methylnaphthalene mechanism under the conditions of temperature
of 1150 K, pressure of 10.0 atm and equivalence ratio of 1.0.
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Table 1. Major physiochemical properties of IDEA reference fuel and diesel.

Type of Fuel Cetane Number Low Heating Value Density at 20 ◦C (kg/m3) H/C

IDEA fuel 56 42.4 817 1.7
Diesel 53 42.8 840 1.76
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2.2. Construction of Diesel/Hydrogen Dual Fuel Mechanism

The reduced mechanism of n-decane and α-methylnaphthalene needs to be coupled
with NOX, PAH, soot and H2/C1-C3 sub-mechanisms. The H2/C1-C3 sub-mechanism
is selected from the C1-C3 mechanism of Wang et al. [38]. The PAH sub-mechanism is
derived from the detailed mechanism of Slavinskaya et al. [39], which is used to predict the
formation of PAH in ethylene–ethane flames. The soot sub-mechanism is derived from Fren-
klach [40]. The specific diesel/hydrogen dual fuel mechanism construction framework is
shown in Figure 3. The mechanism of n-decane and α-methylnaphthalene describes the pro-
cess of cracking and oxidizing n-decane and α-methylnaphthalene into smaller molecules,
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respectively, and then, it is coupled with the H2/C1-C3 sub-mechanism to describe the
further oxidation of such small molecules into CO2 and H2O. The PAH sub-mechanism
describes the process of generating soot precursors from small molecules. The NOX sub-
mechanism is used to predict the formation of nitrogen oxides. The diesel/hydrogen dual
fuel mechanism construction process is shown in Figure 4.
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The above sub-mechanism is coupled to obtain the diesel/hydrogen dual fuel mecha-
nism, and the ignition delay time of the mechanism is preliminarily verified. It is found
that the simulated value of the hydrogen ignition delay time has a large error with the
experimental value. Therefore, it is necessary to analyze and adjust it to optimize the cou-
pling mechanism. To determine the key reaction of ignition delay, the sensitivity analysis
of ignition delay of the hydrogen and n-decane/α-methylnaphthalene mixture was carried
out, as shown in Figures 5 and 6. The normalized temperature sensitivity coefficient is
positive, which indicates that it promotes ignition. Conversely, a negative normalized
sensitivity coefficient indicates the suppression of ignition. The ignition delay sensitivity
analysis of hydrogen is shown in Figure 5. At 1000 K, R565, R580 and R582 are most
sensitive to the ignition delay of hydrogen. Finally, the modified Arrhenius Formula (1) is
used to optimize the ignition delay reaction. The adjustment results are shown in Table 2.

k = ATβe−
Ea
RT (1)
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Table 2. Adjustment of the pre-exponential factors.

Elementary Reaction A

Reaction Number Reaction Chemical
Equation Before Adjustment After Adjustment

R565 H + O2 ⇔ O + OH 9.33 × 1013 1.90 × 1014

R573 OH + H2 ⇔ H + H2O 1.17 × 109 2.20 × 108

R580 H2O2(+M)⇔ 2OH(+M) 1.30 × 1017 1.20 × 1017

R582 H2O2 + H⇔ H2 + HO2 1.60 × 1012 6.02 × 1013

In the formula, A is the pre-exponential factor (cm3·mol−1·s−1); T is the thermo-
dynamic absolute temperature (K); β is a temperature index, which is a dimension-
less number; Ea is the activation energy (cal·mol−1); and R is the ideal gas constant,
R = 8.31446261815324 J·mol−1·K−1.

After adjustment, the modified diesel/hydrogen dual fuel mechanism was used to ana-
lyze the sensitivity of the IDEA reference fuel to ignition delay under the conditions of 700 K
(low temperature), 900 K (NTC) and 1100 K (high temperature), 10 bar and 40 bar, and the
equivalence ratio of 1.0. The most sensitive reactions under various temperature conditions
are shown in Figure 6. In Figure 6, the reactions that have a greater impact on the ignition
of the IDEA reference fuel can be divided into three categories: the initial oxidation reaction
of n-decane (R125-R135 in Figure 6a,b), the oxidation reaction of small molecule C1-C3
(R386-R552 and R607 in Figure 6a, R386-R552 and R607-R610 in Figure 6b), and the reaction
of H2/O2 system (R565-R580 in Figure 6a, R580 in Figure 6b). The final diesel/hydrogen
dual fuel mechanism includes 191 components and 847 elementary reactions.
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3. Mechanism Validation
3.1. Validation of Ignition Delays

Ignition delay time is the period from the critical ignition condition to the flame
of the combustible mixture. It is a very important parameter, which determines the
mixing time of the fuel and affects the distribution, combustion, and emissions char-
acteristics of the fuel. In Figure 7a,b, the experimental values are derived from the
α-methylnaphthalene–n-decane–air blends ignition operation carried out by Wang et al. [41]
in the shock tube. The experimental values in Figure 7c,d are derived from the ignition de-
lay data of DF-2 diesel measured by Alturaifi et al. [42], F-76 and Shell GTL diesel measured
by Gowdagiri et al. [43], and DF-2 and Europe DF-2 diesel measured by Haylett et al. [44].
The experimental values in Figure 7e,f are derived from the shock tube experiments of Her-
zler and Naumann [45]. It can be seen from Figure 7 that the error between the simulated
and experimental values of the ignition delay time of the n-decane-α-methylnaphthalene
blends, IDEA reference fuel and hydrogen is small, and the average error is within one
order of magnitude. Therefore, the diesel/hydrogen dual fuel mechanism can reasonably
predict the ignition delay time of n-decane–α-methylnaphthalene blends, IDEA reference
fuel and hydrogen. The IDEA reference fuel as a diesel alternative is reasonable and can
better reflect the ignition delay time of diesel.
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3.2. Species Concentration Profile

The essence of combustion is a violent oxidation reaction. The JSR (Jet Stirred Reactor)
is an ideal continuous stirred tank reactor, which is suitable for the study of fuel oxidation
and cracking [46]. Figure 8a–d show the concentration of key substances in IDEA reference
fuel and diesel JSR oxidation operation [47]. The experimental value of Figure 8e,f is the
hydrogen oxidation operation carried out by Cong et al. in a JSR [48]. It can be seen from the
information in the figure that the simulated values of the concentration of key components
of IDEA reference fuel and hydrogen have small errors with the experimental values, and
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the trend with temperature changes is more consistent. Therefore, the diesel/hydrogen
dual fuel mechanism can reasonably predict the oxidation process of diesel and hydrogen.
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3.3. Laminar Flame Speeds

Laminar flame propagation velocity is an important parameter to reflect the combus-
tion characteristics, which can characterize whether the premixed combustion process is
intense [49,50]. Figure 9 shows the comparison between the simulated and experimental
values of laminar flame velocities of n-decane, α-methylnaphthalene, IDEA reference fuel
and hydrogen. Among them, the experimental value of n-decane comes from [51], the
experimental value of α-methylnaphthalene comes from [52], the experimental value of
diesel comes from [53,54], and the experimental value of hydrogen comes from [55,56]. It
can be seen from the information in the figure that under different temperature conditions,
the simulated values of laminar flame velocities of different fuels are consistent with the
experimental values with the change of equivalence ratio, and the average error does
not exceed 16%. Therefore, the diesel /hydrogen combustion mechanism can reasonably
predict the laminar flame velocities of diesel substitutes, diesel, and hydrogen.
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4. CFD Model Construction and Validation

In this section, the three-dimensional CFD model is constructed and verified according
to the combustion mechanism of diesel/hydrogen dual fuel proposed above. Under the
condition of verifying the validity of the model, the operation schemes of different pilot
injection and main injection are formulated to study the effects of pilot injection quantity,
pilot injection timing and main injection timing on the combustion and emissions of
diesel/hydrogen dual fuel engine.

4.1. CFD Model Construction

Ansys Forte is used to study the three-dimensional simulation model. The basic
control equations of ANSYS Forte include mass conservation equation, fluid continuity
equation, kinetic energy conservation equation, energy conservation equation and gas
phase mixture state equation. The physical model used in the study is shown in Table 3.
The RNG k-ε model is used to simulate turbulence (the Reynolds number (Re) is set to
130), the O’Rourke–Amsden model is used to simulate the droplet collision process, the
KH-RT model is used to describe the droplet breakup process, the ROI (Radius of Influence)
model is used to simulate the droplet collision process, the discrete multi-component fuel
evaporation model (DMC) is used to simulate the spray droplet evaporation process, and
the Han–Reitz model is used to simulate the wall heat transfer process.
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Table 3. Computational sub-models for the CFD simulation.

Model Type Name

Turbulence model RNG k-ε
Droplet collision model Radius of Influence
Spray crushing model KH-RT

Wall oil film model O’Rourke–Amsden
Evaporation model DMC

Wall heat transfer model Han–Reitz

The hydrogen replacement rate Is calculated by Formula (2), as shown below:

RH2 =
mH2 LHVH2

mH2 LHVH2 + mdLHVd
× 100%, (2)

In the formula, mH2 is the hydrogen flow rate, and the unit is kg·h−1; LHVH2 is the
low calorific value of hydrogen, and the unit is MJ·kg−1; md is the diesel flow rate, and the
unit is kg·h−1; and LHVd is the low calorific value of diesel, and the unit is MJ·kg−1.

A diesel/hydrogen dual fuel engine operation was carried out on an in-line four-
cylinder high-pressure common rail diesel engine. Hydrogen is injected from the hydrogen
rail into the intake port for multi-point injection and mixed with air into the cylinder. The
diesel in the high-pressure common rail pipeline ignites the hydrogen–air mixture, thereby
realizing the operation of the diesel/hydrogen dual fuel engine. Table 4 is the engine
specification. Figure 10 shows the schematic diagram of engine bench installation.

Table 4. Engine parameters of YN D30TCIF.

Parameter Value

Engine type 4 cylinders in line, high-pressure common rail,
supercharged medium cold-pressure combustion engine

Rated speed (r/min) 3200
Rated power (kW) 115

Maximum torque (N·m) 450
speed at maximum torque (r/min) 1800

Compression ratio 16.6:1
Bore×Stroke (mm) 95 × 105
Displacement (L) 2.977

Oil atomizer Bosch, 8-nozzle

Processes 2023, 11, x FOR PEER REVIEW 11 of 23 
 

 

Model Type Name 
Turbulence model RNG k-ε 

Droplet collision model Radius of Influence 
Spray crushing model KH-RT 

Wall oil film model O’Rourke–Amsden 
Evaporation model DMC 

Wall heat transfer model Han–Reitz 
The hydrogen replacement rate Is calculated by Formula (2), as shown below: 

2 2

2

2 2

H H
H

H H

100%
d d

m LHV
R

m LHV m LHV
= ×

+
, (2) 

In the formula, 
2Hm  is the hydrogen flow rate, and the unit is kg·h−1; 

2HLHV  is 

the low calorific value of hydrogen, and the unit is MJ·kg−1; dm  is the diesel flow rate, 

and the unit is kg·h−1; and dLHV   is the low calorific value of diesel, and the unit is 
MJ·kg−1. 

A diesel/hydrogen dual fuel engine operation was carried out on an in-line four-cyl-
inder high-pressure common rail diesel engine. Hydrogen is injected from the hydrogen 
rail into the intake port for multi-point injection and mixed with air into the cylinder. The 
diesel in the high-pressure common rail pipeline ignites the hydrogen–air mixture, 
thereby realizing the operation of the diesel/hydrogen dual fuel engine. Table 4 is the en-
gine specification. Figure 10 shows the schematic diagram of engine bench installation.  

The simulation model is based on the actual shape and size of the engine: using the 
symmetry between the center of the injector cylinder and the nozzle hole and the shape of 
the nozzle hole of the injector, to save the calculation time, a 1/8 three-dimensional calcu-
lation model is established, as shown in Figure 11. The intake valve closing (IVC) time is 
set to −125° CA, the exhaust valve opening (EVO) time is 130° CA, and the upper dead 
point corresponds to the crankshaft angle of 0° CA. The valve timing selected by the three-
dimensional model in this paper is consistent with the engine valve timing during the 
operation. The initial swirl ratio is assumed to be 1.6, the spray angle is 120°, and the spray 
cone angle is 12°. Table 5 gives the initial conditions and boundary conditions. 

 
Figure 10. Diagram of operation bench. 

Table 4. Engine parameters of YN D30TCIF. 

Figure 10. Diagram of operation bench.



Processes 2023, 11, 2122 11 of 21

The simulation model is based on the actual shape and size of the engine: using the
symmetry between the center of the injector cylinder and the nozzle hole and the shape
of the nozzle hole of the injector, to save the calculation time, a 1/8 three-dimensional
calculation model is established, as shown in Figure 11. The intake valve closing (IVC)
time is set to −125◦ CA, the exhaust valve opening (EVO) time is 130◦ CA, and the upper
dead point corresponds to the crankshaft angle of 0◦ CA. The valve timing selected by the
three-dimensional model in this paper is consistent with the engine valve timing during
the operation. The initial swirl ratio is assumed to be 1.6, the spray angle is 120◦, and the
spray cone angle is 12◦. Table 5 gives the initial conditions and boundary conditions.
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Table 5. Initial conditions and boundary conditions.

Parameter Value

Intake pressure (bar) 2.9
Intake temperature (K) 390

Turbulent kinetic energy (m2/s2) 21.6
Turbulent length scale (cm) 0.483

Swirl ratio 1.6
Spray angle 120◦

Spray cone angle 12◦

Nozzle hole number 8
Nozzle hole diameter (mm) 0.259

IVC (CA BTDC) −125◦

EVO (CA BTDC) 130◦

Cylinder head Wall, 525 K
Piston Mesh movement, 525 K
Liner Wall, 400 K

4.2. CFD Model Validation

To verify the prediction accuracy of the dual fuel combustion mechanism and the three-
dimensional simulation model, based on the bench operation data of the diesel/hydrogen
dual fuel engine, four operation conditions with a speed of 1800 r/min and a torque of
322 N·m and 365 N·m were selected to verify the combustion and emissions characteristics
of the diesel/hydrogen dual fuel engine. The operating parameters are shown in Table 6.

Table 6. Engine operation conditions for the CFD validation.

Parameters of Operation
Operation Condition

a b c d

Engine speed (r/min) 1800 1800 1800 1800
Torque/(N·m) 322 322 365 365

Hydrogen replacement rate/% 0 30 0 27.01
Engine fuel consumption/(kg·h−1) 12.98 8.97 14.34 10.35

Figure 12a–d show the comparison chart of the simulated and experimental values of
the cylinder pressure and heat release rate of the engine under four experimental conditions.
It can be seen from Figure 12 that the cylinder pressure and heat release rate curves match
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well, and the average error between the simulated value and the experimental value is
within 5%, which belongs to the reasonable error range. Figure 13a–d is the comparison
between the simulated and experimental values of the main emissions of the engine under
the four experimental conditions. From Figure 13, the experimental values of NOX, HC
and CO emissions are close to the simulated values. The error rates of NOX and HC
emissions are about 14%, and the error rate of CO emissions is about 20%. The emissions
values of each of the emissions are in an order of magnitude. In summary, the constructed
diesel/hydrogen dual fuel combustion mechanism can better predict the combustion and
emissions characteristics of diesel/hydrogen dual fuel engines.
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Figure 12. Comparison of simulated values and operation values of cylinder pressure and heat release
rate of engine under different operation conditions: (a) Engine speed = 1800 r/min, Torque = 322 N·m,
Hydrogen replacement rate = 0%; (b) Engine speed = 1800 r/min, Torque = 322 N·m, Hydrogen
replacement rate = 30%; (c) Engine speed = 1800 r/min, Torque = 365 N·m, Hydrogen replacement
rate = 0%; (d) Engine speed = 1800 r/min, Torque = 365 N·m, Hydrogen replacement rate = 27%.
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The operation condition (b) in Table 6 is selected for numerical simulation. According
to the proportion of pilot injection quantity and the range of starting angle commonly
used in previous academic research [57–66], in this paper, the pilot injection strategies
mainly select five groups of pilot mass percent and five groups of pilot injection timing for
calculation. As shown in Table 7, the pilot mass percent is defined as the percent of the
pilot injection quantity to the total circulating oil quantity, and the sum of the pilot injection
quantity and the main injection quantity is 100%.

Table 7. Simulation research scheme.

Parameter Value

Rated speed (r/min) 1800
Torque (N·m) 322

Hydrogen replacement rate/% 30%
Total injection diesel (mg) 37.8

Pilot mass percent/% 0%, 5%, 10%, 15%, 20%
Pilot injection timing (CA BTDC) 10◦, 20◦, 30◦, 40◦, 50◦

Main injection timing (CA BTDC) 0◦, 2◦, 4◦, 6◦, 8◦

5. Results and Discussions
5.1. Effect of Pilot Injection Strategies on Combustion and Emissions Characteristics of
Diesel/Hydrogen Dual Fuel Engine
5.1.1. Combustion Characteristics

Figure 14 shows the effects of different pilot injection strategies on combustion charac-
teristics. The corresponding crankshaft angle when the heat release reaches 10% is defined
as the combustion starting point CA10; the corresponding crankshaft angle when the heat
release reaches 50% is defined as the combustion center of mass CA50.
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Figure 14. Effects of different pilot injection strategies on combustion characteristics: (a) Cylinder
pressure and HRR under different pilot mass percentages; (b) Cylinder pressure and HRR under
different pilot injection timings; (c) Pressure peak and MPIR under different pilot mass percentages;
(d) Pressure peak and MPIR under different pilot injection timings; (e) CA10 under different pilot
mass percentages and pilot injection timings; (f) CA50 under different pilot mass percentages and
pilot injection timings.
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As shown in Figure 14a,c,e,f, the pilot injection timing is fixed at 10◦ CA BTDC, and
the main injection timing is fixed at 4◦ CA BTDC. As the pilot mass percent increases from
0% to 20%, the peak cylinder pressure and MPIR show an upward trend, the corresponding
phases of CA10 and CA50 are advanced, and the peak heat rate caused by the pilot injection
amount shows an upward trend. This is mainly because under the condition of early
pilot injection timing, with the increase in pilot mass percent, more pilot injection diesel is
mixed with the hydrogen–air mixture in the compression stage, and the temperature in
the cylinder increases faster, which promotes the atomization and evaporation of the main
injection, resulting in the increase in ignition area and combustion rate. More pre-mixed
gas is consumed before the main injection diesel, and more heat is released in the pilot
injection stage. Therefore, the MPIR and peak heat release rate in the cylinder increase.
Therefore, CA10 is advanced and CA50 is closer to the TDC.

Figure 14 also characterizes the effect of pilot injection timing on the combustion
characteristics of a diesel/hydrogen dual fuel engine. From Figure 14b,d,e,f, the pilot mass
percent is fixed at 5%, and the main injection timing is fixed at 4◦ CA BTDC. With the
advance of the pilot injection timing, the peak cylinder pressure first increases and then
decreases, the peak MPIR and the peak heat release rate first decrease and then increase,
and CA10 and CA50 first advance and then delay. This is mainly due to the advance of the
pilot injection timing (10~30◦ AC BTDC), the injection interval between the pilot injection
and the main injection is close, and the advance of CA10 and CA50 makes more mixtures
participate in the combustion before the TDC, which makes the peak cylinder pressure
increase, and the shortening of the ignition delay period causes the diesel/hydrogen
mixture to decrease, so the peak heat release rate and MPIR decrease; with the advance
of pilot injection timing (30~50◦ AC BTDC), the injection interval of pilot injection and
main injection is far, and the influence of pilot injection on the main injection is gradually
weakened. The CA10 and CA50 of the mixture are continuously delayed and away from
the TDC, resulting in more fuel participating in combustion after the TDC, resulting in a
decrease in in-cylinder pressure. The growth of the ignition delay period provides sufficient
time for the mixing of pilot injection diesel and hydrogen mixture, and more ignition cores
are distributed in the hydrogen mixture. The combustion rate of the mixture accelerates,
which increases the peak heat release rate and MPIR.

5.1.2. Emission Characteristics

Figure 15 shows the changes in NOX and CO emissions under different pilot injection
strategies; Figure 16 shows the mass concentration distribution of NOX and CO under
different pilot injection strategies CA50. The generation of NOX is related to the in-cylinder
temperature, oxygen concentration and reaction time, and CO is mainly derived from the
incomplete combustion of diesel.

The effect of pilot injection quantity on NOX and CO emissions is shown in Figure 15a.
It can be seen from Figure 15 a that when the pilot injection timing is fixed, with the increase
in the pilot mass percent, the CO emissions gradually decrease and the NOX emissions
gradually increase. This is because with the increase in pilot injection amount, the ignition
source of the mixture in the cylinder is more widely distributed, which promotes the
combustion rate of the mixture, and the overall combustion is more complete, resulting in
higher combustion pressure and temperature. Therefore, CO emissions are reduced, and
NOX emissions are increased. As shown in Figure 16a, CO emissions are the highest in
single injection (pilot mass percent is 0%), and they are mainly concentrated in the center of
piston compression clearance. With the increase in pilot mass percent, the concentration at
the center of piston compression clearance is lower and lower. When the pilot mass percent
is 20%, CO is mainly distributed in the pit of the combustion chamber and the edge of
piston compression clearance. The NOX emissions is the lowest in a single injection (pilot
mass percent is 0%), and it is sparsely distributed in the combustion chamber. With the
increase in the pilot mass percent, the concentration of NOX in the center of the piston
compression clearance is higher and higher.
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The effect of pilot injection timing on NOX and CO emissions is shown in Figure 15b.
From Figure 15b, when the pilot mass percent is fixed, the CO emissions decrease gradually
with the advance of the pilot injection timing, and the NOX emissions increase first and
then decrease. With the advance of pilot injection timing (10~30◦ CA BTDC), the advance
of CA10 and CA50 makes more hydrogen mixture participate in combustion before TDC,
and the combustion rate is accelerated, resulting in higher in-cylinder combustion pressure
and temperature. Therefore, CO emissions are reduced, and NOX emissions are increased.
With the advance of the pilot injection timing (30~50◦ CA BTDC), CA10 and CA50 are
gradually delayed and far away from the TDC. Most of the hydrogen mixture combustion
occurs in the expansion stroke, resulting in the reduction in combustion pressure and
temperature in the cylinder. At the same time, the longer mixing time makes the mixture
distribution more uniform, which inhibits the generation of NOX. The uniform mixture
distribution at the earlier pilot injection timing means a wider ignition source, shortens the
distance from the flame to the edge mixture, and promotes the combustion of the hydrogen
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mixture, so the CO emissions is reduced. As shown in Figure 16b, with the advance of pilot
injection timing (10~50◦ CA BTDC), the mass concentration of CO gradually decreases, and
the distribution area gradually shifts from the piston compression clearance to the piston
bottom and the clearance edge area. With the advance of pilot injection timing (10~30◦ CA
BTDC), NOX gradually becomes concentrated, and it is mainly distributed in the central
area of piston compression clearance. When the pilot injection timing is further advanced
from 30◦ CA BTDC to 50◦ CA BTDC, the NOX mass concentration gradually decreases,
and the distribution area is mainly in the center area of the piston clearance.

5.2. Effect of Main Injection Timing on Combustion and Emissions Characteristics of
Diesel/Hydrogen Dual Fuel Engine
5.2.1. Combustion Characteristics

Figure 17 shows the effect of different main injection timings on combustion character-
istics. As shown in Figure 17, when the fixed pilot mass percent is 5% and the pilot injection
timing is 10◦ CA BTDC, with the advance of the main injection timing, the peak heat release
rate and MPIR first decrease slightly and then increase, and the peak cylinder pressure
increases. The corresponding phase of the peak heat release rate and the peak cylinder
pressure moves forward as a whole. When the main injection timing is advanced to 6◦ CA
BTDC, the MPIR is 1.3 MPa/◦ CA and exceeds the diesel engine MPIR limit of 1.2 MPa/◦

CA. This is due to the shortening of the ignition delay period with the advance of the main
injection timing (0~2◦ CA BTDC), resulting in a decrease in the diesel/hydrogen mixture as
well as a decrease in the peak heat release rate and MPIR. When the main injection timing
is further advanced from 2◦ CA BTDC to 8◦ CA BTDC, due to the close interval between
pilot injection and main injection, the advance of combustion phase makes the fuel burn
faster and release more heat at the end of the compression stroke. Therefore, the peak heat
release rate, peak cylinder pressure and MPIR all increase.

Processes 2023, 11, x FOR PEER REVIEW 18 of 23 
 

 

the main injection timing (0~2° CA BTDC), resulting in a decrease in the diesel/hydrogen 
mixture as well as a decrease in the peak heat release rate and MPIR. When the main 
injection timing is further advanced from 2° CA BTDC to 8° CA BTDC, due to the close 
interval between pilot injection and main injection, the advance of combustion phase 
makes the fuel burn faster and release more heat at the end of the compression stroke. 
Therefore, the peak heat release rate, peak cylinder pressure and MPIR all increase. 

 

Figure 17. Effects of different main injection timings on combustion characteristics: (a) Cylinder 
pressure and HRR under different main injection timings; (b) Pressure peak and MPIR under dif-
ferent main injection timings. 

5.2.2. Emission Characteristics 
Figure 18 shows changes of NOX and CO emissions under different main injection 

timings. Figure 19 shows the mass concentration distribution of NOX and CO under dif-
ferent main injection timing CA50. 

The effect of main injection timings on NOX and CO emissions is shown in Figure 18. 
With the advance of main injection timing, CO emissions gradually decrease, and NOX 
emissions gradually increase. This is because with the advance of the main injection tim-
ing, the interval between the pilot injection and the main injection is close, and the advance 
of the combustion phase enables the in-cylinder mixture to burn and release heat faster, 
prompting the in-cylinder temperature and pressure to continue to rise. Therefore, CO 
emissions decrease and NOX emissions increase. As shown in Figure 19, CO emissions are 
highest at the main injection timing of 0° CA BTDC and are mainly concentrated in the 
central area of the piston compression clearance. With the advance of the main injection 
timing, the concentration of CO in the central area of the piston compression clearance is 
becoming lower and lower, and it gradually concentrates at the bottom of the combustion 
chamber pit. For NOX emissions, it is mainly distributed in the center area of piston com-
pression clearance, and with the advance of main injection timing, the distribution posi-
tion of NOX does not change roughly, while the red area with a high concentration of NOX 
is becoming higher and higher. Therefore, to reduce the NOX emissions of the diesel/hy-
drogen dual fuel engine, the main injection timing can be appropriately delayed. 

Figure 17. Effects of different main injection timings on combustion characteristics: (a) Cylinder
pressure and HRR under different main injection timings; (b) Pressure peak and MPIR under different
main injection timings.

5.2.2. Emission Characteristics

Figure 18 shows changes of NOX and CO emissions under different main injection
timings. Figure 19 shows the mass concentration distribution of NOX and CO under
different main injection timing CA50.
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The effect of main injection timings on NOX and CO emissions is shown in Figure 18.
With the advance of main injection timing, CO emissions gradually decrease, and NOX
emissions gradually increase. This is because with the advance of the main injection timing,
the interval between the pilot injection and the main injection is close, and the advance
of the combustion phase enables the in-cylinder mixture to burn and release heat faster,
prompting the in-cylinder temperature and pressure to continue to rise. Therefore, CO
emissions decrease and NOX emissions increase. As shown in Figure 19, CO emissions are
highest at the main injection timing of 0◦ CA BTDC and are mainly concentrated in the
central area of the piston compression clearance. With the advance of the main injection
timing, the concentration of CO in the central area of the piston compression clearance is
becoming lower and lower, and it gradually concentrates at the bottom of the combustion
chamber pit. For NOX emissions, it is mainly distributed in the center area of piston
compression clearance, and with the advance of main injection timing, the distribution
position of NOX does not change roughly, while the red area with a high concentration
of NOX is becoming higher and higher. Therefore, to reduce the NOX emissions of the
diesel/hydrogen dual fuel engine, the main injection timing can be appropriately delayed.

6. Conclusions

In this study, a reduced diesel/hydrogen dual fuel combustion mechanism was pro-
posed. Based on the dual fuel combustion mechanism, a three-dimensional CFD model was
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coupled to study the effects of diesel pilot injection quantity and pilot injection timing and
main injection timing on the combustion and emission characteristics of a diesel/hydrogen
dual fuel engine. The main conclusions are as follows:

(1) 70% n-decane and 30% α-methylnaphthalene (IDEA reference fuel) were selected
as diesel substitutes. The sub-mechanisms of n-decane, α-methylnaphthalene, NOX,
PAH, soot and H2/C1-C3 were combined to obtain the diesel/hydrogen dual fuel
combustion mechanism. A reduced diesel/hydrogen dual fuel combustion mech-
anism with 191 components and 847 elementary reactions was finally obtained
by optimization.

(2) The combustion mechanism of diesel/hydrogen dual fuel was verified by ignition
delay, JSR and laminar flame speed. In the verification of the ignition delay time
of n-decane/α-methylnaphthalene blends and IDEA reference fuel for diesel and
hydrogen, the average error is within an order of magnitude; in the JSR oxidation
verification of diesel and hydrogen by IDEA reference fuel, the average error is less
than 6%. In the laminar flame verification of diesel and hydrogen with n-decane,
α-methylnaphthalene and IDEA reference fuel, the average error is less than 16%.

(3) The reduced diesel/hydrogen dual fuel mechanism is coupled with the three-dimensional
CFD model to verify the combustion and emission characteristics of the dual fuel
engine under four operation conditions. The results show that the variation trend of
in-cylinder pressure and combustion heat release rate is consistent with the simulated
value, and the average error is less than 5%. The variation trend of NOX, CO and
HC emissions is consistent with the simulated values, and the average error is less
than 17%.

(4) With the increase in the pilot injection quantity, the peak heat release rate, the peak
cylinder pressure and MPIR show an upward trend, the corresponding phase of
CA10 and CA50 is advanced, the CO emissions is reduced, and the NOX emission
is increased. With the advance of pilot injection timing, the peak value of cylinder
pressure increases first and then decreases, the peak value of MPIR and heat release
rate decreases first and then increases, the corresponding phases of CA10 and CA50
advance first and then delay, CO emissions decrease gradually, and NOX emissions
increase first and then decrease. With the advance of the main injection timing, the
peak heat release rate and MPIR first decreased slightly and then increased, the peak
cylinder pressure increased, the corresponding phase of the peak heat release rate and
the peak cylinder pressure moved forward as a whole, the CO emission decreased,
and the NOX emission increased.
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23. Juknelevičius, R.; Rimkus, A.; Pukalskas, S.; Matijošius, J. Research of performance and emission indicators of the compression-
ignition engine powered by hydrogen-Diesel mixtures. Int. J. Hydrogen Energy 2019, 44, 10129–10138. [CrossRef]

24. Szwaja, S.; Grab-Rogalinski, K. Hydrogen combustion in a compression ignition diesel engine. Int. J. Hydrogen Energy 2009,
34, 4413–4421. [CrossRef]

25. Rorimpandey, P.; Yip, H.L.; Srna, A.; Zhai, G.; Wehrfritz, A.; Kook, S.; Hawkes, E.R.; Chan, Q.N. Hydrogen-diesel dual-fuel
direct-injection (H2DDI) combustion under compression-ignition engine conditions. Int. J. Hydrogen Energy 2023, 48, 766–783.
[CrossRef]

26. Suzuki, Y.; Tsujimura, T.; Mita, T. The Performance of Multi-Cylinder Hydrogen / Diesel Dual Fuel Engine. SAE Int. J. Engines
2015, 8, 2240–2252. [CrossRef]

27. Jabbr, A.I.; Gaja, H.; Koylu, U.O. Multi-objective optimization of operating parameters for a H2/Diesel dual-fuel compression-
ignition engine. Int. J. Hydrogen Energy 2020, 45, 19965–19975. [CrossRef]

28. Xu, L.; Chang, Y.; Treacy, M.; Zhou, Y.; Jia, M.; Bai, X. A skeletal chemical kinetic mechanism for ammonia/n-heptane combustion.
Fuel 2023, 331, 125830. [CrossRef]

29. Guo, X.; Chen, Y.; Huang, H.; Chen, Y.; Liu, M.; Lei, H.; Deng, B.; Chen, C. Development of a Diesel/Natural Gas Mechanism
Model for the CFD Simulation of Dual-Fuel Engine. ACS Omega 2021, 6, 21543–21555. [CrossRef]

30. Schuh, S.; Frühhaber, J.; Lauer, T.; Winter, F. A novel dual fuel reaction mechanism for ignition in natural gas–diesel combustion.
Energies 2019, 12, 4396. [CrossRef]

31. Wang, H.; Reitz, R.D.; Yao, M.; Yang, B.; Jiao, Q.; Qiu, L. Development of an n-heptane-n-butanol-PAH mechanism and its
application for combustion and soot prediction. Combust. Flame 2013, 160, 504–519. [CrossRef]

https://doi.org/10.1016/j.fuproc.2015.09.018
https://doi.org/10.1016/j.fuel.2014.09.070
https://doi.org/10.1016/j.scitotenv.2019.136376
https://doi.org/10.1016/j.scitotenv.2019.134711
https://doi.org/10.5194/essd-14-1917-2022
https://doi.org/10.1016/j.energy.2019.115924
https://doi.org/10.1016/j.jece.2021.107056
https://doi.org/10.1016/j.ast.2022.107624
https://doi.org/10.1016/j.ijheatmasstransfer.2014.10.023
https://doi.org/10.1016/j.apenergy.2020.114754
https://doi.org/10.1016/j.cogsc.2021.100506
https://doi.org/10.32609/j.ruje.6.55375
https://doi.org/10.1016/j.ijhydene.2019.12.112
https://doi.org/10.1016/j.enpol.2020.111990
https://doi.org/10.1016/j.seta.2020.100901
https://doi.org/10.17703/IJACT.2015.3.2.87
https://doi.org/10.1016/j.ijhydene.2007.03.036
https://doi.org/10.1007/s10973-019-09147-y
https://doi.org/10.1016/j.energy.2022.125082
https://doi.org/10.1016/j.ijhydene.2018.11.185
https://doi.org/10.1016/j.ijhydene.2009.03.020
https://doi.org/10.1016/j.ijhydene.2022.09.241
https://doi.org/10.4271/2015-24-2458
https://doi.org/10.1016/j.ijhydene.2020.05.071
https://doi.org/10.1016/j.fuel.2022.125830
https://doi.org/10.1021/acsomega.1c02514
https://doi.org/10.3390/en12224396
https://doi.org/10.1016/j.combustflame.2012.11.017


Processes 2023, 11, 2122 20 of 21

32. Hentschel, W.; Schindler, K.; Haahtele, O. European diesel research idea-experimental results from DI diesel engine investigations.
SAE Trans. 1994, 103, 1168–1187.

33. Barths, H.; Hasse, C.; Peters, N. Computational fluid dynamics modelling of non-premixed combustion in direct injection diesel
engines. Int. J. Engine Res. 2000, 1, 249–267. [CrossRef]

34. Barths, H.; Pitsch, H.; Peters, N. 3d Simulation of Di Diesel Combustion and Pollutant Formation Using a Two-Component
Reference Fuel. Oil Gas Sci. Technol. 1999, 54, 233–244. [CrossRef]

35. Chang, Y.; Jia, M.; Liu, Y.; Li, Y.; Xie, M.; Yin, H. Application of a decoupling methodology for development of skeletal oxidation
mechanisms for heavy n-alkanes from n-octane to n-hexadecane. Energy Fuels 2013, 27, 3467–3479. [CrossRef]

36. Mati, K.; Ristori, A.; Pengloan, G.; Dagaut, P. Oxidation of 1-methylnaphthalene at 1–13 atm: Experimental study in a JSR and
detailed chemical kinetic modeling. Combust. Sci. Technol. 2007, 179, 1261–1285. [CrossRef]

37. Wang, H.; Yao, M.; Yue, Z.; Jia, M.; Reitz, R.D. A reduced toluene reference fuel chemical kinetic mechanism for combustion and
polycyclic-aromatic hydrocarbon predictions. Combust. Flame 2015, 162, 2390–2404. [CrossRef]

38. Wang, H.; Dempsey, A.B.; Yao, M.; Jia, M.; Reitz, R.D. Kinetic and Numerical Study on the Effects of Di-tert-butyl Peroxide
Additive on the Reactivity of Methanol and Ethanol. Energy Fuels 2014, 28, 5480–5488. [CrossRef]

39. Slavinskaya, N.A.; Riedel, U.; Dworkin, S.B.; Thomson, M. Detailed numerical modeling of PAH formation and growth in
non-premixed ethylene and ethane flames. Combust. Flame 2012, 159, 979–995. [CrossRef]

40. Frenklach, M.; Wang, H. Detailed modeling of soot particle nucleation and growth. Sympos on Combustion. Soot Form. Combust.
1994, 59, 165–192.

41. Wang, H.; Warner, S.J.; Oehlschlaeger, M.A.; Bounaceur, R.; Biet, J.; Glaude, P.A.; Battin-Leclerc, F. An experimental and kinetic
modeling study of the autoignition of a-methylnaphthalene/air and a methylnaphthalene/n-decane/air mixtures at elevated
pressures. Combust. Flame 2010, 157, 1976–1988. [CrossRef]

42. Alturaifi, S.A.; Rebagay, R.L.; Mathieu, O.; Guo, B.; Petersen, E.L. A shock-tube autoignition study of jet, rocket, and diesel fuels.
Energy Fuels 2019, 33, 2516–2525. [CrossRef]

43. Gowdagiri, S.; Wang, W.; Oehlschlaeger, M.A. A shock tube ignition delay study of conventional diesel fuel and hydroprocessed
renewable diesel fuel from algal oil. Fuel 2014, 128, 21–29. [CrossRef]

44. Haylett, D.R.; Lappas, P.P.; Davidson, D.F.; Hanson, R.K. Application of an aerosol shock tube to the measurement of diesel
ignition delay times. Proc. Combust. Inst. 2009, 32, 477–484. [CrossRef]

45. Herzler, J.; Naumann, C. Shock-tube study of the ignition of methane /ethane /hydrogen mixtures with hydrogen contents from
0% to 100% at different pressures. Proc. Combust. Inst. 2009, 32, 213–220. [CrossRef]

46. Battin-Leclerc, F. Cleaner Combustion: Developing Detailed Chemical Kinetic Models (Green Energy and Technology); Springer: London,
UK, 2013; pp. 183–210.

47. Ramirez, H.P.; Hadj-Ali, K.; Diévart, P.; Dayma, G.; Togbé, C.; Moréac, G.; Dagaut, P. Kinetics of oxidation of commercial and
surrogate diesel fuels in a jet-stirred reactor: Experimental and modeling studies. Energy Fuels 2010, 24, 1668–1676. [CrossRef]

48. Cong, T.L.; Dagaut, P. Oxidation of H2/CO2 mixtures and effect of hydrogen initial concentration on the combustion of CH4 and
CH4/CO2 mixtures: Experiments and modeling. Proc. Combust. Inst 2009, 32, 427–435. [CrossRef]

49. Zou, C. Basic Combustion Science; Huazhong University of Science and Technology Press: Wuhan, China, 2021; p. 93.
50. Gu, F.; Huang, Y.; Liu, D. Fundamentals of Combustion; Southeast University Press: Nanjing, China, 2019; pp. 128–133.
51. Kumar, K.; Sung, C.J. Laminar flame speeds and extinction limits of preheated n-decane/o-2/n-2 and n-dodecane/o-2/n-2

mixtures. Combust. Flame 2007, 51, 209–224. [CrossRef]
52. Goulier, J.; Ghaumeix, N.; Gourmel, F.; Abid, S.; Dubois, T. Experimental Study of a-methylnaphthalene Oxidation under Engine

Relevant Conditions. In Proceedings of the Western States Section of the Combustion Institute (Spring Meeting), Tempe, AZ,
USA, 19–20 March 2012; pp. 645–655.

53. Chong, C.T.; Hochgreb, S. Measurements of laminar flame speeds of liquid fuels: Jet-A1, diesel, palm methyl esters and blends
using particle imaging velocimetry. Proc. Combust. Inst. 2011, 33, 979–986. [CrossRef]

54. Gómez-Meyer, J.S.; Gollahalli, S.R.; Parthasarathy, R.N.; Quiroga, J.E. Laminar flame speed of soy and canola biofuels.
CTF Cienc. Tecnol. Futuro 2012, 4, 75–83. [CrossRef]

55. Krejci, M.C.; Mathieu, O.; Vissotski, A.J.; Ravi, S.; Sikes, T.G.; Petersen, E.L.; Kérmonès, A.; Metcalfe, W.; Curran, H.J. Laminar
Flame Speed and Ignition Delay Time Data for the Kinetic Modeling of Hydrogen and Syngas Fuel Blends. In Proceedings of the
ASME Turbo Expo 2012: Turbine Technical Conference and Exposition, Copenhagen, Denmark, 11–15 June 2012; pp. 931–952.

56. Lamoureux, N.; Djebaili-Chaumeix, N.; Paillard, C.E. Laminar flame velocity determination for H2-air-He-CO2 mixtures using
the spherical bomb method. Exp. Therm. Fluid Sci. 2003, 27, 385–393. [CrossRef]

57. Scharl, V.; Sattelmayer, T. Ignition and combustion characteristics of diesel piloted ammonia injections. Fuel 2022, 11, 100068.
[CrossRef]

58. Førby, N.; Thomsen, T.B.; Cordtz, R.F.; Bræstrup, F.; Schramm, J. Ignition and combustion study of premixed ammonia using GDI
pilot injection in CI engine. Fuel 2023, 331, 125728. [CrossRef]

59. Kessharwani, A.; Gupta, R. Evaluation of performance and emission characteristics of a diesel engine using split injection.
J. Braz. Soc. Mech. Sci. Eng. 2020, 42, 1–14. [CrossRef]

60. Jeong, J.H.; Jung, D.W.; Lim, O.T.; Pyo, Y.D.; Lee, Y.J. Influence of pilot injection on combustion characteristics and emissions in a
DI diesel engine fueled with diesel and DME. Int. J. Automot. Technol. 2014, 15, 861–869. [CrossRef]

https://doi.org/10.1243/1468087001545164
https://doi.org/10.2516/ogst:1999020
https://doi.org/10.1021/ef400460d
https://doi.org/10.1080/00102200601146536
https://doi.org/10.1016/j.combustflame.2015.02.005
https://doi.org/10.1021/ef500867p
https://doi.org/10.1016/j.combustflame.2011.10.005
https://doi.org/10.1016/j.combustflame.2010.04.007
https://doi.org/10.1021/acs.energyfuels.8b04290
https://doi.org/10.1016/j.fuel.2014.02.064
https://doi.org/10.1016/j.proci.2008.06.134
https://doi.org/10.1016/j.proci.2008.07.034
https://doi.org/10.1021/ef9015526
https://doi.org/10.1016/j.proci.2008.05.079
https://doi.org/10.1016/j.combustflame.2007.05.002
https://doi.org/10.1016/j.proci.2010.05.106
https://doi.org/10.29047/01225383.223
https://doi.org/10.1016/S0894-1777(02)00243-1
https://doi.org/10.1016/j.jfueco.2022.100068
https://doi.org/10.1016/j.fuel.2022.125768
https://doi.org/10.1007/s40430-020-02421-3
https://doi.org/10.1007/s12239-014-0090-y


Processes 2023, 11, 2122 21 of 21

61. Sudarmanta, B.; Yuvenda, D.; Ary Bachtiar, K.P.; Wahjudi, A.; Trihatmojo, A.A. Effect of pilot injection timing using crude palm
oil biodiesel on combustion process on dual fuel engines with compressed natural gas as the main fuel. Int. J. Sustain. Eng. 2021,
14, 2097–2113. [CrossRef]

62. Wu, B.; Yang, P.; Luo, Y.; Jia, Z. Effects and mechanism of pilot diesel injection strategies on combustion and emissions of natural
gas engine. Proc. Inst. Mech. Eng. Part D 2023, 09544070221145738.

63. Xu, M.; Cheng, W.; Zhang, H.; An, T.; Zhang, S. Effect of diesel pre-injection timing on combustion and emission characteristics of
compression ignited natural gas engine. Energy Convers. Manag. 2016, 117, 86–94. [CrossRef]

64. Yang, B.; Wang, L.; Ning, L.; Ke, Z. Effects of pilot injection timing on the combustion noise and particle emissions of a
diesel/natural gas dual-fuel engine at low load. Appl. Therm. Eng. 2016, 102, 822–828. [CrossRef]

65. Shang, T.; Fan, C.; Fu, Z.; Wei, M.; Wang, T. Combination of pilot injection and a NH3-SCR system to reduce NOx emissions of a
nonroad compression ignition engine. ACS Omega 2021, 6, 28871–28879. [CrossRef]

66. Ge, J.C.; Kim, M.S.; Yoon, S.K.; Choi, N.J. Effects of pilot injection timing and EGR on combustion, performance and exhaust
emissions in a common rail diesel engine fueled with a canola oil biodiesel-diesel blend. Energies 2015, 8, 7312–7325. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/19397038.2021.1943044
https://doi.org/10.1016/j.enconman.2016.02.054
https://doi.org/10.1016/j.applthermaleng.2016.03.126
https://doi.org/10.1021/acsomega.1c03824
https://doi.org/10.3390/en8077312

	Introduction 
	Mechanism Development 
	The Reduce Mechanism of N-Decane and A-Methylnaphthalene 
	Construction of Diesel/Hydrogen Dual Fuel Mechanism 

	Mechanism Validation 
	Validation of Ignition Delays 
	Species Concentration Profile 
	Laminar Flame Speeds 

	CFD Model Construction and Validation 
	CFD Model Construction 
	CFD Model Validation 

	Results and Discussions 
	Effect of Pilot Injection Strategies on Combustion and Emissions Characteristics of Diesel/Hydrogen Dual Fuel Engine 
	Combustion Characteristics 
	Emission Characteristics 

	Effect of Main Injection Timing on Combustion and Emissions Characteristics of Diesel/Hydrogen Dual Fuel Engine 
	Combustion Characteristics 
	Emission Characteristics 


	Conclusions 
	References

