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Abstract: The efficiency enhancement of argon power cycle engines through theoretical means has
been substantiated. However, the escalation of in-cylinder temperatures engenders abnormal com-
bustion phenomena, impeding the augmentation of compression ratios and practical efficiency. This
study presents a comprehensive investigation employing experimental and simulation techniques,
aiming to extend the boundaries of thermal efficiency and operational capabilities for hydrogen-
powered argon cycle engines. The impact of hydrogen direct injection, intake boost, and port water
injection is evaluated in conjunction with an argon power cycle hydrogen engine. The hydrogen
direct injection, particularly at an engine speed of 1000 rpm, significantly increases the indicated
mean effective pressure from 0.39 MPa to 0.72 Mpa, surpassing the performance of the port hydrogen
injection. Manipulating the hydrogen direct injection timing results in the formation of a stratified
mixture, effectively attenuating the combustion rate, and resolving the issue of excessively rapid
hydrogen combustion within an Ar/O2 environment. The implementation of super lean combustion,
combined with intake-boosting, achieves a maximum gross indicated thermal efficiency of 57.89%.
Furthermore, the port water injection proves to be an effective measure against knock, broadening
the operational range of intake-boosted conditions. Notably, the maximum gross indicated thermal
efficiency recorded for the port water injection group under intake-boosted conditions reaches 59.35%.

Keywords: argon power cycle; stratified combustion; indicated thermal efficiency; knock; water injection

1. Introduction

In pursuit of carbon neutrality within a limited timeframe, researchers are dedicated to
substituting fossil fuels with renewable and environmentally friendly energy sources across
various domains. Hydrogen, deemed an ideal renewable energy carrier, can be generated
through diverse methodologies, such as methanol decomposition, methane reforming, and
water electrolysis [1]. Furthermore, numerous techniques exist for harnessing energy from
hydrogen, including internal combustion engines and fuel cells [2]. Hydrogen possesses
a lower heating value of 120 MJ/kg and exhibits a flammability limit ranging from 4%
vol. to 75% vol. at 298 K and 1 atm, enabling lean combustion and emission reduction.
Additionally, hydrogen displays a laminar flame speed of 1.85 m/s at 298 K, 1 atm, and
stoichiometric conditions [3,4]. The extensive flammability range, high flame speed, and
low ignition energy requirements contribute to the efficiency of hydrogen-based engines.
Consequently, hydrogen exhibits great potential as a fuel for internal combustion engines
(ICE). Nonetheless, the optimization of strategies is essential to regulate NOx emissions
resulting from hydrogen combustion in the air, and further advancements are necessary to
enhance the thermal efficiency of hydrogen-fueled engines.

The argon power cycle (APC) hydrogen engine introduces a novel approach for
achieving both high efficiency and zero emissions by substituting nitrogen with argon [5],
wherein the primary constituent of the working fluid is argon, possessing a specific heat
ratio (γ) of 1.67. Notably, the specific heat ratio of an Ar/O2 mixture surpasses that of air
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(γ < 1.40). Based on the efficiency equation of an ideal Otto cycle, as depicted in Equation
(1), a greater specific heat ratio contributes to elevated thermodynamic efficiency.

η = 1 − 1/CRγ − 1 (1)

Experimental evidence has confirmed the improved indicated thermal efficiency (ITE)
of APC hydrogen engines [6–9]. However, it is important to note that a higher specific
heat ratio of the mixture leads to a higher combustion temperature and combustion rate,
resulting in increased heat transfer losses and the occurrence of abnormal combustion
phenomena, including knock, pre-ignition, and backfire. The presence of severe back-
fire or knock imposes limitations on the compression ratio of APC hydrogen engines.
Kuroki et al. [10] conducted argon cycle experiments utilizing a Toyota engine, wherein
abnormal combustion restricted the compression ratio to 4:1, with a maximum ITE of 41%.
Killingsworth and Dibble et al. [11] found that stoichiometric combustion in APC hydrogen
engines limited the compression ratio to 5.5:1 due to knock, which remains significantly
lower compared to gasoline engines (typically ranging from 9:1 to 12:1), with the high-
est ITE recorded as 44.1%. In recent years, researchers have explored various technical
approaches to mitigate knock, such as homogenous charge compression ignition, spark-
assisted compression ignition [12], reducing the intake temperature below freezing [13,14],
and substituting hydrogen with natural gas [12–14]. A summary of previous APC hydrogen
engine studies is listed in Table 1.

Table 1. Summary of previous APC hydrogen engine studies.

Year Name Compression Ratio Thermal Efficiency Technical Approaches

1980 De Boer [6] 5.5~12:1 49% ITEg Spark ignition, PHI
1982 Ikegami [7] 11.9:1, 15.5:1 49% ITEg Compression ignition, HDI
2008 Mitani [15] 13:1 54% ITE Compression ignition, HDI
2010 Kuroki [10] 4:1 41% ITE Spark ignition, HDI
2011 Killingsworth [11] 4.5~7:1 44.1% ITE Spark ignition, PHI
2021 Cech [16] 15.5:1 55% ITE Compression ignition, HDI
2023 Jin [17] 9.6:1 50.32% ITE Spark ignition, PHI, water direct injection

It can be seen from Table 1 that previous studies on spark ignition APC hydrogen
engines have predominantly focused on the engines with port hydrogen injection (PHI)
systems. As for compression ignition APC hydrogen engines, although a hydrogen direct
injection (HDI) was applied, the effects of the HDI strategy have not been researched.
Intake boost has not been applied to APC hydrogen engines in the previous studies.

However, HDI has been extensively investigated in conventional hydrogen ICEs
breathing the air, and it serves as a viable reference for APC hydrogen engines. In conven-
tional hydrogen ICEs, HDI is considered a more suitable technical approach than PHI. This
is because hydrogen, being a low-density gaseous fuel, occupies a considerable volume
with PHI, resulting in reduced air breathed into the cylinder. The utilization of HDI, as
opposed to PHI, yields a theoretical power density increase of 41% [18]. Additionally,
backfire is a frequently encountered abnormal combustion phenomenon. Intake manifold
damage can occur when the mixture ignites prematurely in the intake port due to a hotspot
or exhaust reflux. The implementation of HDI enables closed-valve injection, theoreti-
cally eliminating the occurrence of backfire. In recent years, the injection pressure of HDI
has surpassed that of PHI, typically exceeding 10 MPa [2]. Wallner et al. [19] conducted
experiments on a conventional hydrogen ICE employing a 10 MPa HDI pressure and
an 11.5:1 compression ratio. The results indicated that the HDI engine operated steadily
within an equivalence ratio range of 0.25 to 0.9. Furthermore, HDI has the potential to
enhance the ITE of hydrogen engines in comparison to PHI. Wimmer et al. [18] conducted
a comparative study of ITE between HDI and PHI under different engine loads using a
single-cylinder conventional hydrogen ICE. The study revealed that the equivalence ratio
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achievable with HDI could be lower than that of PHI at the same engine load, leading to
a higher thermodynamic efficiency. Despite the higher heat transfer associated with HDI
due to the increased in-cylinder temperatures, the ITE of HDI remained higher, exceeding
40% under medium engine loads. In contrast to conventional gasoline direct injection
(GDI) engines, the injection strategy employed in HDI engines exerts a more pronounced
influence on mixture formation and combustion. This distinction arises from the gaseous
nature of hydrogen, characterized by a high diffusion coefficient and thermal conductivity.
Consequently, an optimized injection strategy holds significant potential for achieving a
substantial increase in thermal efficiency [20,21].

Previous studies have demonstrated the potential of the APC to enhance the thermal
efficiency of hydrogen-fueled engines. However, the presence of abnormal combustion
phenomena in APC hydrogen engines imposes limitations on both the compression ratio
and the thermal efficiency. Addressing the challenge of mitigating knock induced by
elevated in-cylinder temperatures at higher compression ratios remains an important
research gap, which, if addressed, could lead to further improvements in thermal efficiency
and expanded operating ranges. Additionally, while majority of prior investigations on
APC hydrogen engines have employed PHI systems, exploring the effects of HDI on
APC hydrogen engines warrants further research.

This paper presents a comprehensive investigation comprising experimental and
simulation studies. Initially, HDI was implemented in an APC hydrogen engine, and
a comparative analysis with PHI was conducted through experimental measurements.
Subsequently, a three-dimensional simulation was employed to analyze the distribution
of hydrogen in the HDI APC engine. By adjusting the parameters of HDI, stratified
combustion was achieved, effectively retarding the combustion rate, and suppressing
knock in the APC hydrogen engine. To further enhance the dynamic performance, intake
boost was introduced, resulting in the attainment of super-lean combustion. However, it
was observed that intake boost heightened the susceptibility of the APC hydrogen engine
to knock. To address this issue and inhibit knock occurrence, port water injection (PWI)
was implemented in the APC hydrogen engine. PWI demonstrated greater effectiveness
in expanding the operating range under intake-boosted conditions. By combining HDI,
intake boost, and PWI, an impressive gross indicated thermal efficiency (ITEg) of 59.35%
was achieved in the APC hydrogen engine.

2. Research Approach
2.1. Experiment Setup

Experiments were carried out based on a four-stroke, three-cylinder GDI engine.
Specifications of the engine are shown in Table 2. An Ar/O2 mixture with a molar ratio
of 79:21 was selected as an oxidant. The hydrogen injection pressure was 10 MPa. The
schematic diagram of the test bench is shown in Figure 1.

Table 2. Specifications of the engine.

Parameters Value

cylinder number 3
displacement (L) 1.0
compression ratio 9.6:1

cylinder bore (mm) 73.4
piston stroke (mm) 78.6

connection rod length (mm) 136
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Figure 1. Schematic of the test bench.

The engine was coupled with an API FR100 eddy current dynamometer. The throttle
of the APC hydrogen engine was always fully open. An Omega FMA-2600A mass flow
control meter controlled the pressure and mass flow of the Ar/O2 mixture. In this test
condition, argon was not cycled. After passing through an Emerson Elite CMFS007M
Coriolis flow meter, hydrogen was directly injected into the cylinder. A Kistler 6115C spark
plug cylinder pressure sensor measured the in-cylinder pressure. Pressure transmitters and
k-type thermocouples, respectively, measured the other pressure and temperature. Analog
data were sampled by NI PCI 6250, and NI Compact RIO controlled the actuators in the
engine. Control and acquisition user interfaces were displayed on a computer.

This engine was modified with a PWI system. The schematic diagram of the PWI system
is shown in Figure 2. Water was transported to three port injectors by a pump. The water
pressure was 0.3 MPa, controlled by a pressure-regulating valve.
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Figure 2. Schematic of the PWI system.

The errors of measuring instruments associated with thermal efficiency calculation
are shown in Table 3. The error of thermal efficiency was calculated according to the
propagation of uncertainty principle. For the sake of simplicity and clarity of the figures,
this study only shows the error bars of thermal efficiency in all the figures.
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Table 3. Errors of measuring instruments.

Instrument Type Physical Quantity Error

Kistiler 6115C cylinder pressure ±0.03% FS (Full scale)
Emerson Elite CMFS007M hydrogen mass flow ±0.25% Rd (Reading)

Flow meter transmitter hydrogen mass flow ±0.2% FS
API FR 100 engine speed ±1 rpm

The engine performance data were based on the average of 200 engine cycles. ηITE was
calculated by Equation (2), also known as net ITE (ITEn). W0–720 is the indicated work in
the whole cycle, i.e., from a 0 ◦crank angle (CA) to 720 ◦CA, mf is the mass of fuel per cycle,
and LHV is the lower heating value of the fuel.

ηITE= W0–720/(m f × LHV) (2)

ITEg, namely ηITEg was calculated by Equation (3). WIVC–EVO is the indicated work
from intake valve close (IVC) to exhaust valve open (EVO) in a cycle, i.e., −122 ◦CA ATDC
to 153 ◦CA ATDC in this study. By comparing it, the influence of intake and exhaust flow
was eliminated because intake boost was implemented.

ηITEg= WIVC–EVO/(m f × LHV) (3)

Indicated mean effective pressure (IMEP) was calculated by Equation (4), also known
as net IMEP (IMEPn). Vs is the cylinder-swept volume.

IMEP = W0–720/Vs (4)

Gross IMEP (IMEPg) was calculated by Equation (5). Similar to ITEg, IMEPg is a
parameter to characterize the engine performance from IVC to EVO.

IMEPg = WIVC–EVO/Vs (5)

The coefficient of variation of IMEP (COV), which indicates the fluctuation between
engine cycles, was calculated by Equation (6). σIMEP is the standard deviation of IMEP,
µIMEP is the mean IMEP of 200 cycles, and COV = 5% is the threshold of engine stability.

COV = σIMEP/µIMEP (6)

The heat release rate (HRR) was calculated by Equation (7). γ is the specific heat ratio,
P is the in-cylinder pressure, V is the cylinder volume, and θ is the crank angle.

dQn
dθ

=
γ

γ − 1
P

dV
dθ

+
1

γ − 1
V

dP
dθ

(7)

The equivalence ratio (ϕ) was calculated by Equation (8). nH2 is the mole fraction of
hydrogen in the mixture, and nO2 is the mole fraction of oxygen in the mixture.

ϕ = nH2 /(2 × n O2

)
(8)

The knock intensity (KI) is quantified by the maximum absolute value of in-cylinder
pressure in one cycle after bandpass filtering. It is generally stipulated that knock occurs
when the KI > 0.1 MPa. In this study, KI was calculated from the average cylinder pressure
of 200 cycles, representing the average knock intensity of 200 cycles. The knock ratio (KR)
was calculated by Equation (9). When the KI of a single cycle is more than 0.1 MPa, this
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cycle will be judged to have knock. Nknock is the number of knock cycles, and Ntotal is the
total number of 200 cycles.

KR = Nknock/Ntotal × 100% (9)

The crank angle of 10% heat release (CA10) represents the moment when fuel starts
to burn, CA50 indicates the middle point of combustion, and the crank angle of 90% heat
release (CA90) is the end of combustion.

2.2. Simulation Setup

A 3D geometrical model of this engine was imported into Converge, and then it
was divided according to different boundaries. In this investigation, the combustion
chamber was subjected to an encryption with a scaling factor of two. Additionally, the
intake port and cylinder underwent adaptive mesh refinement (AMR) with a level three
refinement strategy to capture variations in the inlet velocity and cylinder temperature.
The encryption procedure also incorporated a level three encryption for the intake valve
cone and the exhaust valve cone. Close to the spark plug, two spherical encryptions were
implemented, with encryption levels respectively specified as level four and level five.
Moreover, level four encryption was applied to the injection region of the direct injection
nozzle, as indicated in Table 4.

Table 4. Mesh refinement of the simulation model.

Refinement Area Refinement Strategy Level

combustion chamber fixed embedding 2
spark plug fixed embedding 4, 5

intake valve cone and exhaust valve cone fixed embedding 3
injection nozzles fixed embedding 4

intake port AMR 3
cylinder AMR 3

A mesh sensitivity analysis was then carried out. When the other parameters were
the same, the pressure with different grid sizes was as shown in Figure 3. When the base
grid size is too big, pressure will deviate from other groups. Considering the calculation
accuracy and time consumption, a base grid size of 4 mm was employed.
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Since the number of cells is dynamic, during the whole cycle, the minimum number of
cells was 138,162, and the maximum number of cells was 686,574. The mesh of the model is
shown in Figure 4.
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Both the combustion model based on SAGE and the turbulence model based on the
RNG k-εmodel in RANS were employed [22,23]. Turbulent kinetic energy, k, and turbulent
dissipation rate, ε, were calculated by Equations (10) and (11). τij is the Reynolds stress,
ui is the speed of each point, S is the source term, and Ss is the discrete source term.

∂ρk
∂t

+
∂ρuik

∂xi
= τij

∂ui

∂xj
+

∂

∂xj

µ

Prk

∂k
∂xj

− ρε+
Cs

1.5
Ss (10)

∂ρε

∂t
+

∂(ρu i ε)

∂xi
=

∂

∂xj

(
µ

Prε
∂ε

∂xj

)
+Cε3ρε

∂ui

∂xi
+

(
Cε1

∂ui

∂xj
τij − Cε2ρε+ CsSs

)
ε

k
+ S − ρR

(11)
R and η were calculated by Equations (12) and (13). The other parameters were

empirical values.

R =
Cµη3(1 − η/η0

)
(1 + βη3)

ε2

k
(12)

η =
k
ε

∣∣Sij
∣∣ = k

ε

√
2SijSij (13)

Then, the boundary conditions were modified to calibrate the model. The main cases
of simulation are shown in Table 5, and the unit of flow rate was standard liter per minute
(SLPM).

Table 5. Main cases of the simulation model.

Case Speed
(rpm)

Hydrogen Flow Rate
(SLPM)

Hydrogen Injection Timing
(◦CA ATDC)

Ar/O2 Flow Rate
(SLPM)

Ignition Timing
(◦CA ATDC)

1 1000 40 −40 430 −10
2 1000 40 −50 430 −10
3 1000 40 −60 430 −10
4 1000 40 −70 430 −10
5 1000 40 −80 430 −10
6 1000 40 −90 430 −10
7 1000 40 −100 430 −10
8 1000 40 −120 430 −10
9 1000 40 −140 430 −10
10 1000 40 −160 430 −10
11 1000 40 −180 430 −10
12 1000 40 −270 430 −10
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The first eight cases were tested in the experiment, and the last four cases were only
used to explore the boundary of hydrogen injection timing (INT). Therefore, the comparison
between the in-cylinder pressure of the simulation and experiment of the first eight cases
is shown in Figure 5, and the pressure at ignition timing (IGT), the maximum pressure,
and the maximum pressure phase are listed in Table 6. In summary, the relative error
met the requirements.
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Table 6. Comparison between the experiment and simulation parameters.

Case
Pressure at IGT (MPa) Maximum Pressure (MPa) Maximum Pressure Phase

(◦CA ATDC)
Experiment Simulation Experiment Simulation Experiment Simulation

1 2.26 2.21 4.88 4.85 8.5 7.83
2 2.22 2.21 3.97 3.94 15 16.26
3 2.24 2.22 4.7 4.69 9.5 7.25
4 2.24 2.23 4.8 4.7 9 8.49
5 2.29 2.24 5.01 4.99 7.5 6.06
6 2.26 2.23 5.09 4.99 6 5.67
7 2.31 2.26 5.01 4.94 6.5 6.72
8 2.38 2.31 5.13 5.03 4.5 5.85

In this study, the change of thermodynamic parameters was qualitatively analyzed by
a one-dimensional simulation with GT-Power in some cases. The one-dimensional model
was built according to the engine parameters as listed in Table 2. The calibration conditions
are listed in Table 7, and the comparison between the simulation and experiment pressure
is shown in Figure 6.

Table 7. Comparison between the experiment and simulation parameters.

Parameters Value

Speed (rpm) 1000
Hydrogen flow rate (SLPM) 50

Hydrogen injection timing (◦CA ATDC) −60
Ar/O2 flow rate (SLPM) 430

Ignition timing (◦CA ATDC) −5
Temperature behind throttle (K) 293
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The comparison between the key parameters of the one-dimensional simulation and
experiment is presented in Table 8. In summary, the relative error of the one-dimensional
simulation model was acceptable.

Table 8. Comparison between the experiment and simulation parameters.

Case ITE (%) IMEP (MPa) Maximum Pressure (MPa) CA50 (◦CA ATDC)

Experiment 51.22 0.51 5.31 8.5
Simulation 51.45 0.53 5.15 8.38

3. Results and Discussion
3.1. Effects of HDI on APC Hydrogen Engine

In this section, HDI and PHI based on the APC hydrogen engine are compared in
the experiment first. The oxidant flow rate (OFR) was controlled to 430 SLPM, so that the
intake pressure (absolute) was 0.1 MPa, the hydrogen flow rate (HFR) was variable, and the
engine speed was 1000 rpm. The hydrogen INT of PHI was −270 ◦CA ATDC, while that
of HDI was −60 ◦CA ATDC. IGT was adjusted to maximum brake-torque timing (MBT).
However, when the equivalence ratio was 0.365, 0.42, and 0.465, IGT was, respectively,
delayed to 5 ◦CA ATDC, 10 ◦CA ATDC, and 10 ◦CA ATDC to evade knock. Figure 7
shows the IMEP and ITE of the PHI and HDI APC engines with different equivalence ratios
in the experiment.
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The KR of each condition is marked in Figure 7. The KI was marked only when it
was more than 0.1 MPa, and COV was marked only when it was more than 5%. Under
PHI conditions, the APC hydrogen engine can only work stably when the equivalence ratio
is between 0.17 and 0.21. Under HDI conditions, when the equivalence ratio is 0.18, the
APC hydrogen engine cannot work stably. However, the APC hydrogen engine can work
almost without knock when equivalence ranges from 0.18 to 0.29. By delaying IGT, the
HDI APC engine can work stably with an equivalence ratio up to 0.42, which means the
HDI APC engine works stably with 0.21 < ϕ < 0.42. Compared with PHI, HDI sharply
extended the operating range of the APC hydrogen engine. The ITE of HDI was lower than
that of PHI under ϕ = 0.17 conditions because of an unstable working state. However, with
the increase of the equivalence ratio, the ITE of HDI was higher than that of PHI, and the
difference in the ITE between HDI and PHI was larger. In summary, HDI can avoid knock
at a higher equivalence ratio, resulting in a higher ITE.

To explore the reason for the HDI operating range extension on the APC hydrogen
engine, and the influence of the INT of HDI on combustion, further experiments were
carried out. Under 1000 rpm speed, OFR = 430 SLPM, HFR = 30 SLPM, and the INTs of PHI
and HDI of, respectively, −270 ◦CA ATDC and −60 ◦CA ATDC conditions, the CA50 and
KI of PHI and HDI with different IGTs in the experiment are shown in Figure 8. For both
PHI and HDI, CA50 was advanced, and the KI was higher with an earlier IGT. However, at
an identical IGT, the CA50 of HDI was significantly later than that of PHI.
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The experiment results of the CA50 and KI with different INTs of HDI under
HFR = 40 SLPM, OFR = 430 SLPM, and −10 ◦CA ATDC IGT conditions are illustrated in
Figure 9. CA50 was earlier, and the KI was higher with a more advanced INT, except for
−40 ◦CA ATDC INT, i.e., for −40 ◦CA ATDC INT, CA50 was earlier, and the KI was higher
than those of −50 ◦CA and −60 ◦CA ATDC INT.

The distribution of hydrogen in the cylinder was clarified through a three-dimensional
simulation. Under 1000 rpm speed, HFR = 40 SLPM, OFR = 430 SLPM, −10 ◦CA ATDC IGT,
and −60 ◦CA ATDC INT conditions, the variation of hydrogen distribution with CA is
shown in Figure 10. According to the PHI experiment, under these conditions, unstable
combustion will occur with ϕ < 0.17. Therefore, 0.17 was the lower limit of ϕ in this figure.

After INT, hydrogen jets hit the piston top first due to the small nozzle angle. As
the piston went upward, hydrogen was compressed and diffused to the cylinder wall,
then bounced back to the center of the combustion chamber. If there is a large enough
time interval between INT and IGT, the hydrogen jets will go back and forth between the
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center of the combustion chamber and the cylinder wall several times, and the mixture will
eventually reach a homogeneous state.

In this case, the mixture was stratified at IGT. However, unlike conventional stratified
combustion, most of the mixture near the spark plug was lean. The rich area was concen-
trated near the cylinder wall, which is not conducive to flame propagation. The mixture
under the PHI condition is considered homogeneous, so fuel burned faster than in the
HDI condition (−60 ◦CA ATDC INT), as shown in Figure 8. When the overall equivalence
is too low, this stratified state will deteriorate combustion, which also explains the unstable
working state of HDI under the ϕ = 0.18 condition, as shown in Figure 7.

Furthermore, under 1000 rpm speed, HFR = 40 SLPM, OFR = 430 SLPM, and
−10 ◦CA ATDC IGT conditions, simulations with INT ranging from −40 ◦CA ATDC
to −270 ◦CA ATDC were carried out. Hydrogen distribution at IGT with different INTs is
shown in Figure 11. The text under each image represents the INT.
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A dimensionless number coefficient of uniformity (CU) was introduced to quantify
the uniformity of the mixture. CU is defined as in Equation (14):

CU = 1 − σphi / µphi (14)

where σphi is the standard deviation of the equivalence ratio, µphi is the average value of
the equivalence ratio, and the CU of these cases is shown in Figure 12.
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With an earlier INT, the in-cylinder mixture became more homogeneous, as indicated
by the higher CU shown in Figure 12. However, the combustion rate is determined not by
CU but by the specific mixture distribution. Figure 10 illustrates that at the IGT, the mixture
surrounding the spark plug for an INT of −50 ◦CA ATDC was leaner compared to that
of the −60 ◦CA ATDC INT, with a rich region located near the cylinder wall, leading to
slower combustion. Conversely, hydrogen accumulated in the center of the cylinder at the
IGT with an INT of −40 ◦CA ATDC, explaining the more rapid combustion observed for the
INT of −40 ◦CA ATDC compared to −50 ◦CA and −60 ◦CA ATDC, as shown in Figure 9.

When the INT was advanced to a position earlier than −70 ◦CA ATDC, a rich zone
with ϕ > 0.6 no longer existed in the cylinder, and the area of the lean zone with ϕ < 0.17
was also reduced. This resulted in a more homogeneous in-cylinder mixture, which
also accounts for the gradual advancement of the CA50 when the INT was earlier than
−60 ◦CA ATDC, as depicted in Figure 9. Furthermore, Figure 12 demonstrates that the
CU exceeded 0.8 and slowly increased when the INT was earlier than −100 ◦CA ATDC,
indicating a high level of mixture uniformity in the cylinder. The trends observed in
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Figure 9 align with this pattern, as the change in CA50 became less significant when the
INT was earlier than −100 ◦CA ATDC.

In conclusion, HDI in the APC hydrogen engine allows for the formation of a stratified
mixture that discourages rapid combustion by adjusting the INT. This effectively addresses
the issue of hydrogen burning too quickly in an Ar/O2 atmosphere and helps suppress
knock. HDI significantly expands the operating range of the APC hydrogen engine due to
its characteristics of combustion retardation and inhibition of backfire.

3.2. Effects of Intake Boost on the APC Hydrogen Engine

To further improve the APC hydrogen engine’s dynamic performance and thermal
efficiency with HDI, intake boost is introduced in this section, which enhances the power
output while the mixture is not enriched. The intake pressure (absolute) of the intake-
boosted condition was set to 0.2 MPa. According to the energy flow model of four-stroke
internal combustion engines, different mean effective pressures (MEP) inside the engine
are shown in Figure 13a. In this study, the compression energy of the intake boost was
provided outside of the APC hydrogen engine, so the energy flow model was changed, as
shown in Figure 13b.
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Fuel MEP (FuelMEP) consists of released heat MEP (QMEP) and combustion losses
MEP (CLMEP). QMEP comprises heat transfer losses MEP (HTMEP), exhaust losses
MEP (EXMEP), and IMEPg. IMEPg contains IMEPn and pumping losses MEP (PMEP).
Finally, brake MEP (BMEP) is IMEPn minus friction losses MEP (FMEP). It can be seen
that pumping losses MEP turned into pumping gains MEP (to facilitate comparison, it
is still abbreviated to PMEP). To eliminate the influence of external energy on load and
thermal efficiency and to better compare intake-boosted and naturally aspirated conditions,
IMEPg and ITEg were selected for further analysis.

Under 1000 rpm speed, ϕ = 0.22, and IGT −10 ◦CA ATDC conditions, a compar-
ison of the cylinder pressure with the −100 ◦CA ATDC INT between natural aspirate
(OFR = 430 SLPM) and intake boost (OFR = 800 SLPM) in the experiment is shown in
Figure 14a, and the CA50 and KI with different INTs of natural aspirate and intake boost
are shown in Figure 14b.

When the other parameters were the same, the cylinder pressure during the intake,
compression, and power strokes in intake-boosted conditions was significantly higher
compared to the naturally aspirated groups, whereas there was minimal difference in
the cylinder pressure during the exhaust stroke. The intake-boosted group exhibited a
maximum cylinder pressure of 7.82 MPa, whereas the naturally aspirated group recorded
5.01 MPa, indicating a substantial increase in the load of the APC hydrogen engine due
to intake boost. Figure 14b presents the KR for each KI point, excluding KR = 0. As the
HFR of intake-boosted groups was approximately 1.86 times that of the naturally aspirated
groups, the hydrogen distribution within the cylinder significantly differed from each other.
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Consequently, the CA50 of the intake-boosted groups was higher than that of the naturally
aspirated groups, even with the same INT. In the naturally aspirated groups, the KR was
zero when the INT was −50 ◦CA ATDC and −60 ◦CA ATDC. In contrast, the minimum
KR in the intake-boosted groups was 16%. With the advancement of the INT, both the
KI and KR in intake-boosted groups increased more rapidly than in the naturally aspirated
groups due to the higher load. The KI exceeded the knock threshold when the INT was
earlier than −80 ◦CA ATDC in both groups. In summary, intake boost amplified the load of
the APC hydrogen engine and increased the propensity for knock at the same equivalence
ratio. The one-dimensional simulation results depicted in Figure 15 support this observation
by demonstrating an increase in the temperature and pressure at ignition timing as the
intake pressure rose. For instance, when the intake pressure rose from 0.1 MPa to 0.2 MPa,
the temperature at ignition timing surged from 865.96 K to 965.69 K (an approximately
100 K increase), and the pressure at ignition timing elevated from 2.32 MPa to 5.08 MPa.
The elevated temperature and pressure levels promoted the occurrence of spontaneous
hydrogen combustion, thereby heightening the probability of knock.
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The effect of intake boost on the thermal efficiency was analyzed as follows. Under
the 1000 rpm condition, trends of ITEg and COV with different equivalence ratios of intake
boost and natural aspirate in the experiment are shown in Figure 16.
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The maximum ITEg point with COV < 5% under each equivalence ratio was selected
in this figure. If the minimum COV under a certain equivalence ratio was still higher than
5%, which means the APC hydrogen engine could not work stably under this condition,
the figure will not show the ITEg of this point. If the KI of a specific point exceeded
0.1 MPa, it will be marked in the figure. The working condition of the APC hydrogen
engine at 1000 rpm can be divided into four parts according to different equivalence
ratios. When ϕ > 0.255, due to the knock tendency enhancement of the intake boost, no
matter how the parameters are adjusted, the APC hydrogen engine with intake boost
cannot work stably (COV > 5%). In contrast, as mentioned earlier, the APC hydrogen
engine with natural aspirate can work stably under 0.21 < ϕ < 0.42. The second part was
0.21 < ϕ ≤ 0.255, and the KI and COV of intake-boosted groups declined with the decrease
of the equivalence ratio, which means that the APC hydrogen engine worked more steadily.
The ITEg of both the naturally aspirated and intake-boosted conditions increased with
the reduction of the equivalence ratio, and the ITEg of the intake-boosted conditions was
slightly higher than that of the naturally aspirated conditions. When the mixture was
diluted with 0.165 < ϕ ≤ 0.21, the COV of the naturally aspirated groups increased as
the equivalence ratio decreased, indicating that the in-cylinder mixture was too lean for
the naturally aspirated conditions. However, the APC hydrogen engine under intake-
boosted conditions still worked stably due to the higher load. The ITEg of intake boost was
higher than natural aspirate in this part. In other words, intake boost broadened the lean
combustion boundary of the APC hydrogen engine and improved the thermal efficiency
under super-lean combustion conditions. The equivalence ratio of the last part was less
than 0.165. Under this condition, the mixture was too thin, and even the APC hydrogen
engine with intake boost cannot work consistently.

The ITEg tended to increase and then decrease as the equivalence ratio decreased
for both intake boost and natural aspirate. Nevertheless, the maximum ITEg occurred
at different equivalence ratios. The APC hydrogen engine with natural aspirate had the
highest ITEg of 56.39% under ϕ = 0.213. The APC hydrogen engine with intake boost
reached a 57.89% ITEg under ϕ = 0.204. To sum up, intake boost not only broadened the
lean combustion, load, and thermal efficiency boundaries of the APC hydrogen engine,
but also introduced a stronger knock tendency, and limited the increase of the equivalence
ratio compared with natural aspirate.

The experiment results of the MEPs and the thermal efficiency of the above operating
points under intake boost are shown in Figure 17. IMEPg showed a decreasing trend
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with the reduction of the equivalence ratio. Since the intake boost pressure was the same,
the PMEP of these cases was almost identical, about 0.04 MPa. The difference between
ITEg and ITEn was the efficiency caused by pumping gains, ranging from 2.75% to 3.97%.
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3.3. Effects of PWI on the APC Hydrogen Engine

In this section, PWI based on the HDI APC engine is implemented. Water INT was
set to −360 ◦CA ATDC. Experiments of PWI under 1000 rpm (both natural aspirate and
intake boost), 1500 rpm (both natural aspirate and intake boost), and 2000 rpm (only natural
aspirate) conditions were conducted, as listed in Table 9.

Table 9. Parameters of WPI cases.

Case Speed
(rpm)

HFR
(SLPM)

Hydrogen INT
(◦CA ATDC)

AFR
(SLPM)

Equivalence
Ratio

Intake Pressure
(MPa)

1 1000 60 −60 430 0.332 0.1
2 1000 90 −70 800 0.268 0.2
3 1500 105 −80 620 0.403 0.1
4 1500 140 −100 1200 0.278 0.2
5 2000 115 −100 800 0.342 0.1

A comparison of the different parameters among the no PWI, 15.89 mg, 24.42 mg, and
32.94 mg water injections per cycle (water injection duration is 2 ms/cycle, 4 ms/cycle, and
6 ms/cycle) conditions in the experiment is shown in Figure 18.

When IGT was constant, the CA50 was delayed by at least 3.5 ◦CA with the im-
plementation of PWI. It is worth noting that under the 1500 rpm, intake boost, and
IGT = 0 ◦CA ATDC conditions without PWI, a pre-ignition occurred, leading to CA50 even
earlier than the IGT by −5 ◦CA ATDC. However, with the 15.89 mg/cycle of PWI, pre-
ignition was inhibited, and CA50 was substantially delayed from −5 ◦CA ATDC to
27 ◦CA ATDC. Furthermore, CA50 was further delayed with an increase in the amount of
PWI while keeping the other parameters constant. The comparison of IMEPg among these
conditions was more intricate. When examining the 2000 rpm naturally aspirated condition
with 0 ◦CA ATDC IGT, IMEPg decreased with the implementation of PWI because the KI of
the no PWI group was lower than the knock threshold. For the 1500 rpm naturally aspirated
condition with 0 ◦CA ATDC IGT, the IMEPg of the no PWI group was slightly higher than
that of the 15.89 mg/cycle PWI group. However, for the other three groups, the IMEPg
increased at 0 ◦CA ATDC IGT with PWI due to the higher KI values in the absence of PWI.
A similar pattern persisted when increasing the amount of PWI. In summary, KI = 0.22 MPa
serves as a critical threshold. When the original condition’s KI is higher than 0.22 MPa,
introducing PWI or increasing the amount of PWI will increase the IMEPg, and vice versa.
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In all five groups, the introduction of PWI and an increase in the PWI amount consistently
reduced the KI, which helped to offset the increase in the KI caused by advancing the IGT.
Regarding the COV, PWI effectively kept the COV within the stability threshold for all
five groups.
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In order to elucidate the aforementioned phenomena, the experimental conditions
were verified through simulation. Specifically, the natural aspirate condition was main-
tained at 1000 rpm, while keeping all parameters consistent with Case 1, as detailed in
Table 9, and the IGT was 0 ◦CA ATDC. Water injection mass flow rates of 15.89 mg/cycle,
24.42 mg/cycle, and 32.94 mg/cycle were employed. The resulting temperatures, pressures,
and specific heat ratios for these cases are presented in Figure 19.

As the water injection mass increased, notable changes were observed in the com-
pression stroke and combustion process. The pressure during compression decreased,
alongside a significant reduction in temperature during the compression and power strokes.
At IGT, the rise in the water injection mass from 0 to 32.94 mg/cycle resulted in a decline
in pressure from 2.73 MPa to 2.08 MPa, accompanied by a decrease in temperature from
854.96 K to 641.79 K. The diminishing pressure and temperature levels led to a decrease in
the combustion speed and knock inhibition.
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Conversely, an increase in the water injection mass led to a substantial decrease in the
specific heat ratio. During the intake stroke under the water injection conditions, the specific
heat ratio experienced an initial sharp decline followed by a subsequent increase, whereas
the condition without the water injection exhibited a gradual increase. The discrepancies in
the specific heat ratio between the intake and compression strokes among these cases were
much more pronounced compared to those observed in the power and exhaust strokes. This
discrepancy is attributed to the conversion of hydrogen and a portion of oxygen into water
after combustion, resulting in a closer alignment between the proportion of water in the
power and exhaust strokes compared to the intake and compression strokes. To summarize,
the reduction in the specific heat ratio gave rise to a loss of thermodynamic efficiency.

The ITEg and IMEPg boundaries of the APC hydrogen engine with HDI are shown
in Figure 20. The working condition of the APC hydrogen engine was still divided into
five groups: 1000 rpm natural aspirate, 1000 rpm intake boost, 1500 rpm natural aspirate,
1500 rpm intake boost, and 2000 rpm natural aspirate. The highest ITEg or IMEPg operating
point with COV < 5% of each group was selected.

Figure 20 demonstrates the relationship between IMEPg and the equivalence ratio for
both the naturally aspirated and intake-boosted conditions in the APC hydrogen engine
experiment. The IMEPgs of the naturally aspirated and intake-boosted conditions, respec-
tively, showed good linearity, and most operating points fell within the 95% confidence
band, which means that after optimization, WPI at least did not significantly reduce the dy-
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namic performance of the APC hydrogen engine. In conventional ICE, the operating points
of high thermal efficiency and working ability often appear above 2000 rpm. However,
limited by the severe knock tendency, even with the application of WPI, the highest thermal
efficiency point of the APC hydrogen engine appeared at 1000 rpm, and the expected
thermal efficiency improvement caused by the increase in the engine speed did not occur.
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PWI raised the maximum equivalence ratio from 0.47 to 0.54 and increased the IMEPg
from 0.78 MPa to 0.88 MPa (a 12.82% increase) at different engine speeds under naturally as-
pirated conditions. In intake-boosted conditions, the maximum equivalence ratio increased
from 0.25 to 0.31, and the IMEPg increased from 0.89 MPa to 1.14 MPa (a 28.09% increase)
at different engine speeds. However, it is challenging to increase the IMEPg solely by
delaying the IGT and increasing the equivalence ratio due to the stronger knock tendency
in intake-boosted conditions. PWI proved more effective in intake-boosted conditions
than in naturally aspirated conditions. Regarding the ITEg, when the original working
conditions involve knock, introducing PWI and adjusting IGT can yield a higher ITEg. For
example, under a ϕ = 0.34, 2000 rpm naturally aspirated condition, the ITEg increased from
51.13% to 52.36% by application of WPI.

PWI had positive effects on the thermal efficiency primarily due to knock avoidance,
combustion stability improvement, and heat transfer losses reduction. However, it also had
negative effects on the thermal efficiency, primarily due to a reduction in the specific heat
ratio and the increase of thermodynamic losses. When the negative effects outweighed
the positive effects, the ITEg of conditions with PWI was lower than that of conditions
without PWI. For example, the highest ITEg among 1000 rpm naturally aspirated conditions
without PWI was 56.39% (at ϕ = 0.21), whereas the highest ITEg among 1000 rpm naturally
aspirated conditions with PWI was 53.89% (at ϕ = 0.34). Conversely, when the positive
effects outweighed the negative effects, the ITEg of conditions with PWI was higher than
that of conditions without PWI. For instance, the highest ITEg among 1000 rpm intake-
boosted conditions without PWI was 57.89% (at ϕ = 0.20), whereas the highest ITEg among
1000 rpm intake-boosted conditions with PWI was 59.35% (at ϕ = 0.27).

3.4. Analysis of the APC Hydrogen Engine Boundaries’ Expansion

In order to assess the impact of different technical approaches on the expansion
of thermal efficiency and dynamic boundaries, the parameters of the APC hydrogen
engines operating at 1000 rpm are presented in Table 10. Initially, the substitution of HDI
for PHI effectively inhibited knock, resulting in an increase of the maximum ITEg from
54.12% to 56.39%, and of the maximum IMEPg from 0.41 MPa to 0.78 MPa.
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Table 10. Contribution of different technical approaches.

Technical Approach Maximum IMEPg (MPa) Maximum ITEg (%) Intake Pressure (MPa)

PHI 0.41 54.12 0.1
HDI 0.78 56.39 0.1

HDI + intake boost 0.89 57.89 0.2
HDI + intake boost + WPI 1.06 59.35 0.2

Subsequently, the introduction of an increased intake pressure from 0.1 MPa to 0.2 MPa
enabled the realization of intake boost. Although this modification led to a rise in the maxi-
mum IMEPg from 0.78 MPa to 0.89 MPa, and in the maximum ITEg from 56.39% to 57.89%,
the desired enhancements in the IMEPg and ITEg were not fully achieved due to the higher
tendency for knock under the intake-boosted condition.

Finally, WPI was implemented to further suppress knock, resulting in a significant
improvement in the engine performance. With the application of WPI, the maximum
IMEPg reached 1.06 MPa, and the maximum ITEg reached 59.35%.

To clarify the expansion of the APC hydrogen engine boundaries, the previous studies’
results were summarized and illustrated in Figure 21. The APC hydrogen engine bound-
aries were evaluated by the extreme values of five parameters, i.e., maximum compression
ratio, maximum speed, minimum equivalence ratio under stable working conditions, max-
imum ITEg, and maximum IMEPg. Unfortunately, some parameters were not revealed
in the previous studies, e.g., the minimum equivalence ratio under stable working condi-
tions of De Boer and Ikegami, the maximum IMEPg of Kuroki, and the engine speed of
Cech [6,7,10,11,15–17].
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Ikegami, Mitani, and Cech [7,15,16] used compression ignition on the APC hydrogen
engine and achieved good performance, i.e., Ikegami achieved the highest compression ra-
tio of 16 and IMEPg of 1.29 MPa (estimated), and Mitani [15] reached the lowest equivalence
ratio of 0.161 and a 2000 rpm engine speed, which is higher than other published papers.
In further APC hydrogen engine research, a higher thermal efficiency may be available
using compression ignition. Only Kuroki [10] used HDI in the APC hydrogen engine with
spark ignition. However, due to the low injection pressure at that time, HDI was performed
during the intake stroke, and could not suppress knock.

In this study, the APC hydrogen engine could work stably under 2000 rpm with a
0.72 MPa IMEPg, which is the same speed as that of Mitani [15] (tied for the highest), but
the IMEPg was higher than Mitani’s at 0.3 MPa. The highest IMEPg of this study was
1.14 MPa, which is the second highest among the published papers. The lowest equivalence
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ratio under stable working conditions was 0.165, which is close to that of Mitani [15]. It is
noteworthy that this study obtained the highest ITEg of 59.35% through the combination of
HDI, intake boost, and PWI at a compression ratio of only 9.6, which is the highest ITEg
among published papers, and has the potential to further increase the compression ratio
and the thermal efficiency.

4. Conclusions

This paper focused on the experimental and simulation analysis of an APC hydrogen
engine, exploring various techniques to expand its operating range and improve thermal
efficiency. A comparison between HDI and PHI was conducted, followed by an investi-
gation into the injection characteristics of HDI using three-dimensional simulations. To
further expand the working conditions, intake boost was applied to the APC hydrogen
engine, enabling stable combustion of leaner mixtures. In an attempt to suppress severe
knock, the use of PWI was explored. The major conclusions drawn from this study can be
summarized as follows:

(1) Under naturally aspirated conditions at a 1000 rpm engine speed, HDI extended the
operating range of the APC hydrogen engine compared to PHI. HDI increased the equiva-
lence ratio from 0.17–0.21 to 0.21–0.42 and the maximum IMEP from 0.39 MPa to 0.77 MPa
(IMEPg from 0.41 MPa to 0.78 MPa). By avoiding knock, HDI improved the ITE of the
APC hydrogen engine at higher equivalence ratios compared to PHI.

(2) Through a combination of experimental and simulation results, the effects of the
HDI INT on the APC hydrogen engine were researched for the first time. It was found that
adjusting the INT in HDI led to a stratified combustion state in the cylinder, with a lean
mixture near the spark plug and a rich mixture near the cylinder wall. In conventional ICE,
the stratified state of the mixture is involved to increase the combustion rate. Conversely,
the APC hydrogen engine needs a stratified state of the mixture that retards the combustion
rate, compensating for the inherently fast combustion rate of the APC hydrogen engine
and suppressing knock.

(3) The effects of intake boost on the APC hydrogen engine were analyzed for the
first time. It significantly enhanced the dynamic performance and thermal efficiency of
the APC hydrogen engine at a 1000 rpm engine speed, expanding the lean combustion
boundary to an equivalence ratio of ϕ = 0.165. However, intake boost also increased the
propensity for knock, and stable operation was not achievable at equivalence ratios higher
than ϕ = 0.255 due to severe knock.

(4) PWI proved effective at delaying the CA50 and suppressing knock by decreasing
the in-cylinder pressure and temperature. It was particularly efficient in widening the
operating range of the intake-boosted conditions. Overall, PWI improved the equivalence
ratio from 0.25 to 0.31 and the IMEPg from 0.89 MPa to 1.14 MPa. The maximum ITEg with
PWI in the intake-boosted conditions reached 59.35%. The operating characteristics of the
APC hydrogen engine are different from the conventional ICE. Due to the severe knock
tendency under higher engine speeds, after being optimized by PWI, the highest thermal
efficiency point of the APC hydrogen engine was still at 1000 rpm, which is much lower
than the conventional ICE.

(5) A comprehensive five-dimensional analysis demonstrated the expansion of the
APC hydrogen engine’s boundaries. This study achieved the highest ITEg of 59.35%,
surpassing other published papers. The lowest equivalence ratio achieved in this study
was 0.165, which is close to the lowest reported in the literature. Furthermore, the APC
hydrogen engine stably operated at 2000 rpm, tying for the highest reported speed in the
existing literature.
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Abbreviations

AMR adaptive mesh refinement
APC argon power cycle
ATDC after top dead center
BMEP brake mean effective pressure
CA crank angle
CA10 crank angle of 10% heat release
CA50 crank angle of 50% heat release
CA90 crank angle of 90% heat release
CLMEP combustion losses mean effective pressure
COV coefficient of variation of IMEP
CU coefficient of uniformity
EXMEP exhaust losses mean effective pressure
FS full scale
GDI gasoline direct injection
HDI hydrogen direct injection
HFR hydrogen flow rate
HRR heat release rate
HTMEP heat transfer losses mean effective pressure
ICE internal combustion engine
IGT ignition timing
IMEP indicated mean effective pressure
IMEPg gross indicated mean effective pressure
IMEPn net indicated mean effective pressure
INR injection ratio
INT injection timing
ITE indicated thermal efficiency
ITEg gross indicated thermal efficiency
ITEn net indicated thermal efficiency
KI knock intensity
KR knock ratio
MEP mean effective pressure
OFR oxidant flow rate
PHI port hydrogen injection
PMEP pumping losses mean effective pressure
PWI port water injection
QMEP released heat mean effective pressure
SLPM standard liter per minute
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