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Abstract: To achieve the goals of low carbon emission and carbon neutrality, some urgent challenges
include the development and utilization of low-carbon or zero-carbon internal combustion engine fu-
els. Hydrogen, as a clean, efficient, and sustainable fuel, has the potential to meet the abovementioned
challenges. Thereby, hydrogen internal combustion engines have been attracting attention because
of their zero carbon emissions, high thermal efficiency, high reliability, and low cost. In this paper,
the opportunities and challenges faced by hydrogen internal-combustion engines were analyzed.
The progress of hydrogen internal-combustion engines on the mixture formation, combustion mode,
emission reduction, knock formation mechanism, and knock suppression measures were summarized.
Moreover, possible technical measures for hydrogen internal-combustion engines to achieve higher
efficiency and lower emissions were suggested.

Keywords: hydrogen internal combustion engine; high efficiency; low NOx emission; knock
formation mechanism

1. Opportunities for Hydrogen Internal-Combustion Engines

Environmental issues and global warming have become more prominent and critical
in the past few decades. To solve these problems, the Paris Agreement reached a consensus
and decided to attempt to slow the progress of global warming processes in December 2015,
the goal of which being to control the increasing global rising temperature to within 2 °C
in the 21st century. Therefore, many countries have been proposing and implementing
carbon-reduction and carbon-neutrality strategies. At the 75th session of the United Nations
General Assembly (September 2020), China proposed a double carbon target of peaking
carbon dioxide emissions by 2030 and achieving carbon neutrality by 2060 and introduced
a series of policies to promote the process of carbon reduction, creating a strong demand to
decarbonize not only transport sectors, but also the power industry, incentivizing away
from conventional carbon-based fuels and towards renewable energy sources. Hydrogen
can be produced from several varieties of renewable energy sources and efficiently obtained
through large-scale electrolysis. And after its reaction with oxygen, water is produced.
Additionally, hydrogen combustion or electrochemical reactions can be used to generate
thermal or electric energy as power sources for cars. Although hydrogen is less portable
and has a lower volumetric energy density than liquid fuels, it has proven itself as having
the highest mass-specific energy density among general fuels, such as gasoline, diesel,
methanol, ethanol, and so on.

Up until now, hydrogen has been bridging the low-carbon economy and renewable
energy, which suggests its key role in preventing global warming. Many countries have
begun to produce hydrogen. According to the International Hydrogen Energy Commis-
sion’s statistics, 228 projects in the global hydrogen energy industry chain have been built,
and more than 20 countries and regions, such as the United States, Japan, the European
Union, South Korea, and New Zealand, have issued hydrogen energy-development strate-
gies [1]. In December 2021, China’s Ministry of Industry and Information Technology
issued the Industrial Green Development Plan, a proposal to accelerate hydrogen energy
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technology innovation and infrastructure construction and promote the diversified use of
hydrogen energy.

At present, the use of hydrogen energy in the power vehicle industry mainly includes
fuel cells and internal-combustion engines. Hydrogen fuel cells are high-efficiency elec-
trochemical devices that directly convert chemical energy into electric energy and only
produce water as a by-product without any other harmful emissions. However, hydrogen
fuel cells have a disadvantage in terms of their cost and service life, and the prices of
fuel cell vehicles are still much higher than those of traditional vehicles [2]. Based on
the abovementioned reasons and combustion characteristics of hydrogen, it is attractive
as a fuel for internal-combustion engines. Extensive literature studies have shown that
hydrogen, as a fuel for internal-combustion engines, has a wider flammable range, the
ignition limit range of which expressed by the air—fuel ratio is 0.14 to 10, the minimum
ignition energy required is one-tenth of that of gasoline fuel, and the laminar flame velocity
is more than six times faster than that of conventional fuels. Hydrogen also has a higher
diffusion coefficient, lower ignition energy, and wider flammability limit, which, when
compared with conventional fuels, result in better heat and mass-transfer characteristics,
better lean-burn characteristics, and lower misfire rates, as can be seen in Table 1 [3-6].

Table 1. Physical and chemical properties of the different fuels [3,5-8].

Fuel Characteristics Gasoline Diesel Methane Hydrogen
Condition liqud  liquid as as
(normal temperature and pressure) d d & 8
C 85 86 75 0
Atomic ratio H 15 14 25 100
O 0 0 0 0
Density (kg/m?) 720-780 830-855 0.65 0.071
Mass diffusivity in air (cm?/s) 0.005 - 0.16 0.61
Lower heating value (M]/kg) 445 425 55.5 120
Auto-ignition temperature (°C) 228-541 210 540 585

Table 1. Cont.

Fuel Characteristics Gasoline Diesel Methane Hydrogen
Flashpoint (°C) —45 62 —188 —231
Minimum ignition energy (m]) 0.24 0.24 0.29 0.02
Flammability limits (Lambda) 04-14 0.5-1.3 0.7-2.1 0.14-10
Stoichiometric air-to-fuel ratio (kg/kg) 14.7 14.3 17.24 34.2
Laminar burning velocity (m/s) 0.37-043  0.37-043 0.37-043  2.65-3.25
quenching distance (cm) 0.2 - 0.203 0.064

The lower heating value of hydrogen is much higher than that of gasoline and natural
gas. Combining faster laminar flame speeds, lean-burn characteristics, and higher spon-
taneous combustion temperatures makes hydrogen internal-combustion engines have a
high thermal efficiency and potential knock resistance. Hydrogen has a shorter quench-
ing distance, which is about one-third that of gasoline and methane. This affects crevice
combustion and wall-heat transfer [3]. In addition, the wide flammability limit enables
hydrogen-fueled SI engines for quality control such as diesel engines, rather than volume
control at fixed fuel-air mixture conditions close to stoichiometric ratios, as is the case
in regular gasoline engines. This ensures that hydrogen engines have a higher indicated
thermal efficiency than gasoline engines [9-11].

Compared with fuel cells, hydrogen internal-combustion engines can take advantage
of the mature industrial chain and technology of existing internal-combustion engines,
and only need to optimize the fuel supply and injection system, turbocharger matching,
lubrication system, and crankcase ventilation [12]. Moreover, the purity of hydrogen is
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not strictly required; the byproduct of industrial hydrogen can be used, resulting in a
lower user cost while fuel cells need high-purity, hydrolyzed hydrogen at the current stage
and the cost is relatively high. Thus, hydrogen is an ideal alternative fuel for internal-
combustion engines, which, in turn, assists the optimization and development of new
energy technologies with hydrogen internal-combustion engines.

2. Research on Performance Improvement of Hydrogen Internal-Combustion Engines

Companies such as BMW and Ford Motor have been developing hydrogen fuel
internal-combustion engine vehicles, and they have successfully demonstrated their excel-
lent performance in terms of emissions and fuel economy [13-17]. BMW tested a specially
designed engine with an external and internal mixture formation system to study the effect
of different injection strategies on hydrogen engine performance [13,14]. The experimental
results showed that the hydrogen engine, combining the external and internal mixture
formation systems, can operate efficiently under partial load and lean-burn conditions.
Stoichiometric mixture can be achieved even when operating at full load through external
mixture formation or direct injection. For BMW'’s operating strategy with a post-treatment
catalyst to reduce emissions, using the lean mixture is only suitable for low-load engine
conditions, while the stoichiometric mixture is suitable for high-load engine conditions.
The average indicated pressure of the engine reached 1.8 MPa at 4000 rpm engine speed,
which is higher than that of the basic gasoline engine.

A test for two BMW Hydrogen 7 Mono-Fuel demonstration vehicles was completed in
2008 [15]. The two vehicles were tested at the FTP-75 cold-start as well as the highway drive
cycle, respectively, achieving fuel economy performances of 3.7 kg of hydrogen per 100 km
on the FTP-75 cycle and 2.1 kg of hydrogen per 100 km on the highway cycle. These results
are, respectively, equivalent to 13.8 L per 100 km and 7.8 L per 100 km for gasoline fuel
consumption at the FTP-75 cold-start and highway drive cycle. These emission results
on the FTP-75 cycle showed that emission levels are inferior to 0.0008 g/mile of nitric
oxide (NOx) emissions, 0 g/mile of nonmethane hydrocarbon (NMHC) emissions, and
0.003 g/mile of carbon monoxide (CO) emissions. These emission results are equivalent
to the Super Ultra Low Emissions Vehicle (SULEV) emission levels, which are 3.9% NOx,
0% NMHC, and 0.3% CO.

Ford motor company built and tested the first production-ready vehicle, the P2000,
with a hydrogen internal-combustion engine that could run without throttle on a lean
mixture [16,17]. The research team of Argonne National Laboratory evaluated several direct-
injection hydrogen mixture formation strategies to reduce NOx emissions and achieve
a higher thermal efficiency of the engine. The group carried out engine experiments
under the speed range of 1000~3000 rpm and the average effective pressure range of
0.17~1.43 MPa [18,19]. The results showed that the effective thermal efficiency (BTE) was
more than 35% under about 80% of test conditions. There was a balance between wall-heat
loss and other losses as a function of engine speed and load. Therefore, the peak effective
thermal efficiency of 45.5% and NOx emission of 0.87 g/kW-h were obtained at 2000 rpm
and BMEP of 1.35 MPa. However, NOx emissions increased with the increase in speeds
and loads, which means that the mixture formation needs to be further optimized.

Due to the potential of hydrogen as a flexible energy carrier, the development projects
of large hydrogen internal-combustion engines based on diesel engines have also begun to
emerge in recent years. The group of National Traffic Safety and Environment Laboratory
and Tokyo City University has developed a large (medium load) truck with a multi-
cylinder, spark-fired, direct-injection hydrogen engine [20]. The engine was developed for
the project based on a four-cylinder diesel engine with a displacement of 4.73 L. A low NOx
emission (0.7 g/kW-h), IMEP of 0.85 MPa, and indicated thermal efficiency (ITE) of 41%
were obtained under the adopted combustion control strategy and the engine operating
conditions. The torque was about 20% lower than that of the base diesel engine. The torque
deficit of the hydrogen engine can be improved by boosting the intake air, but it is necessary
to avoid pre-ignition and knock.
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In order to achieve sufficiently low NOx emissions, high thermal efficiency and high
torque without any post-treatment conditions. A study on large-scale hydrogen internal-
combustion engines for stationary power generation was conducted in the Renewable
Energy Research Center, National Institute of Advanced Industrial Science and Technology,
Japan [21]. Experimental studies were carried out by changing the piston design, adding
a spark plug, and adding a direct-injection hydrogen injector on a single-cylinder diesel
engine with a displacement of 1.3 L. In the absence of a post-treatment system, an extremely
high EGR rate and intake boost with suitable hydrogen mixture formation strategies were
used to achieve NOx emissions below 200 ppm. The ideal IMEP is above 1.35 MPa (140 Nm)
at 1000 rpm, reaching the level of a benchmark diesel engine. Distinct from previous
research on the injection strategy of the direct-injection hydrogen engine, it is proposed to
set the injection pressure at a lower level through small-hole injection, which attempts to
produce the stratification of the hydrogen mixture in the engine cylinder. Although low
injection pressure and long hydrogen-injection time may lead to the increase in mixture
inhomogeneity, there is a trade-off between the equivalent ratio and NOx emissions. In this
study, lower NOx and higher ITE could be achieved when the global equivalent ratio was
kept around 0.3. By analyzing the effect of EGR on combustion performance, it was found
that the EGR rate had only a slight effect on combustion performance. No matter how large
the EGR rate is, the indicated thermal efficiency, the average indicated pressure, as well as
CA50 were essentially unchanged. However, increasing the EGR rate could significantly
reduce nitrogen oxide emissions. In addition, it can be concluded that the inhomogeneity
of the hydrogen mixture in the cylinder, results in robust combustion, which is not sensitive
to the EGR rate. Experiments suggested that the maximum IMEP was 1.46 MPa, the engine
NOx emission was less than 150 ppm, the boosting pressure was 175 kPa, the oxygen
concentration of the intake air was 12.5 vol%, and the corresponding EGR rate was about
50%. To further improve IMEP and thermal efficiency without increasing NOx emissions,
Atkinson/Miller cycles were used to attempt to delay the intake valve closing and exhaust
valve opening to reduce the effective compression ratio and increase the effective expansion
ratio. The IMEP eventually reached 1.64 MPa, NOx emissions were below 100 ppm, and
the ITE was more than 50%.

In order to increase the power output and reduce NOx emissions, Verhelst’s re-
search group studied an in-cylinder direct-injection hydrogen internal-combustion en-
gine equipped with EGR and a turbocharger under lean-burn and stoichiometric mixture
conditions [22,23]. Comparing the performance of lean-burn without post-treatment and
stoichiometric mixture conditions with both EGR and the post-treatment system, it was
found that lean-burn combined with a turbocharger is the more effective method for achiev-
ing higher efficiency and lower NOx emissions. Clearly, to avoid abnormal combustion
and unacceptable levels of NOx emissions, lean burns require higher boosting pressures for
keeping the equivalent ratio enough low. Otherwise, lean-burn operation of the engine will
inherently result in insufficient torque or power. On the other hand, a power output higher
than 30% of gasoline can be achieved when selecting a supercharged stoichiometric mixture
with EGR, but fuel economy is sacrificed by catalytic post-treatment with NOX removal.

By changing the hydrogen-injection timing, homogeneous mixture combustion, strati-
fied combustion, and diffusion combustion can be realized in hydrogen internal-combustion
engines. Toyota Motor Corporation conducted experimental research in a 2.2 L four-
cylinder diesel engine equipped with a centrally mounted hydrogen injector, a toroidal
shape combustion chamber, and a spark plug in the glow-plug position [24]. The research
investigated the high efficiency and low NOx of hydrogen combustion using a prototype
high-pressure hydrogen injector (maximum 30 MPa). In addition, stratified combustion
and spark-assisted diffusive combustion was investigated, and the results showed that
the pressure-recovery effect by injection close to TDC and EGR effectively combined with
stratified and diffusive combustion by high-pressure direct injection greatly improved the
indicated thermal efficiency by approximately 3% compared with conventional homoge-
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neous combustion. Furthermore, suppressing jet penetration and reducing cooling loss, a
52% ITE was achieved for a small engine.

The Indian Institute of Technology research groups developed the stoichiometric
or over-stoichiometric mixture-formation strategies, including cooled EGR, turbocharg-
ing, and NOx removal catalytic post-processing, to achieve higher torques and prevent
abnormal combustion and high NOx generation [25]. Using unburned hydrogen as a NOx-
reducing agent under stoichiometric conditions, a peak torque of 180 Nm was achieved at
3600 rpm with over 800 ppm NOx and a BMEP of approximately 0.9 MPa.

3. Port Injection and Direct Injection of Hydrogen

The hydrogen-injection methods of the hydrogen internal-combustion engine are
divided into port fuel injection (PFI) and direct injection (DI) in the cylinder, but due to the
small hydrogen density, the port injection will lead to a decrease in the intake efficiency,
resulting in a significant decrease in power density. Direct injection in the cylinder can not
only improve the intake efficiency and consequently result in a greater power density, but
also avoid backfire compared with PFI, which can increase the power density by 38.4%.
In addition, direct injection can also achieve a more flexible organization formation of the
mixtures and, in turn, achieve a variety of combustion modes such as stratified combustion
and homogeneous combustion or even diffusion combustion [24,26,27].

Due to gasoline and diesel fuel being liquid, injection causes little change in cylinder
pressure. Therefore, the change in negative compression work due to fuel injection is
negligible for gasoline and diesel fuel engines. However, for in-cylinder direct-injection
hydrogen engines, hydrogen injection is generally carried out during the compression
stroke, hydrogen will occupy a relatively large part of the cylinder volume, and the hy-
drogen injected has a large pressure, so it will cause an increase in compression pressure
and negative compression work. However the negative compression work can be reduced
by controlling the hydrogen-injection timing. Additionally, the thermal efficiency can
be improved by optimizing the compression ratio and the phase of hydrogen injection.
Compared with low-load uniform combustion, stratified combustion achieved by direct
injection can achieve a high combustion constant volume degree, thus improving the en-
gine efficiency. During engine operation, the combustion loss of port injection and direct
injection is almost the same [28].

Compared with gasoline engines, the current port-injection and direct-injection hy-
drogen engines both have good effective thermal efficiency. Direct injection of hydrogen
internal-combustion engines has more advantages in terms of power performance, fuel
economy, and NOx emission, making it an ideal hydrogen-supply method. Compared with
low-load uniform combustion, the stratified combustion can achieve a higher combustion
constant volume, resulting in improved engine efficiency. The late injection strategy should
be adopted to perform stratified combustion. Efficiency losses such as compression work,
heat transfer to the coolant, and abnormal combustion should be reduced.

However, compared with direct-injection hydrogen engines, port-fuel-injection hy-
drogen engines have some disadvantages such as higher cooling loss, which results in
low thermal efficiency and abnormal combustion (backfire, pre-ignition, higher burning
velocity) leading to limited high-load operation. Direct injection is an effective method to
overcome these disadvantages, but the combustion methods that enable both high efficiency
and low NOx have not yet been thoroughly investigated.

4. Formation of the Hydrogen—Air Mixture
4.1. The Influence of the Structure and the Layout of the Hydrogen Injector on the Formation and
Combustion of the Hydrogen—Air Mixture

As with gasoline direct injection and diesel engines, the structure and arrangement
of injectors for hydrogen internal-combustion engines have a great impact on the mixture
formation. There is no atomization process for hydrogen, so the hydrogen engine does not
need too high injection pressure and too small nozzle diameter to ensure good atomization.
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However, the structure and arrangement of the nozzles directly affect the distribution of
the mixture and the combustion performance.

Due to the low density of hydrogen, it is difficult for conventional nozzles to meet
the flow requirements. For high-speed conditions, larger hydrogen-injection flow means
a shorter injection duration, which is very important for implementing a more flexible
injection strategy. Therefore, outward-opening nozzles are widely used. For the outward-
opening nozzle, the near-field jet shape is conical, and the far-field jet shape is spherical [29].
However, the hole-injector can achieve a longer penetration length under the same con-
ditions [30]. The penetration length of the jet is related to the injection pressure, nozzle
structure, injection direction, and even the location of the injector [31]. However, com-
pared with the injection pressure and other parameters, the penetration length is more
sensitive to the nozzle diameter. Wang et al. [32] studied the effects of injection timing,
nozzle diameter, and nozzle location on mixture formation by numerical simulation in
a hydrogen port-injection engine. The results showed that the injection timing greatly
influences residual hydrogen in the intake port. With the advancement of injection timing,
residual hydrogen in the intake port gradually decreases and the possibility of backfire
and pre-ignition is reduced. With later injection time, much of the concentrated mixture
fails to enter the cylinder. In addition, the location of the hydrogen injector in the port
also influences the injection timing. When the distance between the nozzle and the intake
valve increases, the optional range of hydrogen-injection timing becomes narrower, and
the optimal injection timing advances. When the diameter of the nozzle becomes smaller,
the hydrogen-injection flow decreases, and thus the injection pulse width becomes longer
and the amount of residual hydrogen in the intake port increases. When the diameter of
the nozzle is too large, the amount of hydrogen returned from the cylinder to the intake
port increases, so there is an optimal nozzle diameter to minimize the amount of residual
hydrogen in the intake port.

Compared with hydrogen port injection, the location and direction of the hydrogen
injector for the direct-injection engine have a greater influence on the formation and
combustion of the hydrogen—air mixture. For the hydrogen direct-injection engine, the
hydrogen injector may be located at the center or the side of the combustion chamber.
Wallner et al. [33] found that, under low load conditions, the side arrangement of the
hydrogen injector can increase the thermal efficiency by 4%. Additionally, the injection
timing has a significant influence on the combustion duration at low loads. However, at
high loads, the change of combustion duration at different injection timing is not more
than 20%. In addition, the effect of injection timing on NOXx is opposite under high and
low loads [34]. Under low load conditions, the equivalence ratio is relatively low. With the
delay of injection timing, the uniformity of the hydrogen—-air mixture becomes worse, and
the area of the rich mixture increases, resulting in the increase in NOx. When the load is
high, the equivalence ratio is high. With the delay of injection, the generation of NOx is
reduced due to the formation of lean or rich hydrogen—air mixture regions.

The effects of the hydrogen injector structure, including the number of nozzles and
nozzle shape on the formation of the hydrogen—air mixture, were studied by the Salazar
Research Group [35]. For the single-hole nozzle, the spatial distribution of the fuel cloud
is relatively concentrated, and through the interaction with the cylinder wall, a circular
motion similar to the tumble is formed, thus accelerating the hydrogen and the air mixing.
For nozzles with 13 holes, hydrogen jets will collapse and merge. The dominant mechanism
of the mixing process is the interaction of hydrogen jets and the cylinder wall, and a small
amount of air will be entrained in the near field of combined jets. In addition, due to a part
of the jets merging and the large-scale turbulence, if the cone angle of nozzle holes is too
small, the near-field jet will be unstable.

At Tokyo City University [36], researchers tried to improve the thermal efficiency
and further reduce NOx emissions to the level of several ppm by optimizing the injection
direction, number, and diameter of jets and controlling injection timing. The injector can
provide up to 20 MPa of injection pressure and multistage injection. In the test, to evaluate
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the engine performance, the five nozzle holes were arranged in a straight line so that the
fuel was injected at injection angles of 15°, 25°, and 35° and injection diffusion angles
of 60°. The experimental results showed that the injection direction greatly influenced
the formation and combustion of the hydrogen—air mixture. Appropriately increasing
the angle between the jet direction and the horizontal plane can separate the fuel jet
and the combustion chamber wall, especially for late injection (SOI = 30° BTDC), and
higher thermal efficiency and lower NOx emission can be achieved. Small nozzle-hole
diameter can reduce the surface area of the jet, thereby increasing the air entrained by the
jet, making the hydrogen more uniform in the jet, reducing NOx emissions and improving
thermal efficiency. However, with the rise of the diameter of the nozzle hole, the hydrogen
concentration gradient at the top of the hydrogen jet becomes smooth, which benefits
ignition. If the shape of the nozzle outlet is conically flared, the surrounding disturbance
will increase, and the radial diffusion will expand to form a larger flammable area [37].
When the injection process occurs in the intake stroke, the interaction between the intake
flow and the hydrogen jet can be fully utilized to speed up the mixing process, which is
conducive to forming a more uniform mixture. However, the nozzle location and injection
direction need to be reasonably arranged [38].

By optimizing the hydrogen-injection direction, the number, and diameter of the
nozzle holes, controlling the injection timing, and realizing the lean combustion, the
thermal efficiency is greatly improved and the NOx emission is reduced to a very low level.
Under the condition of the NOx emission remaining unchanged, the output power of the
lean mixture can be recovered by boosting intake air, and the thermal efficiency can be
further improved by the optimized hydrogen jet strategies [36].

4.2. The Influence of Hydrogen-Injection Timing on Hydrogen—Air Mixture Formation
and Combustion

The earlier the injection timing is, the longer the mixing duration is, and the more
uniform the mixture will be. Although the mixture is not uniform under the late injection
condition, the stratified combustion can be realized through an optimization injection
strategy so that the hydrogen-—air mixture near the spark plug is rich enough to ensure the
formation and development of the flame kernel. In comparison, the hydrogen-air mixture
near the cylinder wall is leaner to reduce the heat-transfer loss and knock [39]. The flow
field near the spark plug is affected by the injection strategy and the injection direction.
When the injection direction is toward the spark plug, the early injection timing makes
the injection complete before ignition, and after a long time of dissipation, the turbulent
kinetic energy near the spark plug is low. On the contrary, the late injection will increase
the turbulent kinetic energy and the hydrogen concentration around the spark plug [40].

Fan et al. [41] analyzed the influence of injection strategy, including injection timing
and injection duration, on the mixture formation of a hydrogen rotary engine by using
the numerical method. The results showed that when SOI is too early, the injection timing
has little effect on the distribution of hydrogen. However, with the delay of SOI, the
distribution of the hydrogen—air mixture becomes more sensitive to the injection timing,
and the stratification of the hydrogen—air mixture is gradually obvious.

Kaiser et al. [42] used planar laser-induced fluorescence (PLIF) technology and particle
image velocimetry (PIV) to test the concentration field and flow field distribution during
the mixing process in a hydrogen direct-injection engine. The in-cylinder concentration
distributions at different injection timings were compared. It is found that the distribution
of the hydrogen concentration is closely related to the injection timing. For the early
injection, the mixture in the cylinder was relatively uniform. For the middle injection, the
mixture in the cylinder was relatively lean near the cylinder wall and rich in the central
area. The lean hydrogen—air mixture near the spark plug directly caused the combustion
phase later, and the peak pressure and the heat-release rate decreased. In addition, the
tendency to knock was greatly increased due to the longer time of flame propagation and
the richer concentration of the hydrogen—air mixture at the end of the cylinder.
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The investigation results of Wimmer et al. showed that hydrogen direct injection
allows for a more flexible injection strategy compared with port injection. Ignition timing of
the hydrogen direct-injection engine had a minor influence compared with injection timing.
In contrast, retardation of the injection timing resulted in mixture stratification. The tumble
motion was established for late injection. As there was little time for homogenization, the
mixture at ignition timing was highly inhomogeneous. This stratification with rich zones
near the spark plug resulted in shorter combustion duration, and led to higher pressure
rises during the early combustion phase. The late injection can not only reduce the negative
compression work, but also achieve stratified combustion and increase the constant volume
degree, which is beneficial to improve the thermal efficiency [43,44].

White et al. [45] used the PLIF method to measure the mixing process of hydrogen in
a single-cylinder optical engine. The results showed that a more uniform mixture could
be obtained by advancing the hydrogen injection before the intake valve is closed. The
injection pressure had little effect on the mixture distribution during the process. However,
with the delay in injection timing, the difference in the mixture distribution under different
injection pressures was gradually obvious. Especially when the injection timing is late, the
higher the injection pressure is, the faster the mixing rate is, and the greater the turbulence
intensity of the whole flow field is. In addition, the distribution of the fuel-air mixture
during late injection was affected by the location of the nozzle and the injection direction.

Keskinen et al. [46] studied the effects of the nozzle type, injection pressure, and
injection timing on the formation of the fuel-air mixture and found that, compared with
injection pressure, the mixing rate was more sensitive to the injection timing, and the
interaction between the hydrogen jet and cylinder wall or piston under late injection
conditions could significantly enhance the mixing rate. In addition, the mixing process was
closely related to the nozzle type.

With the delay of the start of injection (SOI), the negative work of compression is
reduced [44,45], and the stratification of the fuel-air mixture becomes more obvious due
to the shorter mixing time. Optimizing SOI under the given engine operating conditions
relies on the premise of guaranteeing sufficient mixing time; the hydrogen-injection time
should be delayed as much as possible to obtain the minimum negative compression work.
Without enough time for mixing, the engine operation will become unstable and the thermal
efficiency will decrease. Figure 1 shows the optimal SOI sweeps based on the efficiency at
different engine speeds (1700, 2000, 2500, and 3000 rpm) under high load conditions [19]. It
can be seen that the optimal SOI increased linearly with the engine speed. The efficiency
loss was reduced by delaying the hydrogen-injection timing to the compression stroke and
forming a stratified mixture. The peak BTE was 45.3% at 2000 rpm, 1.35 MPa BMEP, and the
part-load BTE was 32.9% at 1500 rpm, 0.2 MPa BMEP. Through further nozzle optimization,
the H2-DI engine with the four-hole nozzle achieved a peak BTE of 45.5% and a part-load
BTE of 33.3%. Compared with the five-hole nozzle, the mixture formed by the four-hole
nozzle is more beneficial to reducing NOx emissions, especially at the maximum efficiency
operating condition. The NOx emission in the map was mainly less than 0.10 g/kW-h.
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Figure 1. Optimal injection timing at different engine speeds [19].

According to the abovementioned research, injection timing has an important influence
on the formation and combustion of mixture, and the optimal injection timing should
change with different engine operation conditions. The advantages and disadvantages of
early injection and late injection are summarized in Table 2.

Table 2. Advantages and disadvantages of different injection timings.

Injection Timing Advantages Disadvantages
N Uniform mixture and reduced High negative compression work,
Early injection e S o 1
sensitivity to SOI and injection pressure. ~ combustion instability at lean burn.
Low negative compression work, Increased NOx emission, high
Late injection stratified mixture, high turbulence injection pressure required, and
intensity, and high combustion rate. high combustion temperature.

5. Combustion Feature and Performance of Hydrogen Engines
5.1. Effects of Equivalence Ratio on Combustion and Performance

The most remarkable feature of hydrogen is its rapid combustion. Under normal
temperature and pressure conditions, the laminar flame speed of hydrogen is about six
times higher than those of gasoline and natural gas. Additionally, the combustion speed is
greatly affected by the concentration of the hydrogen—air mixture. According to the different
equivalent ratios, Li used a G equation with the piecewise laminar flame velocity model
combined with a detailed chemical reaction model to simulate the combustion process
of a hydrogen engine. Figure 2 shows the relationship of the ignition delay, combustion
duration, and combustion phase (CA50) with the equivalence ratio under the working
conditions in Table 3 [47]. In the simulation, the intake pressure, engine speed, and
hydrogen-injection pressure were kept constant. The hydrogen-injection mass was adjusted
by controlling injection pulse width to achieve the variation of the equivalence ratio. It
can be seen from Figure 2 that with the increase in the equivalence ratio, the ignition delay
and combustion duration gradually decreased, and the CA50 was advanced. When the
compression ratio was 12, with the equivalence ratio increased from 0.3 to 0.5 the ignition
delay and combustion duration were shortened by 6.8° CA and 21.8° CA, respectively.
However, when the equivalence ratio was increased from 0.5 to 1.0, the ignition delay and
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combustion duration were shortened by a maximum of 2.1° CA and 5.1° CA, respectively.
It can be concluded that the combustion rate is more sensitive to the equivalence ratio at a
low concentration of the hydrogen—air mixture. When the equivalence ratio was higher
than 0.7, the combustion rate’s increase was relatively stable, and the sensitivity to the
concentration of hydrogen—air became low. When the compression ratio was 15, there
was a similar trend, but the sensitivity of the combustion rate to the concentration of the
hydrogen-—air mixture was lower than that of the low compression ratio.
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Figure 2. Ignition delay, combustion duration, and CA50 at different equivalence ratios [47].
(a) CR=12. (b) CR=15.

Table 3. Working condition parameters of different equivalence ratios [47].

Parameter Value
Speed (rpm) 2000
Compression Ratio 12,15
Intake Pressure (MPa) 0.1
Hydrogen-Injection Pressure (MPa) 10
Injection Timing (°BTDC) 125
Ignition Timing (°BTDC) 5
Equivalence Ratio 0.3,05,0.7,09,1.1

Figures 3 and 4 respectively show the in-cylinder pressure, temperature, and heat-
release rate curves for different equivalence ratios and compression ratios. It can be seen
that the in-cylinder pressure, temperature, and heat-release rate increased with the increase
of the equivalence ratio. Meanwhile, the combustion duration decreased significantly with
the increase in the equivalence ratio. For the lean-burn condition with an equivalence
ratio of 0.3, when the compression ratio increased from 12 to 15, the in-cylinder pressure,
temperature, and heat-release rate were improved significantly. Especially for the peak
pressure and peak heat-release rate, the increase was nearly double. Additionally, the
single-cylinder power increased by more than 13%. Therefore, increasing the compression
ratio can expand the lean flammability limit.
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Figure 3. In-cylinder pressure and temperature curves for different equivalence ratios [47].
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Figure 4. Heat-release rate curves for different equivalence ratios [47]. (a) CR = 12. (b) CR = 15.

Keeping the intake air mass constant, increasing the equivalence ratio causes an
increase in the hydrogen, so the corresponding power will also increase. As shown in
Figure 5, when the equivalence ratio was higher than 0.5, the influence of the compression
ratio on power was slight. In contrast, when the equivalence ratio was less than or equal
to 0.5, increasing the compression ratio could significantly improve the power; when the
equivalence ratio was 0.3, the power increased by more than 13% with the compression ratio
increasing from 12 to 15. This is mainly because under the ultra-lean combustion condition,
a higher compression ratio can increase the combustion rate, shorten the combustion
duration, and then improve the peak pressure and thermal efficiency. With the increase
in the equivalence ratio, the ITE gradually decreased, mainly due to the increase in the
wall heat transfer loss caused by the gradual increase in the in-cylinder temperature. As
shown in Figure 6, the proportion of the wall heat transfer loss respectively increased from
about 12% and 16% under the equivalence ratio of 0.3 to about 21% and 25% under the
equivalence ratio of 1.0 for a compression ratio of 12 and 15.
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By studying the influence of equivalence ratio and ignition timing on combustion and
performance, it was found that with the increase in equivalence ratio, the combustion rate
gradually increased, but the growth rate gradually slowed down [47]. Especially when the
equivalence ratio decreased, it was lower under a high compression ratio. The sensitivity
of ignition delay and combustion duration to equivalence ratio was higher than that of
ignition timing, and it decreased with the increase in equivalence ratio.

The NOx emission increased gradually with the rise of the equivalence ratio. The NOx
emission was the highest when the equivalence ratio was 0.6~0.9. Additionally, it would
decrease with the delay of the ignition timing. The knock intensity also increased rapidly
with the increase in the equivalence ratio. When the equivalence ratio was above 0.6, the
knock intensity exceeded 0.5 MPa. Additionally, knock intensity would further increase
with the increase in the compression ratio. Therefore, for the direct-injection hydrogen
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engine, the operation condition with an equivalence ratio less than 0.5 can obtain high
thermal efficiency, low emission, and low knock intensity.

5.2. Effects of Intake Pressure on Combustion and Performance

Hydrogen engines usually work under lean combustion conditions. In order to
achieve a high torque, it is desirable to increase the intake pressure. Meanwhile, raising
the intake pressure can also improve the distribution of hydrogen in the injection process,
thus achieving the purpose of stratified combustion and reducing wall heat transfer loss.
The influence of intake pressure on combustion was studied, and the specific calculation
parameters are shown in Table 4 [47]. When studying the influence of the intake pressure
on the combustion of hydrogen engines, two different cases were chosen. One involves
increasing the intake pressure with a fixed equivalence ratio, as shown in case 1 in Table 4,
and the other involves fixing the hydrogen-injection mass and increasing the intake pressure.
Under the second case, the equivalence ratio decreases with the increase in the intake
pressure, as shown in case 2 in Table 4.

Table 4. Operating parameters of different intake pressures.

Parameter Value
Speed (rpm) 2000
Compression Ratio 15
Intake Temperature (K) 309.15
Intake Pressure (MPa) 0.1,0.12,0.15,0.2
Case 1 Equivalence Ratio 0.5
Intake Pressure (MPa) 0.1,0.12,0.15,0.2
Case 2 Equivalence Ratio 0.5,0.41, 0.33,0.25
Hydrogen Mass (mg) 14.88

The effect of intake pressure on combustion with constant equivalence ratio.

Figure 7 shows the in-cylinder pressure, pressure rise rate, and heat-release rate under
different intake pressures when the fixed equivalence ratio was 0.5. It can be seen from
the figure that the maximum heat-release rate and the pressure rise rate increased with the
increase of intake pressure. With the intake pressure increasing from 0.1 MPa to 0.2 MPa,
the maximum pressure rise rate increased from 0.73 MPa/deg to 1.31 MPa/deg, a nearly
two-fold increase.

Figure 8 represents the ignition delay, the combustion duration, the indicated power,
and the ITE under different intake pressures. As shown in Figure 8a, there was little
difference in the combustion duration under different intake pressures. From the heat-
release rate curve in Figure 7b, it can be seen that with the increase in intake pressure, the
heat-release rate at the initial stage of combustion slightly decreased; therefore, the ignition
delay increased. The main reason for this is that when the equivalence ratio was 0.5, the
laminar flame speed decreased with the increase in pressure, so the development speed of
the initial flame kernel slowed down. As shown in Figure 8b, the indicated power and the
ITE became higher with the increase in the intake pressure. However, the growth rate of
the ITE with the rise of the intake pressure gradually decreased, resulting from the negative
compression work rising.
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Figure 8. Ignition delay and combustion duration (a) and indicated power and ITE (b) for different
intake pressures [47].

The effects of intake pressure on combustion with constant hydrogen-injection mass.

When the hydrogen-injection mass was constant, the equivalence ratio decreased
with the increase in intake pressure. As shown in Figure 9, with the increase of intake
pressure, although the in-cylinder pressure increased, the pressure rise rate decreased
due to the reduction of the equivalence ratio, and the corresponding knock intensity
also decreased; when the intake pressure was higher than 0.12 MPa, the knock intensity
was lower than 0.1 MPa. Meanwhile, with the increase in intake pressure, the average
in-cylinder temperature decreased. The heat-release rate changed little with the variation of
the intake pressure under the combined effect of increasing intake pressure and decreasing
equivalent ratio. Simultaneously, with the decrease of the equivalence ratio, both the
ignition delay and combustion duration increased, as shown in Figure 10a. With the increase
in intake pressure, the heat-transfer loss decreased due to the drop in the combustion
temperature; therefore, the ITE increased, as shown in Figure 10b. At the same time, due to
the decrease in combustion temperature, the NOx emission decreased significantly; when



Energies 2022, 15, 7401

15 of 26

o

In-cylinder Pressure (MPa)

Crank Angle (°PATDC)

the intake pressure exceeded 0.15 MPa, the equivalence ratio was lower than 0.33, and the
NOx emission was near zero.

2 ——0.10 MPa 2200 ,-~  ——0.10MPa
0F ——0.12MPa ) / ——0.15MPa
] L ~ ——0.15MPa é 1700 . ! ——0.12 MPa
——0.20 MPa — 5 ! ——0.20 MPa
6 o g s
[ = 1200 o0
; [ los & £ | =
0f 04 2 & 700 200 5
C (5] o= - +=
102 3 £ 1150 &
lo 5 T 200f - 7100 g
02 & \ — -1 50 é
b [&]
P (O S T (NPT (RN -0.4 § PR T T R 0 §
600 650 700 750 800 &850 900 g 680 720 760 800 840 s
Crank Angle (CATDC) Crank Angle ("ATDC)
(a) (b)
Figure 9. In-cylinder pressure and pressure rise rate (a) and in-cylinder temperature and heat-release
rate (b) for different intake pressures (hydrogen mass fixed) [47].
24 i 54 - S ITE 12
21 ke Ignition Delay ) ... L NOx
X Combustion Duration 410
IR B i e SIF 50.0%  0.1% ] .
s 0.0% ] g =
15 = _
- — S48 F 009 1 5
12 E i e i 1e 2
L = %
................ 1 @,
o 45 1= J4 Z
6. .. L
3 |/ T B 4k 42
0 |1 . =0

0.12 0.15 0.2 0.1 0.12 0.15 0.2
Intake Pressure (MPa) Intake Pressure (MPa)
(a) (b)

Figure 10. Ignition delay and combustion duration (a) and ITE and NOX emissions (b) for different
intake pressures (hydrogen mass fixed) [47].

In summary, with the increase of intake pressure, the indicated thermal efficiency,
maximum heat-release rate, knock intensity, and maximum pressure rise rate increase
when the equivalence ratio is constant. However, considering the increase in negative
compression work, the growth rate of the indicated thermal efficiency gradually slowed
down. When the hydrogen-injection mass was fixed, the equivalence ratio decreased with
the increase of the intake pressure, and then the pressure rise rate and the combustion
temperature decreased, which caused the ITE increase and the NOx emission to drop
significantly. Therefore, when the load is constant, reducing the equivalence ratio by
increasing the intake pressure can effectively improve thermal efficiency and reduce the
NOx emission and knock intensity. Especially for the low and moderate loads, keeping
the throttle wide open to reduce the pumping loss and adjusting the hydrogen-injection
mass to meet different load demands is an effective control strategy to improve the thermal
efficiency and reduce the emission [47].
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Different from the non-turbocharging condition, the pre-ignition will occur frequently
when the ignition timing is advanced under the turbocharging condition. Generally speak-
ing, turbocharging is essential in improving engine output power. However, under the
operation condition of low-speed heavy-duty engines, the load is likely to be limited by
the ignition timing, while under light-duty conditions, power output is increased by tur-
bocharging [18,19]. For hydrogen engines, turbochargers with larger turbine diameters are
generally selected to obtain higher intake pressure and high exhaust mass flow during the
full load operation so as to achieve high average effective pressure under more diluted
hydrogen-—air mixture operation conditions.

5.3. Effects of Exhaust Gas Recirculation on the Combustion and Performance of Hydrogen Engines

Exhaust gas recirculation (EGR), one of the most commonly used technologies to
reduce NOx emissions, has been widely used in internal-combustion engines in recent
years. Nande et al. studied the effect of external EGR on the performance of hydrogen
engines and found that knock intensity and NOx emission can be reduced by using EGR [48].
However, with the increase of EGR rate, the combustion duration will increase.

In experimental research conducted by Taku Tsujimura et al. [21], in order to avoid
any damage to the supercharger’s compressor caused by the condensation of water vapor
existing in the exhaust gas of the hydrogen engine, nitrogen gas was used as EGR com-
ponent. Diluting the fresh air with nitrogen reduces the intake oxygen concentration to
11.6 vol%, which is equivalent to an EGR rate of about 42%. The experimental results are
different from the literature [48], and it was found that there were only small differences
in the combustion duration, CA50, and other parameters. In addition, even if the ignition
timing varied from 0° to —15° ATDC, the ITE and IMEP were almost unchanged regardless
of the oxygen concentration. Only unburned hydrogen and NOx were affected by the
EGR rate. With the decrease in the intake oxygen concentration, the NOx emission was
significantly reduced.

The generation of NOx varies with the concentration of intake oxygen, while IMEP and
ITE are not sensitive to the intake oxygen concentration. Although the heat-release increase
at the beginning of combustion slightly decreased when the intake oxygen concentration
was 11.6%, the heat-release process in other cases seemed similar. It can be surmised that
the low-pressure EGR of the hydrogen engine almost included nitrogen and oxygen, so
the in-cylinder temperature before the combustion on-set will not be affected by the intake
oxygen concentration or EGR level. In addition, since the ignition energy of hydrogen is
significantly lower than that of other fuels, the onset of combustion is hardly affected by
the EGR rate.

Another measure to reduce NOx emissions is to spray water into the intake manifold
or the cylinder [49]. Water injection is simultaneously used to reduce the knock tendency
and improve ITE at stoichiometric ratio operation. Compared with gasoline, the higher
laminar flame speed of hydrogen and the increase in fuel-energy ratio during the expansion
operation offer the potential to improve the thermal efficiency of hydrogen engines [50].
The reduction in ignition delay and the acceleration of the combustion rate result in an early
end to combustion. Compared with gasoline, an increased water content of the exhaust gas,
and therefore a higher heat capacity, results in a decreased exhaust gas temperature [51].
In addition, the high burning velocity and wide ignition limits of hydrogen enable a high
charge dilution either by external exhaust gas recirculation or by increasing the relative
air—fuel ratio [52]. Further, the combination of both measures can also be of interest
since they can achieve equivalent NOx reduction at ultra-lean or high EGR operation [25].
However, high dilution requires a boost system to provide enough intake pressure under
all operating conditions.

Increasing the intake pressure can further lower the combustion temperature, which
leads to a reduction of the NOx emissions and can achieve near-zero raw emission engine
operation [53]. Marcus, F. et al. demonstrated the dependency of the indicated efficiency,
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the center of combustion, the NOx emissions, and the boost pressure on the brake mean
effective pressure and the relative air—fuel ratio. The lean operation range was limited
towards higher brake mean effective pressures and higher relative air—fuel ratios. The
increase of the air-fuel can increase the exhaust gas flow, but significantly reduces the
exhaust gas temperature and thus reduces the available enthalpy of the exhaust gas that
can be used for boost pressure generation. Hence, when the excess air coefficient is 2.5,
only under low load with BMEP below 0.8 MPa, the NOx emission is less than 10 ppm.
For the working condition of a brake mean effective pressure of 0.4 MPa, the excess air
coefficient equal to 1.5 is enough to make the original NOx emission less than 10 ppm.
Therefore, near-zero NOx emissions can be realized by lean combustion only under low-
load conditions. However, lean combustion under moderate and high loads has no obvious
advantage compared with EGR stoichiometric combustion, especially in NOx emissions.

Although NOx emissions can be significantly reduced through lean combustion and
EGR technology at low and medium loads, in most cases, appropriate aftertreatment
techniques are still needed for achieving near-zero emissions. For lean combustion, NOx
emission can be reduced by selective catalytic reduction (SCR) of urea or NOx storage
catalysts (NSC) [54]. Another option for lean exhaust gas after treatment is through
hydrogen-selective catalysis, which is an interesting option because no additional tank
containing a reducing agent is required [55,56]. Using a three-way catalyst (TWC) can
fully reduce the content of NOx in stoichiometric ratio operation. Therefore, the solution
of engine exhaust gas after treatment is feasible, but it may increase the complexity of
the system.

6. Knock of Hydrogen Internal-Combustion Engines
6.1. Knock Characteristics and Influence Factors of Hydrogen Internal-Combustion Engines

Theoretically, hydrogen has good knock resistance because of the higher octane num-
ber. Zhao et al. [57] studied the effect of octane number on knock combustion and found
that increasing the octane number under certain conditions could indeed reduce the reac-
tivity of the end mixture. However, with the increase in the ignition timing, the sensitivity
of the octane number to the end mixture activity was gradually decreased. Therefore, it
is insufficient to describe the fuel’s knock resistance by only considering octane numbers.
For gaseous fuels, methane numbers are commonly used to evaluate their knock resis-
tance [58-60]. The methane number of hydrogen fuel is 0, which means that hydrogen
is extremely prone to knocking; for this reason, Karim and his team have conducted a
series of hydrogen combustion tests on a CFR (Cooperative Fuel Research) engine. Their
results showed that the knock was observed at compression ratios in the range of 6 to
14 [61,62]; in the case of high equivalence ratios and high compression ratios, the knock
was more severe.

However, due to the rapid propagation speed of hydrogen flame, not all knocks are
caused by the auto-ignition of the end mixture; the mild knocks are caused by unstable
combustion, and the severe knocks result from the end mixture’s auto-ignition [63]. In addi-
tion, the interaction of the pressure wave and the flame can also cause severe knocking [64].
In the study of Ye et al. [65], it was found that the mixture’s uniformity had an important
effect on the knock and the unburned end mixture mass at the moment of auto-ignition
was directly related to the knock intensity.

The knocking in the spark-ignition mode is mainly caused by the end mixture’s
random auto-ignition [66]; the generated pressure wave due to the auto-ignition flame
is reflected back and forth in the cylinder, resulting in the production of noise and the
destruction of the engine. In the compression-ignition mode, the rough operation is mainly
related to the combustion rate [67]. The multipoint auto-ignition leads to an excessive
pressure-rise rate, which causes a huge impact on some components such as the piston and
cylinder head. The simulation research on the hydrogen engine knock found that the rough
operation occurred similarly to that of a diesel engine when increasing the equivalence ratio
to a certain level and achieving a high combustion rate [47]. Under these research conditions,
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the end mixture does not experience auto-ignition, but the caused significant pressure
fluctuation and produced pressure wave could further promote the combustion faster due
to the rapid combustion and rapid pressure increase. Antunes et al. [68] compared the
combustion characteristics of the compression ignition engine for hydrogen and that for
diesel; the results obtained exhibited that the hydrogen engine was more likely to work
roughly due to a faster burning rate [69]. On the other hand, due to the high auto-ignition
temperature of hydrogen, the mixture can auto-ignite until the intake gas temperature is
heated to about 120 °C, which greatly reduces the intake efficiency.

Xu et al. [70] studied the effect of auto-ignition position on the hydrogen engine knock
intensity. As with gasoline engines, the auto-ignition position directly affects the thermody-
namic state of the end mixture, thereby affecting the knock intensity. To macroscopically
understand the knocking influence of different parameters and the corresponding knock
boundary, Xue et al. [71] established a two-dimensional hydrogen engine model, and found
that the compression ratio and intake air temperature both had a more significant impact
on knock than that of the equivalent ratio and the ignition timing. As the compression ratio
increased, the knock operation area gradually widened and the non-knock operation area
gradually narrowed, which means the normal operating range became narrower for the
high-compression-ratio engine.

The luminescence of the combustion product infers pressure oscillation. Based on the
spectral amplitude at the corresponding resonance frequency, realizing the visualization
of the pressure oscillation mode can contribute to a more intuitive understanding of the
different models of the pressure wave during knock [72]. Luo et al. [73] compared the
different modes’ resonance frequencies of hydrogen and gasoline. They found that the
frequency of hydrogen engine each mode is higher than that of gasoline engine; thus,
the frequency range of knock detection should be appropriately adjusted for hydrogen
internal-combustion engines.

6.2. The Natural Mechanism of the Knock Formation of the Hydrogen Internal-Combustion Engines

To study the natural mechanism of knocking in hydrogen internal-combustion en-
gines, it is necessary to analyze the intermediate products of combustion reaction, the flame
propagation, the thermodynamic state of the end mixture, and the generation and develop-
ment of pressure waves. Moreover, the flame-propagation process of normal combustion
should also be analyzed for a better understanding of the knock characteristics of hydrogen
internal-combustion engines [47]. Figure 11 shows the flame-propagation and change
processes under normal combustion. The solid purple line in the figure is the contour line
of G =0, representing the position of the flame front. From the distribution of hydrogen,
it can be seen that there was a rich region in the upper left where the flame-propagation
speed was significantly accelerated along the clockwise direction, as shown by the black
arrow in Figure 11. Correspondingly, the concentration of OH was significantly increased,
which indicates that OH is an important intermediate product of hydrogen chain reactions
and has an important effect on flame propagation. In addition, the flame propagation speed
was relatively slow during normal combustion, and the overall heat-release rate was low;
therefore, there was no obvious increase in the unburned mixture temperature (UT). The
H,0O, concentration was too low to be visible in Figure 11.

The research on the natural mechanism of knock formation for hydrogen engines was
conducted through increasing the intake gas temperature and changing the thermodynamic
state of the end mixture for reaching the auto-ignition condition [47]. Figure 12 shows the
main flame propagation process, pressure waves, and the change of intermediate species
during knocking. It can be seen that before 722.8° ATDC, the main flame spread around
from the spark plug. However, the unburned temperature was significantly increased, and
a large amount of H,O, was generated in the unburned region of the front of main flame
during flame propagation. From the reaction path and sensitivity analysis, it was found
that there was no competition with the main chain reactions of H radical in the unburned
mixture, the reaction rate of reaction (1) was increased, and the HO, concentration was
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increased when increasing the temperature and pressure of the unburned mixture. Then,
the concentration of H,O, was also increased, as the reaction (2) accelerates due to the
increase in HO, concentration; therefore, the variations of HO, and H,O; in the unburned
mixture are consistent. With the concentrations of HO, and H,O; rising, the production
rate of OH was increased as reactions (3) and (4) show. Therefore, HO, and H,O, are
consumed at 722.8° ATDC, meanwhile generating a large amount of OH. At the same
time, the temperature and pressure were increased significantly. As can be seen from
the distribution of the pressure difference, the pressure wave and the main flame were
coupled. When promoting the pressure waves, the propagation speed of the auto-ignition
combustion flame was significantly increased and greater than that of the main flame,
leading to a higher second peak of the heat-release rate. In addition, from the distribution
of OH, it can be seen that in the burned region, the OH concentration near the pressure
wave front was also significantly remarkable, which means the pressure wave promoted

exothermic reactions in the burned area.
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Figure 11. Flame propagation process and the change of important species in normal combustion [47].
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6.3. Knock Control Strategy of Hydrogen Internal-Combustion Engines

Among the common methods of suppressing knocking include increasing the tur-
bulence kinetic energy [74], optimizing the combustion chamber structure and spark
plug position [75], reducing the compression ratio or end mixture temperature, adding
anti-knock additives, and spraying water [76]. These methods can also be applied to
hydrogen engines.

Ignition timing and spark plug location both have a significant effect on the knock.
An appropriate ignition delay can effectively reduce the knock intensity. Owing to the
onset of knock (the rapid spontaneous ignition of a fraction of the in-cylinder fuel-air
mixture during the latter part of combustion) depends on the mixture temperature and
pressure inside the engine cylinder; delaying ignition timing can decrease both of these
variables [77], and the knock intensity can be controlled by controlling the ignition timing.
When the ignition is delayed, correspondingly, the remaining unburned mixture mass is
reduced, and the knock intensity decreases.

The flame-propagation speed of hydrogen is directly related to the equivalence ra-
tio [78], and the combustion speed under ultra-lean equivalence ratio is even lower than
that of gasoline. Moreover, the relationship of octane number of hydrogen and the equiva-
lence ratio is also a function. The effective octane number can achieve about 140 when the
equivalence ratio is 0.4. Salvi et al. [79] studied the effects of compression ratio, ignition
timing, and EGR rate on combustion and emission for a hydrogen port-injection engine. It
was found that increasing the compression ratio could improve thermal efficiency and lead
to an increase in NOx and knock intensity, while delaying ignition and increasing the EGR
rate could effectively alleviate knock and reduce NOx. This is because H,O is the main
reaction product of hydrogen, the main components of EGR are H,O and N, while most of
the water vapor in exhaust gas will be condensed, and the main component for cold EGR is
Ny. In order to compare the effects of cold and hot EGR, Duan [80] compared the influences
of the HyO/N; and N, dilution method for hydrogen combustion; it was found that both
the dilution components could effectively reduce the laminar flame velocity and decrease
the burned gas temperature; the effect of HyO/N, was especially better. Shrestha et al. [81]
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conducted a similar study and found that diluents (N, and CO;) could expand the knock
limits of gaseous fuels. Moreover, CO; has a higher specific heat capacity, which is more
effective in reducing the combustion temperature and suppressing knock.

A more direct way to relief knock is spraying water into the cylinder, due to the water
evaporation, reducing the in-cylinder temperature and diluting the mixture [82-84], thereby
alleviating knocking and lowering NOx. Furthermore, the water injection timing and the
amount have a direct impact on the knock mitigation [52,85]. In addition to spraying water
into the cylinder, it is also effective to spray water into the intake port or manifold, and,
correspondingly, the intake efficiency could be reduced [86]. Although injection water can
suppress knock and reduce NOX, the complexity of the whole system will also be increased;
meanwhile, the water will also cause lubricating oil emulsion.

7. Conclusions

In summary, both the influence factors of combustion and hydrogen internal-combustion
engines’ performance are very complicated. The design of the combustion system and
hydrogen injector matching, hydrogen-injection pressure and hydrogen-injection strategy,
inlet pressure, compression ratio, and EGR are among the key factors affecting hydrogen
combustion and hydrogen internal-combustion engines’ performance. Coordinating con-
trol of these parameters is important to ensure a higher efficiency and lower emission for
the hydrogen engine. In addition, the knock formation conditions and influencing factors
of hydrogen internal-combustion engines are much different from those of other traditional
fuel engines. The knock formation mechanism of hydrogen internal-combustion engines
needs further exploration and research. The main conclusions are as follows:

Compared with gasoline engines, both port-injection and direct-injection hydrogen
engines have good effective thermal efficiency. However, direct-injection hydrogen internal-
combustion engines have more advantages in terms of power performance, fuel economy,
and NOx emission, which is an ideal hydrogen supply method. For direct-injection hydro-
gen engines, the late injection strategies should be further adapted to achieve to an ideal
constant volume degree and lower efficiency loss reduction such as compression work and
heat transfer to coolant.

The structure and arrangement of the injector for hydrogen internal-combustion
engines have a great influence on the formation of the mixture. For port injection, with
the increase of the distance between the nozzle and the intake valve, the optimal range of
hydrogen-injection timing becomes narrower, and the optimal injection timing is advanced.
There exists an optimal nozzle-hole diameter to minimize the amount of residual hydrogen
in the intake port. For direct injection, the structure and arrangement of the injector directly
affects the hydrogen flow and distribution of hydrogen in the combustion chamber, and
also affects the combustion performance. Outward-opening nozzles have a larger flow rate,
which can meet the requirements of heavy load conditions, and the penetration distance
of the hole-injector is longer, which is conducive to the diffusion of hydrogen. Single-hole
injectors have large jet flow and a tumble-like vortex motion can be formed to speed up
the mixing rate. For multi-hole injectors, the jets will collapse and merge together, and the
dominant mechanism of the mixing process is the effect of hydrogen jets and cylinder wall.
A small nozzle diameter can reduce the surface area of the jet, thereby increasing the air
entrained by the jet, making the hydrogen mixture more uniform. With the increase in
the nozzle diameter, the hydrogen concentration gradient at the top of the hydrogen jet
becomes smooth, which benefits ignition.

The equivalent ratio significantly influences the combustion and performance of
hydrogen internal-combustion engines. With the increase in the equivalent ratio, the
combustion rate increases, but when the equivalent ratio increases up to a certain degree,
the increase rate of combustion speed slows; when the equivalent ratio is greater than
0.7, the sensitivity of the combustion rate to the equivalent ratio becomes low, and the
sensitivity to the equivalent ratio is lower at higher compression ratios. In addition, for
the ultra-lean burn condition (such as the equivalent ratio being 0.3), the increase of the



Energies 2022, 15, 7401

22 of 26

compression ratio can significantly improve the indicated power and thermal efficiency.
Therefore, increasing the compression ratio can further expand the limit of lean burn. The
sensitivities of the ignition delay period and combustion duration to the equivalent ratio
are both greater than that of the ignition timing.

Lean burn of hydrogen engines requires a higher boost pressure to maintain a suffi-
ciently low equivalent ratio; otherwise, lean burn engine operation will result in insufficient
torque or power, which is lower than the level obtained by stoichiometric gasoline engine
operation. On the other hand, when a supercharged stoichiometric mixture with EGR
is selected, a 30% higher power output than gasoline can be achieved, but a catalytic
post-treatment system for NOX removal is also required.

NOx emission is strongly correlated with the global equivalent ratio in the absence of
EGR. Near-zero NOx emissions can be realized by lean combustion only under low load
conditions. However, lean combustion under moderate and high loads has no obvious
advantage compared to EGR stoichiometric combustion, especially in NOx emissions.

When nitrogen is used to simulate EGR, the EGR rate only slightly affects combustion
performance. No matter how significant the EGR rate is, the indicated thermal efficiency,
average indicated pressure, and CA50 are not much different. However, increasing the EGR
rate can significantly reduce nitrogen oxide emissions. On the contrary, when water is used
as an EGR medium, the combustion rate and combustion phase will change significantly
with the increase of the EGR rate.

Compared with gasoline engines, the indicated efficiency of hydrogen engines op-
erating at stoichiometric ratios is decreased. Intake dilution (lean burning) shows great
potential in the indicated efficiency improvement. Exhaust post-treatment and purification
can achieve near-zero engine emissions during operation.

The compression ratio and intake air temperature both have a more significant impact
on the knock than that of the equivalent ratio and the ignition timing. With the increase of
the compression ratio, the knock operation range gradually widens, which means that the
normal operating range of the high-compression-ratio engine becomes narrower.

Knock formation mechanism research found that before spontaneous combustion,
the flame propagation process is similar to that of the normal combustion, except the
unburned mixture at the end, which itself has a high temperature, accelerates the low-
temperature reaction rate and accumulates a large amount of HO, and H,O,. The increased
concentration of HO, and H,O, further accelerates the formation of OH. When OH reaches
a certain concentration, the main chain reactions are induced, which means the occurrence
of spontaneous combustion. Owing to the large amount of HO; and HyO, generated by low-
temperature reactions in the unburned zone, the combustion rate and flame propagation
speed have been greatly increased. The faster combustion rate will release more heat, thus
further increasing the energy of the pressure wave. The enhanced pressure wave promotes
the primary chain reaction and increases the combustion rate and the flame-propagation
speed. The coupling and promotion of pressure wave and spontaneous combustion flame
both significantly increase the propagation speed of the spontaneous combustion flame
and the amplitude of pressure wave, ultimately leading to severe knock.

Some measures such as the lean burn, ignition or injection delay, EGR, or spraying
water into the cylinder could effectively alleviate knock.

Although hydrogen internal-combustion engines have made significant progress
recently, there are many topics which require further investigation in the future. For
example, a more suitable and accurate combustion model for hydrogen needs to be de-
veloped for CFD simulation research. In order to guide the development of hydrogen
internal-combustion engines, among the combustion chamber and hydrogen-injection
system design, supercharger match and combustion strategy optimization still need to be
systematically carried out. The formation mechanism and evaluation method of knocking
also need further research so that knocking can be effectively controlled.
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Nomenclature

ITE Indicated Thermal Efficiency

BTE Brake Thermal Efficiency

IMEP Indicated Mean Effective Pressure

CA10  Crank Angle When Cumulative Heat Release Reaches 10%
CA50  Crank Angle When Cumulative Heat Release Reaches 50%
CA90  Crank Angle When Cumulative Heat Release Reaches 90%
ppm Part Per Million

SOI Start of Injection

ATDC  After Top Dead Center

BTDC  Before Top Dead Center

EGR Exhaust Gas Recirculation
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