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Abstract: Detailed hydrogen–air chemical reaction mechanisms were coupled with the three-dimensional
grids of an experimental hydrogen internal combustion engine (HICE) to establish a computational
fluid dynamics (CFD) combustion model based on the CONVERGE software. The effects of different
combustion modes on the combustion and emission characteristics of HICE under low load were studied.
The simulation results showed that, with the increase in excess hydrogen, the equivalent combustion and
excessive hydrogen combustion modes with medium-cooled exhaust gas recirculation (EGR) dilution
could improve the intensity of the in-cylinder combustion of HICE, increase the peak values of pressure
and temperature in the cylinder, and then improve the indicated thermal efficiency of HICE under low
load. However, larger excessive hydrogen combustion could weaken the improvement in performance;
therefore, the performance of HICE could be comprehensively improved by the adoption of excessive
hydrogen combustion with a fuel–air ratio below 1.2 under low load. The obtained conclusions indicate
the research disadvantages in the power and emission performances of HICE under low load, and they
are of great significance for the performance optimization of HICE. Furthermore, a control strategy was
proposed to improve the stability of HICE under low load.

Keywords: hydrogen internal combustion engine; lean combustion; equivalent combustion; excessive
hydrogen combustion; combustion characteristic; NOX emissions

1. Introduction
1.1. Research Background

Energy resources are among the bases on which human beings depend for survival.
In 2020, primary energy and carbon emissions fell at the fastest rate since World War II
due to the COVID-19 pandemic, while overall oil demand declined, according to BP’s
2021 Statistical Yearbook of World Energy [1]. With the continuous strengthening of
people’s understanding of energy and environmental pollution, the world energy structure
is gradually changing from a single energy-type to diversified energy-types.

Automobile exhaust emissions produce large amounts of carbon monoxide (CO), car-
bon dioxide (CO2), hydrocarbons (HC), nitrogen oxides (NOX), and other contaminants [2],
which harm the human respiratory system, cardiovascular system, nervous system, im-
mune function, and reproductive function. Urban air pollution has become an important
public health risk [3–7]. The ecological environment in China is seriously harmed by pollu-
tion from traditional fuels, which also restricts the development of higher-quality products
in China’s economy.

It is very difficult for the automobile industry to improve the combustion control
of internal combustion engines and the fuel economy of traditional internal combustion
engines so as to reduce fuel consumption and the emission of pollutants. In order to deal
with energy and environmental problems, searching for automotive clean alternative fuels

Sustainability 2022, 14, 6095. https://doi.org/10.3390/su14106095 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14106095
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su14106095
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14106095?type=check_update&version=2


Sustainability 2022, 14, 6095 2 of 18

and breaking the traditional pattern of fuel combustion engines has gradually become the
main direction for dealing with energy crises and environmental problems [8,9].

At present, there are mainly alcohol-based alternative fuels, ether alternative fuels,
natural gas, liquefied petroleum gas (LPG), biomass diesel, hydrogen, and other alternative
fuels for vehicles [10].

When alcohol fuel is used as engine fuel, the dynamic performance of automobiles is
reduced due to the higher latent heat of vaporization and lower fuel calorific value [11]. In
general, when blended fuel is used as engine fuel, the power performance of the internal
combustion engine usually does not change much [12–14]. Ethanol, as an alternative
fuel for automobiles, has a high production cost and can be widely promoted only after
the production technology is greatly improved. Methanol automobiles have poor start
performance and unstable ignition under low-temperature conditions. Under low load
conditions, they discharge a large amount of formaldehyde and methanol and cause
corrosion to metals and nonmetals [15–18].

Ether substitute fuel mainly refers to dimethyl ether. Its performance is stable, it is not
prone to oxidation, it is noncorrosive, high in oxygen content with excellent combustion
characteristics, and it does not produce soot under different working conditions [19].
However, the direct use of dimethyl ether as an internal combustion engine fuel causes
wearing of parts and affects reliability [20–22].

The main component of natural gas is methane, which is rich in resources, and natural
gas contains a large amount of it. The content of harmful substances, such as CO and HC,
in the products after combustion is relatively small, resulting in a minor impact on the
environment [23,24]. Compared with gasoline and diesel, the combustion efficiency is high,
the safety performance is good, and the pollutants and CO2 generated after combustion are
greatly reduced [25,26]. At present, it has become an internationally recognized important
means for automobile energy conservation and emission reduction. However, the natural
gas engine is not easy to ignite under the condition of a cold start, spontaneous combustion
of the mixture occurs under low load, and detonation occurs easily under high load [27].
Therefore, the combustion of a natural gas engine can only run stably within the range of a
medium load.

Biomass diesel is a kind of new and renewable energy. It is biodegradable and nontoxic,
its combustion performance is excellent, and it has low sulfur, hydrocarbon, and NOX
emissions [28]. Biomass diesel fuel and diesel have similar physical and chemical properties,
and their combustion characteristics are also relatively similar; the power performance of
biomass diesel is thus not different from that of a traditional internal combustion engine,
and it can be used as a substitute for diesel. Moreover, biomass diesel has the ability to
soften and degrade rubber, and the engine and oil circuit seals cause certain damage [29].
Hydrogen as a kind of secondary energy has a high calorific value as well as a low ignition
energy and a rapid flame propagation speed; when using it as a vehicle substitute fuel,
high power and efficiency can be obtained [30]. Hydrogen molecules have only H–H
bonds, and when they are fully burned, only water can theoretically be produced. This
can be decomposed into hydrogen and oxygen, making hydrogen the cleanest energy
source [31,32]. Hydrogen can be produced from a wide range of sources, not least through
the electrolysis of water using electricity generated from various renewable energy sources
such as solar, wind, and tidal power [33]. It can also be produced from organic crops, waste
straw, and microbial decomposition in the organic wastewater treatment process. It is
considered by researchers to be the ideal fuel for an internal combustion engine.

There are two main methods for the application of hydrogen energy in cars: one
is to make hydrogen fuel cells and generate electrical energy through electrochemical
reactions; the other is to directly use it as a fuel in an internal combustion engine cylinder.
When generating electrical energy directly with electrochemical reactions, hydrogen fuel
cells transform the chemical energy of the hydrogen fuel directly into electricity, resulting
in high energy efficiency, stable working conditions, no environmental pollution, and a
consequent reduction in environmental pollution [34]. However, its very high requirement
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for hydrogen purity, as high as 99.99%, and security and storage of hydrogen fuel efficiency
has become an important challenge in the development of hydrogen fuel cell [35,36].
The hydrogen fuel cell is limited by cost and technology. The development of hydrogen
fuel cell involves the core components of proton exchange membrane, precious metals,
platinum catalyst, material is expensive, and the resources are scarce [37]. At present,
China does not have industrialization ability for key materials such as catalyst, bipolar
plate, and key components such as a high-pressure hydrogen storage tank and a hydrogen
circulation pump [38]. Due to the high cost and the performance and service life of a
hydrogen fuel cell, it is difficult to meet the needs of the whole society through large-scale
and industrial production in the foreseeable time. HICE works on the same principle
as traditional internal combustion engine. HICE can be obtained by adding a hydrogen
supply system to the traditional internal combustion engine and slightly modifying the
ignition system [39]. At present, the technology of HICE is relatively mature and its cost
of research and development is also relatively low [40]. The maintenance of HICE is the
same as that of traditional internal combustion engine, which is easy to be accepted by the
majority of users.

1.2. Development Status of HICE

HICE has many advantages over petroleum fuel engines. For example, [41], (1) Hydro-
gen flame propagation speed and combustion in the engine antidetonating quality is better
than gasoline, and can use a higher compression ratio, so the thermal efficiency is higher
than while burning gasoline; (2) hydrogen has a wider ignition boundary than gasoline,
which makes it easy to achieve lean combustion and improve economy. Meanwhile, it
can reduce the maximum combustion temperature and greatly reduce NOX emissions;
(3) hydrogen mixture ignition energy is low, easy to ignite, almost never catches fire when
working, with good start-up.

The combustion speed of hydrogen in the cylinder of HICE is fast, the temperature in
the cylinder is high, and the cylinder wall and other components lose a lot of heat, which
all make the efficiency of HICE lower than that of fuel cell. In practice, hydrogen fuel cells
have high efficiency only under low load. With the increase in load, the output current of
fuel cells increases, and the heat loss increases exponentially with the increase in current.
Under high load, fuel cells are almost as efficient as internal combustion engines.

Hydrogen fuel cell is considered by many experts and scholars as the ultimate way
to use hydrogen as energy in automobiles. However, the technical and cost problems of
hydrogen fuel cell are difficult to solve in a short time. At present, HICE still has very
important research significance.

After a long development time, there are still some problems to be solved in the
research of HICE. The current research on HICE mainly focuses on the chemical reaction
mechanism, combustion characteristics in the cylinder of HICE, and the NOX generation
rule, among which the research on combustion characteristics in the cylinder of HICE and
NOX generation rule is of great significance.

Ma Fanhua et al. [42] tested the in-cylinder combustion characteristics of HICE under
different working conditions, and studied the effects of ignition advance angle, rotational
speed, and load on the in-cylinder combustion characteristics. The results show that
ignition advance angle has little effect on indicating efficiency of HICE. HICE can burn in
time at low and medium speeds and adapt to different speeds; throttle opening will affect
the amount of residual exhaust gas in the cylinder of HICE, and then the concentration of
hydrogen in the cylinder, and the combustion speed in the cylinder of HICE, so that the
indicating thermal efficiency and cycle variation of HICE will change.

Liu Fushui et al. [43,44] conducted an experimental study on the cycle variation
and influencing factors of HICE. The results show that the cycle variation coefficient of
average indicated pressure is an important parameter to characterize the cycle variation
characteristics of HICE. The higher speed of the hydrogen engine at idle speed, the smaller
the cycle change; the cycle variation of HICE decreases with the increase in mixture
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concentration. In the process of HICE at idle, the speed of the air-intake spray hydrogen
produces a great impact on the cyclic variations.

Ji Changwei et al. [45] conducted bench experiments on gasoline hydrogen-doped
internal combustion engines with different volume fractions of hydrogen mixture, and
conducted simulation studies on hydrogen internal combustion engines with AVL Boost
software under different combustion conditions. The results show that mixing hydrogen
can increase the combustion speed, shorten the flame development period and propa-
gation period, increase the peak value of the pressure in the cylinder, and improve the
combustion condition.

Sun Dawei et al. [46] conducted experiments based on four-cylinder HICE to study
the combustion and emission characteristics of EGR-degree HICE. The results show that
the fuel to air ratio can be changed by adjusting EGR when the hydrogen injection volume
is kept constant. Under low load, hot EGR can increase the temperature in the cylinder and
increase NOX emission. Under high load, hot EGR can significantly reduce NOX emissions
at slightly higher mixture concentrations.

The usage of the hot EGR method can make the combustion of HICE longer in duration
and reduce temperature and pressure in the cylinder. Increasing the EGR rate can reduce
the in-cylinder temperature and combustion speed, and the NOX emission can be greatly
reduced, but too large an EGR rate can greatly reduce the power performance and economy
of HICE [47–49].

Fan Yingjie [50] has set up a platform of planar-laser-induced fluorescence test. Using
the OH-PLIF method, hydrogen–air premixed combustion products produced in the middle
of the hydroxyl were collected, tested, and analyzed. The results show that the increase in
concentration and temperature can promote the formation of hydroxyl groups, while the
increase in pressure has a complicated effect on the formation of hydroxyl groups, but also
has a trend of promoting the formation. The use of EGR can effectively inhibit combustion
and reduce nitrogen oxide emissions, and the role of hot EGR is stronger.

Hao Jiatian [51] conducted EGR technology-simulation analysis based on a one-
dimensional model of HICE, and analyzed the effect of Miller cycle technology on detona-
tion and NOX emission suppression. Finally, the combination of the two technologies can
effectively improve the compression ratio and thermal efficiency of HICE while reducing
NOX emissions.

Sharma [52,53] studied the characterization of the HICE under dual fuel (DF) mode.
Hydroxy gas (HHO) is supplied along with diesel at three different flow rates. The results
show that CO and smoke emissions are significantly reduced under DF mode, and brake
thermal efficiency (BTE) and brake-specific energy consumption (BSEC) of HICE are also
improved. At the same time, the high temperature in the cylinder can increase the oxida-
tion rate of fuel types, thus reducing HC, CO, and smoke emissions, but also increasing
NOX emissions.

In the conditions of idle and low load, the indicated power of an internal combustion
engine is mainly used to overcome the heat loss and external resistance, so only a small
amount of fuel is needed. The decrease in fuel and the constant supply of air will cause
the mixture concentration in the cylinder of the internal combustion engine to be too low,
near or below the lean combustion limit of the mixture, and the mixture is not easy to
ignite; while the flame propagation rate is very low, the cyclic variation in the cylinder will
increase, and the engine work will be unstable. Reducing the supply of air can increase the
concentration of the hydrogen–air mixture; away from the lean combustion limit, the usage
of EGR technology can obtain equivalent combustion or excessive hydrogen combustion to
reduce the possibility of a HICE fire under idle and low loads and improve the working
stability. However, the usage of EGR technology would reduce the charge coefficient and
increase the residual exhaust gas in the cylinder, which may also greatly reduce the flame
propagation velocity and affect the indicated efficiency. Therefore, more research is needed
on which combustion mode can make HICE obtain a higher indicated power and indicated
efficiency under low load.
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In this paper, based on the experimental port fuel injection (PFI) HICE of Beijing
Institute of Technology, a CFD simulation model of three-dimensional entity grid coupling
detailed H-O-N reaction mechanism was established, calibrated, and verified by previous
experimental data. The effects of lean combustion, equivalent combustion (with medium-
cooled EGR dilution), and excessive hydrogen combustion (with medium-cooled EGR
dilution) on in-cylinder combustion and emission characteristics of HICE under low load
were studied. The obtained conclusions make up research disadvantages of power and
emission performances of HICE under low load, and are of great significance for the
performance optimization of HICE. Furthermore, a control strategy was proposed to
improve the stability of HICE under low load.

2. Materials and Methods
2.1. Three-Dimensional Model of HICE

A three-dimensional (3D) simulation model of the PFI HICE with four cylinders and
four strokes was established [49,54], and its main parameters are shown in Table 1.

Table 1. Main parameters of HICE.

Parameters Value

Fuel type Hydrogen
Ignition mode Spark ignition

Displacement/L 2.0
Fuel supply mode Port fuel injection
Cylinder number 4

Bore/mm 86
Stroke/mm 86

Compression ratio 10:1
Intake valve open degree −368 ◦CA
Intake valve close degree −128 ◦CA

Exhaust valve open degree −560 ◦CA
Exhaust valve open degree −354 ◦CA

The experimental HICE had four cylinders, the difference among which was ignored
to simplify the model. The three dimensions (3D) entity model we built consisted of one
surge tank, one inlet, one cylinder, two intake valves, two exhaust valves, and a hydrogen
injection valve, as shown in Figure 1. The 3D model file in STL format was imported into
the CONVERGE Studio. After detecting and repairing the geometric surface of the model
and then defining the boundary type and boundary condition of each region, the surface
grid file of surface.dat was generated. In the simulation process, the software automatically
generated the grid based on the preset grid-generation rules.

Figure 1. Entity model of HICE.

The Converge software automatically generated Cartesian computational grids in the
process of calculation via preset basic grid length and refine rules. In this paper, the basic
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grid length is 8 mm, the encryption levels in intake, exhaust pipe and cylinder are two, and
their grid sizes are 2 mm. The encryption levels near spark plug and flame front surface
are five, and their grid sizes are 0.25 mm. The adaptive encryption levels of temperature
and speed are four, and their grid sizes are 0.5 mm. There are more than 420,000 maximum
grid numbers of the CFD model under the combustion and injection period.

2.2. CFD Model and Reaction Mechanism

The combustion model adopted in this paper is the SAGE model of 3D grid coupling
with a chemical reaction mechanism, which can automatically generate the encrypted
dynamic grids during simulation and has a high accuracy of numerical calculation. The
RNG k-ε high Reynolds number flow model and the fluid–solid coupled conjugate heat
transfer model used here also have high stability and convergence [49,55].

The H-O reaction mechanism adopted in this paper is the detailed sub-mechanism of
GRI_3.0 mechanism [55], which has been proven to have better prediction accuracy. The
NOX reaction mechanism in this paper includes reaction routes consisting of NO, N2O,
and NO2, among which the NO mechanism includes three routes of thermal NO, NNH–
NO, N2O–NO, and its prediction accuracy is obviously higher than that of traditional
thermal NO.

The thermal NO path contains three elementary reactions:

N2 + O↔ N + NO (R1) (1)

O2 + N↔ O + NO (R2) (2)

OH + N↔ H + NO (R3) (3)

The NNH-NO path contains three elementary reactions:

N2 + H↔ NNH (4)

NNH + O↔ NH + NO (5)

NH + O↔ NO + H (6)

The N2O-NO path contains four elementary reactions:

N2O + O↔ 2NO (7)

N2O + O↔ N2 + O2 (8)

N2O + H↔ NH + NO (9)

N2O + H↔ N2 + OH (10)

The combustion continues only when the local temperature is greater than the self-
ignition temperature of hydrogen, and the ignition energy is added to the grids of the
spark plug area in simulation. The start trigger of the reaction mechanism was set as
858 K in the combustion model; when the temperature of any grid rose above 858 K, the
hydrogen–oxygen reaction started. The initial temperatures of the piston and cylinder wall
were set to 500 K, the temperature of the spark plug was 550 K, and the temperature of the
spark plug electrode was 600 K. The simulation step size was set as 0.01 ◦CA and the limit
of convergence was set as 10−4–10−8. In simulation, the engine speed remained constant at
3000 r/min and the throttle remained fully open. The fuel–air ratio varied from 0.2 to 1.8,
and the ignition time was set between 15 ◦CA and −2 ◦CA BTDC.

2.3. Model Verification

The simulation model was verified by the previous experimental data in reference [49,54].
The experimental data were compared with simulation results, as shown in Figure 2, which
shows the in-cylinder pressure curves of simulation and experimental data at the speed
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of 3000 r/min and the equivalent fuel–air ratio of 0.6, 0.8, and 1.0. It can be seen that the
in-cylinder pressure curves from simulation match well with that from the experiment, among
which the peak value of the in-cylinder explosion pressure from simulation calculation is
slightly higher than experimental data, and the error of average pressure is less than 5%.

Figure 2. Verification curve of in-cylinder pressure.

3. Results
3.1. Combustion Characteristics
3.1.1. Variation of OH Concentration

OH is the most important procedural element of the H-O reactions and is always
used to reveal the combustion process and to describe the combustion intensity. Figure 3
shows the slice of the spatial distribution of OH concentration in the cylinder when the
fuel combustion was 5%, 50%, and 95% at the loading rate of 20% and 25%, respectively.
The flame spreads to the lower part of the cylinder with the piston, and the slice of OH
distribution located 5 mm above the piston top and parallel to the piston top.

According to Figure 3, OH was mainly distributed on the front surface of the flame,
and the concentration of OH was the highest on the front surface. Due to the influence of the
internal structure of the cylinder, such as the spark plug, an irregular flame shape appears
in the center of the cylinder when the fuel burns at 5%. As the combustion continues, the
flame spreads rapidly from the center of the cylinder to all sides, and the flame radius
expands rapidly. The outside of the flame is the unburned zone; the OH concentration is
zero, the inside of which is the burned zone. The closer to the center of the burned zone, the
more complete the fuel combustion is, and the OH concentration spreads from the center
of the burned zone to the front of the flame.

When the fuel burns at 5% in lean combustion, the reason why there is no flame change
in the slice diagram is that the combustion process is slow and the OH concentration on
the front of the flame is very low. When the fuel burns at 50%, some high-concentration
OH regions appear on the front of the flame, and when the fuel combustion is 90%, the
high-concentration OH regions become continuous. This shows that at low load, the flame
burns slowly and discontinuously in the early stage of lean combustion, and the burning
intensity increases in the later stage of combustion.

Under low load, when the loading rate is 20% and the fuel combustion is 5% and
50%, the OH concentration is the highest and the flame front is the thickest in equivalent
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combustion and excessive hydrogen combustion. The OH concentration on the front
surface of the excessive hydrogen combustion flame gradually decreases, and the thickness
of the front surface of the flame gradually becomes thinner; as the fuel combustion is
95%, OH concentration is highest at the front of the rarefied flame. With the increase in
excess hydrogen, the OH concentration on the front of the equivalent combustion and the
intensified combustion flame decreases continuously.

When the loading rate is 25%, the OH concentration on the front surface of the flame
is higher and thicker than that of lean combustion, and the OH concentration on the
front surface of the flame of the excessive hydrogen combustion is lower than that of
equivalent combustion. When fuel combustion is greater than 50%, the OH concentration
on the front surface of rarefied combustion flame is the highest, the equivalent combustion
and excessive hydrogen combustion gradually decrease, and the thickness of the front
surface of flame becomes thinner. It shows that the equivalent combustion and excessive
hydrogen combustion are more intense than lean combustion under low load, and the lean
combustion is more concentrated when the fuel combustion is 95%.

Figure 3. Cont.
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Figure 3. OH concentration distribution in cylinder in different combustion modes under low load.
(a) Loading rate of 20%; (b) loading rate of 25%.

Figure 4 shows the variation of in-cylinder OH concentration changing with the
crankshaft angle in different model of combustion under low load. It can be seen that
when the fuel–air ratio is 0.2, the maximum OH concentration is 116 ppm at the crankshaft
angle of −0.8 ◦CA. Equivalent combustion with EGR rate of 75.2% at a crankshaft angle
of −4.91 ◦CA produces the highest OH concentration of 69 ppm. At the fuel–air ratio
of 0.25, the highest OH concentration is 182 ppm at the crankshaft angle of 7.83 ◦CA.
Equivalent combustion with EGR ratio of 68.1% has the highest OH concentration of 66
ppm at a crankshaft angle of 5.97 ◦CA. Under the same load, the peak OH concentration
of equivalent combustion is lower than that of lean combustion, but the crankshaft angle
corresponding to the peak OH concentration decreases.

During the rapid combustion period, OH concentration increases rapidly with the
increase in crankshaft angle. With the increase in the fuel–air ratio, the peak concentration
of OH is higher, and the rise rate of OH concentration is faster, indicating that with the
increase in the fuel to air ratio, the combustion in HICE is more rapid. During the expansion
period, the concentration of OH decreases rapidly, because as an intermediate product of
hydrogen–oxygen reaction, the temperature in the expansion period gradually decreases,
and the reverse reaction gradually increases, resulting in the disappearance of OH with the
end of the combustion in the cylinder.

During excessive hydrogen combustion, the concentration of OH decreases signifi-
cantly compared to that of equivalent combustion, but the crankshaft angle with the peak
OH concentration is earlier than that of equivalent combustion, and with the increase in
excess hydrogen, the peak of OH concentration decreases and the crankshaft angle with
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the peak of OH concentration decreases gradually. The in-cylinder concentration of H
elements in excessive hydrogen combustion is high, which causes a large number of H and
OH elements reactions and generates water quickly, reducing the concentration of OH.

According to the variation of peak OH concentration corresponding to crankshaft
angle, it can be seen that under low load, equivalent combustion and excessive hydro-
gen combustion are more intense than lean combustion, and the intensity of combustion
increases with the increase in excess hydrogen.

Figure 4. Variation of OH concentration in the cylinder change with the crankshaft angle in different
combustion modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

3.1.2. Variation of In-Cylinder Pressure

It can be seen in Figure 5 that the variation of in-cylinder pressure changes with
crankshaft angle in different combustion modes under low load. It shows that at a loading
rate of 20%, the maximum burst pressure in the cylinder is 3.59 MPa with the crankshaft
angle 0.62 ◦CA; equivalent combustion occurs at the crankshaft angle of 0.56 ◦CA, and the
maximum burst pressure in the cylinder is 3.60 MPa. When the fuel–air ratio is 1.8, the
maximum burst pressure in the cylinder is 3.73 MPa at the crankshaft angle of −1.14 ◦CA.
While at the loading rate of 25%, the maximum explosion pressure is 3.64 MPa in the
cylinder in lean combustion at a crankshaft angle of 7.17 ◦CA. Equivalent combustion
occurs when the crankshaft angle is 7.07 ◦CA and the maximum burst pressure in the
cylinder is 3.67 MPa. When the fuel–air ratio is 1.8, the maximum burst pressure in the
cylinder is 4.27 MPa at the crankshaft angle of −0.75 ◦CA. Under low load, the maximum
burst pressure in equivalent combustion is slightly higher than that in lean combustion, and
the crankshaft angle of the maximum burst pressure is smaller than that in lean combustion.
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With the increase in excess hydrogen, the maximum burst pressure in the cylinder is
higher than that in equivalent combustion, and the crankshaft angle of the maximum burst
pressure decreases.

Figure 5. Variation of in-cylinder pressure change with the crankshaft angle in different combustion
modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

3.1.3. Variation of In-Cylinder Temperature

Figure 6 shows the variation of in-cylinder temperature changing with the crankshaft
angle in different combustion modes under low load. It can be seen that when the loading
rate is 20%, the in-cylinder temperature in lean combustion reaches the peak temperature of
1628 K at a crankshaft angle of 1.73 ◦CA, the peak value of which, in equivalent combustion,
is 1635 K at a crankshaft angle of 1.47 ◦CA. The in-cylinder temperature in excessive
hydrogen combustion at the fuel–air ratio of 1.2 reaches the peak temperature of 1680 K
at a crankshaft angle of −2.76 ◦CA. The temperature in excessive hydrogen combustion
at the fuel–air ratio of 1.8 reaches the peak temperature of 1707 K at a crankshaft angle
of −5.22 ◦CA. While the loading rate is 25%, the peak temperature in lean combustion
is 1686 K at a crankshaft angle of 11.26 ◦CA; the in-cylinder temperature in equivalent
combustion reaches 1699 K at a crankshaft angle of 10.51 ◦CA. The temperature in excessive
hydrogen combustion with the fuel–air ratio of 1.2 reaches the peak temperature of 1811 K
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at the crankshaft angle of 2.29 ◦CA. The temperature in excessive hydrogen combustion
with the fuel–air ratio of 1.8 reaches the peak temperature of 1870 K at a crankshaft angle of
−3.38 ◦CA.

Figure 6. Variation of in-cylinder temperature change with the crankshaft angle in different combus-
tion modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

Under low load, the peak temperature in the cylinder increases with the increase in the
fuel–air ratio, and the peak temperature of equivalent combustion is slightly higher than
that of lean combustion; the corresponding crankshaft angle decreases. With the increase in
excess hydrogen, the temperature peak increases and the corresponding crankshaft angle
decreases. The results show that the intensity of combustion in HICE increases with the
increase in the fuel–air ratio. The lower the mixture concentration is, the earlier the ignition
time of MBT is; and the lower the mixture concentration is, the slower the combustion
process is. The temperature also rises slowly, and the time at which the temperature reaches
the peak is earlier. It is also shown that under low load, equivalent combustion appreciably
improves the combustion condition in the cylinder. Concentrated combustion can improve
the in-cylinder combustion condition under low load, and the intensity of combustion in
the cylinder increases with the increase in excess hydrogen.
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3.1.4. Variations of Indicated Power and Indicated Thermal Efficiency

Figure 7 shows the variations of indicated power and indicated thermal efficiency with
dilution rate in different combustion modes under low load. At the loading rate of 20%
the indicated power and indicated thermal efficiency in lean combustion are 11.36 kW and
44.13%, respectively, and the indicated power and indicated thermal efficiency in equivalent
combustion are 11.39 kW and 44.20%, respectively. Meanwhile, at the loading rate of 25%,
the indicated power and indicated thermal efficiency in lean combustion are 16.60 kW and
25.58%, respectively, and the indicated power and indicated thermal efficiency in equivalent
combustion are 16.66 kW and 25.68%, respectively. The indicated power and indicated
thermal efficiency in equivalent combustion are relatively slightly increased compared to
those in lean combustion; the indicated power and indicated thermal efficiency of excessive
hydrogen combustion are higher than those of equivalent combustion, and will increase
gradually with the increase in excess hydrogen.

Figure 7. Variations of indicated power and indicated thermal efficiency in different combustion
modes at low load. (a) Loading rate of 20%; (b) loading rate of 25%.

Under low load, the concentration of the mixture at the fuel–air ratio of 0.2 and 0.25 is
too low, and the mixture spreads in the form of pellets in the combustion process without
forming a continuous flame. The combustion temperature and pressure are low, and the
combustion in the cylinder is slow, and the flame surface is discontinuous, and the partial
transmission is slow in the form of fireballs [56]. Using equivalent combustion mode and
excessive hydrogen combustion mode can promote the combustion in HICE under low
load, increase the temperature and pressure in the cylinder, and then increase the indicating
thermal efficiency of HICE.

3.2. Emission Characteristics and Mechanism

Under low load, the temperature and pressure in the cylinder of HICE are low, and
the NOX generation decreases. With the increase in fuel–air ratio, the NOX emission of
HICE will also increase. When the fuel–air ratio is too large, the NOX emission of HICE is
even higher than that of traditional internal combustion engine. NO element is the main
NOX emission ingredients of HICE, in addition also contains a small amount of NO2 and
N2O [57], the emission characteristics of HICE under low load are studied in this section.

3.2.1. Distribution of NO Concentration during Rapid Combustion

Figure 8 shows the variation of in-cylinder NO concentration in different combustion
modes under low load (Equations (1)–(10)). It can be seen that during the period of rapid
combustion, the concentration of NO in the cylinder increases rapidly with the increase
in the crankshaft angle and reaches a peak value. During the expansion period, as the
crankshaft angle continues to increase, due to the decrease in the temperature in the cylinder,
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part of the primitive reaction of generating NO appears to be the reverse reaction, and the
concentration of NO decreases appreciably, but this has little influence on the generation of
NO. When the temperature in the cylinder decreases to a certain value, the reverse reaction
to generate NO does not continue, and the concentration of NO tends to be stable.

Figure 8. Variation of NO concentration in cylinder with crankshaft angle in different combustion
modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

Under low load, NO emission concentration in equivalent combustion increases to
2.15 ppm compared with lean combustion. With the increase in excess hydrogen, the con-
centration of NO in excessive hydrogen combustion decreases continuously, and the final
NO emission concentration is less than 0.1 ppm. Under low load, the equivalent combus-
tion is more intense than the lean combustion, and has a faster heat release rate and higher
in-cylinder temperature, which promotes the formation of NO. The hydrogen content in the
mixture of equivalent combustion and lean combustion is very low. Although hydrogen
has higher activity than nitrogen, the reaction between nitrogen and oxygen increases in
the reaction process due to the low hydrogen content, which promotes the generation of
NO. The final concentration of NO is still at a very low level and has little influence on
the emission of the internal combustion engine. In excessive hydrogen combustion, the
amount of hydrogen in the mixture increases, and the more active hydrogen inhibits the
formation of NO.

3.2.2. Formation of NO2 and N2O

Besides NO, there are also small amounts of NO2 and N2O in the emissions of HICE.
Figures 9 and 10 are, respectively the variations of NO2 concentration and N2O concentra-
tion in cylinder with the crankshaft angle in different combustion modes under low load.

It can be seen from Figure 9, that under the same load, NO2 concentration slowly
increases with the increase in the crankshaft angle; the peak concentration of NO2 is
0.63 ppm at a fuel–air ratio of 0.25. The concentrations of NO2 in all three combustion
modes are no less than 0.2 ppm, which is a very low level.

As seen in Figure 10, during the rapid combustion period under the same load, the
concentration of N2O increased sharply and reached the peak value, and continued to
drop rapidly with the increase in the crankshaft angle. In three combustion modes under
low load, although N2O fluctuates at a small crankshaft angle, the concentration of N2O
generated during combustion is less than 0.6 ppm. According to the emission laws of NO,
NO2 and N2O, the emission of HICE is at a very low level at the fuel–air ratio of 0.2–0.25
under low load, and its emission characteristics have little influence.
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Figure 9. Variation of NO2 concentration in the cylinder with crankshaft angle in different combustion
modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

Figure 10. Variation of N2O concentration in the cylinder with crankshaft angle in different combus-
tion modes under low load. (a) Loading rate of 20%; (b) loading rate of 25%.

4. Conclusions

(1) Under low load, the OH concentrations in the cylinder of equivalent combustion
and excessive hydrogen combustion are lower than in lean combustion. With the increase
in excess hydrogen, the OH concentration decreases accordingly; however, the crankshaft
angle corresponding to the peak OH concentration decreases. It can be indicated that both
equivalent combustion and excessive hydrogen combustion burn more intensely than lean
combustion, and their combustion intensities increase with the increase in excess hydrogen
under low load.

(2) With the increase in excess hydrogen, the adoption of equivalent combustion and
excessive hydrogen combustion can promote the intensity of combustion of HICE under
low load. The peak valves of temperature and pressure in the cylinder increase gradually,
and the indicated power and indicated thermal efficiency are also higher. The peak values
of temperature and pressure in equivalent combustion are slightly higher than that of
lean combustion; nevertheless, the peak values of temperature and pressure in excessive
hydrogen combustion rise sharply, and the rising rate reaches up to 10% and 16%.

(3) NO is the main component of NOX emission of HICE. Under low load in three
combustion modes, the peak NO concentration is 2.15 ppm at the fuel–air ratio of 0.25, and
the emissions of NO2 and N2O are always small. The total generation of NOX is at a very
low level, which has little effect on the emission performance.
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In summary, equivalent combustion and excessive hydrogen combustion with medium-
cooled EGR dilution can improve the intensity of in-cylinder combustion of HICE, reduce
the possibility of in-cylinder fire, and improve the indicated thermal efficiency under low
load. However, larger excessive hydrogen combustion could weaken the improvement of
the performance, and a large amount of hydrogen in the mixture gas does not participate
in combustion but is discharged with the exhaust gas, which greatly reduces the utilization
of hydrogen and economy of HICE. Therefore, the performance of HICE could be compre-
hensively improved by the adoption of excessive hydrogen combustion with the fuel–air
ratio below 1.2 under low load.
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