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Abstract: Hydrogen addition can improve the performance and extend the lean burn limit of gasoline
engines. Different hydrogen injection strategies lead to different types of hydrogen mixture distri-
bution (HMD), which affects the engine performance. Therefore, the present study experimentally
investigated the effects of hydrogen injection strategy on the combustion and emissions of a hydro-
gen/gasoline dual-fuel port-injection engine under lean-burn conditions. Four different hydrogen
injection strategies were explored: hydrogen direct injection (HDI), forming a stratified hydrogen
mixture distribution (SHMD); hydrogen intake port injection, forming a premixed hydrogen mixture
distribution (PHMD); split hydrogen direct injection (SHDI), forming a partially premixed hydrogen
mixture distribution (PPHMD); and no hydrogen addition (NHMD). The results showed that 20%
hydrogen addition could extend the lean burn limit from 1.5 to 2.8. With the increase in the excess air
ratio, the optimum HMD changed from PPHMD to SHMD. The maximum brake thermal efficiency
was obtained with an excess air ratio of 1.5 with PPHMD. The coefficient of variation (COV) with
NHMD was higher than that with hydrogen addition, since the hydrogen enhanced the stability
of ignition and combustion. The engine presented the lowest emissions with PHMD. There were
almost no carbon monoxide (CO) and nitrogen oxides (NOx) emissions when the excess air ratio was,
respectively, more than 1.4 and 2.0.

Keywords: dual-fuel engine; hydrogen injection strategy; lean burn limit; hydrogen mixture distribu-
tion; combustion; emissions

1. Introduction

With the aggravation of the energy crisis and global warming, reducing the use of fossil
fuels has become a tough problem. From 2014 to 2020, China’s hydrogen production rose
from 16 million tons to 25 million tons. Hydrogen, as a promising renewable energy carrier
and carbon-free fuel, has significant and unique physical and chemical properties [1-3].

The burning velocity of hydrogen is much higher than other fuels, such as gasoline;
therefore, it is an alternative engine fuel that could effectively enhance combustion in and
improve the efficiency of internal combustion engines [4—6]. As a carbon-free fuel, fueling
engines with hydrogen can significantly reduce their emissions. There is no doubt that
higher combustion temperatures lead to higher NOx emissions [7-10]. Nevertheless, due to
the greater flammability limit of hydrogen, hydrogen-fueled engines can work under lean-
burn conditions, resulting in the reduction of NOx emissions. As a result, hydrogen-fueled
engines can achieve lower emissions and higher efficiency [11]. However, there are also
many challenges for hydrogen-fueled engines. Firstly, due to the low ignition energy of
hydrogen, such engines are more prone to backfire [12]. Fortunately, supercharger systems
can increase the intake pressure to limit backfire [13—-15]. Secondly, hydrogen has low
density and small molecules, so it is very easy for it to escape through the shell of the
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storage device. Therefore, the storage of hydrogen is the key problem that must be properly
solved in the development of hydrogen-fueled engines [16].

To fully utilize its advantages for combustion and avoid its disadvantages regarding
storage, researchers have considered mixing hydrogen with fossil fuels to form blending
fuel [17]. Numerous studies on hydrogen blending fuel have been conducted.

Since the combustion rate of diesel is relatively slow, it can be effectively improved by
adding hydrogen, which has significant implications for diesel engines [18,19]. With the
addition of 10% hydrogen, efficiency increased and emissions decreased [20,21]. Moreover,
a reactivity controlled compression ignition (RCCI) mode has been used to increase the
efficiency of diesel /hydrogen engines [22]. With hydrogen direct injection, pre-ignition
in diesel engines can be attenuated, improving their limitations and emissions. Since
mixing hydrogen and natural gas before injection into the cylinder can simplify the fuel
injection system, there are many studies about hydrogen/natural gas engines [23-26]. The
combustion rate of natural gas is worse than that of gasoline. Hydrogen has been found to
help natural gas by increasing the combustion rate and decreasing the cyclic variation [27],
especially under lean-burn conditions [28]. Studies have found that, with the addition of
hydrogen, the combustion rate clearly increased, leading to higher efficiency and low cyclic
variation [29]; combustion became more complete, leading to less emissions [30]; and the
combustion temperature rose, leading to more NOyx emissions [31].

With regard to gasoline engines, hydrogen can be injected into such engines in two
ways: hydrogen intake port injection (HPFI) and HDL Ji et al. have published several
studies on HPFI [32-34]. Hydrogen addition was found to improve engine efficiency,
decrease emissions, extend the lean burn limit [32], speed up the cold-starting process [33]
and reduce the idle speed [34]. Yu et al. have mainly focused their research on HDI [35-43].
Compared with a pure gasoline engine, HDI resulted in a quicker combustion rate and
higher combustion temperature [35,36], which led to higher efficiency and fewer emis-
sions [37]. The hydrogen in HDI is not homogeneous but stratified, which is controlled by
the injection strategy [38]. With better stratification of hydrogen distribution, combustion
was found to occur faster and more quickly led to lower cyclic variations and higher effi-
ciency [39]. Furthermore, stratified hydrogen distribution is more suitable for lean-burn
conditions [40-42]. Exhaust gas recirculation (EGR) systems and water injection systems
can help reduce the NOx emissions in hydrogen engines [43—45].

The hydrogen distribution in the cylinder is the main factor differentiating HPFI and
HDI [45,46], and Li et al. indicated that the hydrogen mixture distribution (HMD) is the
key effect in hydrogen/gasoline engines [46-50]. SHDI has been proposed to organize the
HMD, as it can improve the efficiency and reduce the emissions of hydrogen/gasoline
engines [49,50].

Engines show great performance under lean-burn conditions, and hydrogen addi-
tion can contribute to speeding up the combustion rate and stabilizing the ignition. The
hydrogen injection strategy can significantly affect combustion through the formation of
different HMDs [51]. Therefore, engine lean-burn performance can be improved using
hydrogen addition and a suitable hydrogen injection strategy. However, there is little
research on this topic, especially on the lean burn limits of different hydrogen injection
strategies. To improve lean-burn performance and explore suitable hydrogen injection
strategies for the lean burn condition, we conducted an experimental study on the effects
of the hydrogen injection strategy for a hydrogen/gasoline spark ignition (SI) engine under
lean-burn conditions. Four kinds of HMDs and hydrogen injection strategies were studied:
HDJ, forming an SHMD; hydrogen intake port injection, forming a PHMD; SHDI, forming
a PPHMD; and no hydrogen addition (NHMD).

2. Materials and Methods

A schematic diagram of the test engine is shown in Figure 1. The experimental
prototype was the EA888 engine from Volkswagen Automotive Company Limited, and the
engine specifications are listed in Table 1.
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Figure 1. Schematic diagram of the test engine.
Table 1. Engine specifications.
Four cylinders
Engine type Naturally aspirated
Spark ignition
Bore x stroke (mm) 82.5 x 92.8
Compression ratio 9.6
Displaced volume (L) 2

The measurement instruments and the experimental condition are illustrated in
Tables 2 and 3, respectively. The dynamometer used was a CW160 hydraulic dynamome-
ter. The experiment was carried out under these conditions since the hydrogen would
obviously improve the engine. The excess air ratio was set at 1 to 2.8. When the excess
air ratio was 2.8, the COV of the engine was more than 5%. Therefore, the excess air ratio
of 2.8 was considered as the lean burn limit. The energy fraction of the hydrogen was
set to 20%. Previous studies have shown that addition of a small proportion of hydrogen
in an engine can significantly improve the performance, while continuing to increase the
hydrogen ratio has little effect on the engine performance [41]. As split injection was used,
too small a volume fraction for the hydrogen would have led to too short an injection
duration. Therefore, a 20% energy fraction for the hydrogen was selected. The energy
fraction of hydrogen is defined as follows:

Qmo

"o @
Qmo + ansoline

(p:

where ¢ is the energy fraction of the hydrogen, Qpy, is the energy of the hydrogen and
Qgasoline is the energy of the gasoline.

Table 2. Information on measurement instruments.

Item Error Measurement Instrument
Gasoline consumption <+0.01g/s Ono Sokki DF—2420
Crank angle (CA) position <40.01 °CA Ono Sokki DS 9028
Cylinder pressure <40.3 bar Ono Sokki DS 9028
Speed <#£1rpm CW160
Brake power <£0.4% CW160
Hydrogen consumption <£0.2% DMF—-1-1AB
Emissions <40.1% AVL DICOM 4000

Excess air ratio <=£0.15 LSU4.2 oxygen sensor
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Table 3. Experimental conditions.
HMD NHMD SHMD PHMD PPHMD
Speed (r/min) 1200
Throttle opening (%) 10
Excess air ratio 1t02.8
Ignition timing (°CA BTDC) Best
Hydrogen fraction 0% 20%
Direct injection pressure (MPa) / 5

Second injection timing (°CA BTDC) / Best / Best
First injection proportion / / / Best
First injection timing (°CA BTDC) / / 300 300

To demonstrate the differences between injection strategies clearly, the injection pa-
rameters and ignition timing were set to the best values on the basis of efficiency.

Figures 2 and 3 show the best injection parameters for the SHMD and the PPHMD.
With the increase in the excess air ratio, the best hydrogen injection timing for the SHMD
and the best second hydrogen injection timing for the PPHMD were delayed. Moreover, the
fuel in the engine became thinner and harder to ignite. Delayed hydrogen injection made
more hydrogen concentrate around the spark plug, and the engine ignition performance
was improved. Therefore, the engine worked more steadily and efficiently. The best second
hydrogen injection timing for the PPHMD was later than that for the SHMD. Due to the two
injections with the PPHMD, the amount of hydrogen in the second hydrogen injection is
less than that of the SHMD, so a greater hydrogen concentration area is needed to promote
the ignition stability. The amount of hydrogen around the spark plug was the key to ensure
the engine ignition performance. Since ignition became more difficult with the increase in

the excess air ratio, the best first hydrogen injection proportion for the PPHMD decreased
from 33% to 25%.
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Figure 2. The best injection timings under lean-burn conditions.
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Figure 3. The best first hydrogen injection proportions under lean-burn conditions.

3. Results and Discussions

Figure 4 shows the effects of the HMD on the brake thermal efficiency. With the
NHMD, the lean burn limit of the engine was the excess air ratio of 1.5. Since the lean burn
limit of hydrogen was much greater with hydrogen addition, the lean-burn performance
was greatly improved and the excess air ratio could reach 2.8.
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Figure 4. Effects of the HMD on the brake thermal efficiency.

Since the oxygen content increased with the increase in the excess air ratio, combustion
was more complete and the power capacity of the engine was also enhanced. Moreover,
the combustion speed of the engine was reduced and the ignition performance deteri-
orated. Therefore, with the increase in the excess air ratio, the brake thermal efficiency
of the engine first increased and then decreased. With the NHMD, the maximum brake
thermal efficiency appeared at the excess air ratio of 1.2. The lean-burn performance was
significantly improved by adding hydrogen. With the PPHMD, when the excess air ratio
was 1.5, the maximum brake thermal efficiency appeared at 26.86%. The efficiencies of the
SHMD and the PPHMD were relatively higher. This may have been due to the fact that
the stratified hydrogen made the engine more efficient. The stratified hydrogen formed a
hydrogen concentration zone around the engine spark plug, making the engine ignition
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process faster and more stable. Therefore, the efficiency of the stratified hydrogen was
higher. With the increase in the excess air ratio, the best HMD changed from the PPHMD to
the SHMD, and the engine ignition performance became the key for the engine efficiency.
The hydrogen in the SHMD was injected into the engine cylinder at one time and the
hydrogen concentration was the highest.

Figure 5 shows the effects of the HMD on the cylinder pressure. With the increase in
the excess air ratio, since the quantity of fuel in the engine decreased, the maximal cylinder
pressure (Pmax) and the combustion speed decreased continuously. As the best ignition
timing was adopted, the level of the maximal cylinder pressure was kept within a certain
range. With the increase in the excess air ratio, the combustion of the engine became slower,
the ignition timing advanced and the combustion duration increased. The engine cylinder
pressure with the NHMD was higher, as the best ignition timing with the NHMD was
earlier than that with hydrogen addition.
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Figure 5. Effects of the HMD on the cylinder pressure: (A) NHMD, (B) SHMD, (C) PHMD,
(D) PPHMD.

Figures 6 and 7 indicate the effects of the HMD on the Pmax and its corresponding
position. With the increase in the excess air ratio, the total amount of fuel in the engine
decreased, resulting in a continuous decrease in the Pmax of the engine. However, by
adjusting the ignition time, the position of the Pmax could be kept within a certain range.
The maximal cylinder pressure under the excess air ratio of 2.8 decreased by 46.19%
on average compared to that with the excess air ratio of 1.0. The increased excess air
ratio resulted in the best HMD (in terms of the Pmax) changing from the PPHMD to the
SHMD. This result further verified that the engine ignition performance was the key to
lean combustion efficiency.
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Figure 6. Effects of the HMD on the Pmax.

2” T T T T T T T T T T
18 | \‘r =
] A
e ]
16 | ey &S o \A\_\ 4
¥ S
o - Fadd N
a 4 v ~ v
e v -
« ®
12 -
<
5t J
g\y 10 /M ]
&gl b
° E
=
g 6l o
£ T —=— NHMD
£ 4} —e—PHMD -
3 —4— SHMD
B v PPHMD ]
0 1 1 1 1 1 1 1 1 1 1
1.0 12 1.4 1.6 1.8 20 22 24 26 28

Excess air ratio

Figure 7. Effects of the HMD on the position of the Pmax.

Figure 8 shows the effects of the HMD on the coefficient of variation. The stability
of the ignition decreased with the increase in the excess air ratio, which reduced the
combustion speed and increased the COV of the engine. It was noted that the COV with
the NHMD was higher than that with hydrogen addition. In this study, hydrogen addition
increased the ignition and combustion stability of the engine significantly, so that the lean
burn limit extended from an excess air ratio of 1.5 to 2.8.
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Figure 8. Effects of the HMD on the COV.
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Figure 9 displays the effects of the HMD on the CO emissions. When the excess air
ratio increased, the reduction in the fuel and the increase in the oxygen concentration in
the engine contributed to a sharp decrease in CO emissions. It can be seen from the figure
that, when the excess air ratio was greater than 1.4, the CO emissions in the engine were
almost zero. Moreover, the different hydrogen injection modes showed notable effects on
the engine CO emissions under the equivalent ratio conditions, while the effects decreased
rapidly with the increase in the excess air ratio. Since the gasoline was reduced by 20%, the
CO emissions with hydrogen addition were 24.72% lower than with the NHMD.
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Figure 9. Effects of the HMD on the CO emissions.

Figure 10 shows the effects of the HMD on the hydrocarbon (HC) emissions. It was
noted that the HC emissions showed a trend of decreasing first and then increasing. The
oxygen concentration increased with the increase in the excess air ratio, resulting in lower
HC emissions. However, with the further increase in the excess air ratio, especially when it
was close to the lean burn limit, the HC emissions of the engine increased sharply because
of the extreme deterioration of combustion and misfire. With the SHMD, the lowest HC
emissions appeared at the excess air ratio of 1.6. In terms of different HMDs, the HC
emissions with the NHMD were the greatest and those with the PHMD were the lowest.
The engine combustion was more complete with hydrogen addition because of the decrease
in the wall quenching distance, which meant that the HC emissions could be effectively
reduced. The hydrogen concentration affected the HC emissions significantly. The HC
emissions with the PHMD were, on average, 4.01% lower than with the PPHMD, 14.07%
lower than with the SHMD and 51.96% lower than with the NHMD.
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Figure 10. Effects of the HMD on the HC emissions.
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Figure 11 illustrates the effects of the HMD on the NOx emissions. The NOx emissions
increased first and then decreased with the increase in the excess air ratio. The conditions
for the generation of NOx emissions were high temperature and high oxygen concentration.
When the excess air ratio increased, the temperature in the engine was reduced, while
the oxygen concentration in the engine kept increasing; therefore, the NOx emissions first
increased. With the further increase in the excess air ratio, the combustion deteriorated and
the temperature gradually decreased, resulting in a sharp drop in the NOx emissions. For
the NHMD, the highest NOx emissions occurred with the excess air ratio of 1.1, and they
increased by 10.60% when the excess air ratio was 1.0 and by 446.09% when the excess air
ratio was 1.5. With an excess air ratio greater than 2.0, there were almost no NOx emissions
because of the low temperature. The NOx emissions were the lowest with the NHMD. The
stratified hydrogen in the SHMD enhanced the ignition and combustion, thus resulting
in the highest NOx emissions. The NOx emissions with the NHMD were 42.22% lower
than with the PHMD, 45.08% lower than with the PPHMD and 47.21% lower than with
the SHMD.

T » T g T - T 5 T y T ' T * T ® T * T
1100 |- i
1000 [ s o 8 NHMD
o “ e PHMD ]
900 x ' A— SHMD ]
800 |- X v PPHMD
- e o
700 X n v .
£ 600 |- " - A -
B ol \ ]
=, 500 |- A 2l
o I :’ ]
Z 400 | \ ]
300 | " J
200 \ h { il
100 - . \ ]
0k s 2 o & ]
1 " 1 " 1 " 1 " 1 i 1 " 1 " 1 " 1 i

1.0 1.2 14 1.6 1.8 20 22 24 26 28
Excess air ratio

Figure 11. Effects of the HMD on the NOx emissions.

4. Conclusions

The effects of hydrogen injection strategies for a gasoline/hydrogen engine with
various excess air ratios were investigated. The main conclusions of this research are
summarized as follows:

1.  The lean-burn performance could be improved with hydrogen addition. In this study,
the lean burn limit with the NHMD was the excess air ratio of 1.5, while with 20%
hydrogen addition, it was the excess air ratio of 2.8;

2. With the increase in the excess air ratio, the brake thermal efficiency of the engine
first increased and then decreased. Moreover, hydrogen addition improved the brake
thermal efficiency. With the NHMD, the maximum brake thermal efficiency (23.83%)
appeared at the excess air ratio of 1.2, while with the PPHMD, the maximum brake
thermal efficiency increased to 26.86% at the excess air ratio of 1.5;

3. With the increase in the excess air ratio, the best HMD changed from the PPHMD to the
SHMD. Since the engine ignition became the key factor under lean-burn conditions,
the hydrogen concentration around the spark plug was the highest with the SHMD;

4. The COV of the engine increased with the increase in the excess air ratio, since the en-
gine ignition became unstable and the engine combustion was slower under lean-burn
conditions. The COV with the NHMD was higher than that with hydrogen addition,
which was because hydrogen addition improved the ignition and combustion stability;

5. The HC emissions first decreased and then increased with the increase in the excess
air ratio because the increase in oxygen concentration led to the deterioration of
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combustion. The HC emissions were the highest with the NHMD and the lowest with
the PHMD. The hydrogen concentration affected the HC emissions significantly. The
HC emissions with the PHMD were, on average, 4.01% lower than with the PPHMD,
14.07% lower than with the SHMD and 51.96% lower than with the NHMD;

The NOx emissions first increased and then decreased with the increase in the excess
air ratio since the engine temperature was reduced and the oxygen concentration
increased. When the excess air ratio was greater than 2.0, there were almost no NOx
emissions. The NOx emissions were the lowest with the NHMD and the highest with
the SHMD. The NOx emissions with the NHMD were, on average, 42.22% lower than
with the PHMD, 45.08% lower than with the PPHMD and 47.21% lower than that
with SHMD.
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Abbreviations

Nomenclature

© energy fraction of hydrogen

Qm the energy of hydrogen (J)

Qgasoline the energy of gasoline (J)

Abbreviation

SI Spark Ignition

HMD Hydrogen Mixture Distribution

SHMD Stratified Hydrogen Mixture Distribution
PHMD Premixed Hydrogen Mixture Distribution
PPHMD Partially Premixed Hydrogen Mixture Distribution
NHMD No Hydrogen Mixture Distribution

CcO Carbon Monoxide

HC Hydrocarbon

NOx Nitrogen Oxides

RCCI Reactivity Controlled Compression Ignition
Cov Coefficient of Variation

HDI Hydrogen Direct Injection

SHDI Split Hydrogen Direct Injection

EGR Exhaust Gas Recirculation

CA Crank Angle

BTDC before Top Dead Center



Appl. Sci. 2022, 12, 10549 11 0f12

References

1. Alhuyi Nazari, M.; Fahim Alavi, M.; Salem, M.; Assad, M.E.H. Utilization of hydrogen in gas turbines: A comprehensive review.
Int. J. Low-Carbon Technol. 2022, 17,513-519. [CrossRef]

2. Yusaf, T.; Laimon, M.; Alrefae, W.; Kadirgama, K.; Dhahad, H.A.; Ramasamy, D.; Kamarulzaman, M.K.; Yousif, B. Hydrogen
energy demand growth prediction and assessment (2021-2050) using a system thinking and system dynamics approach. Appl.
Sci. 2022, 12, 781. [CrossRef]

3. Yildiz, A; Ozel, M.A. A comparative study of energy consumption and recovery of autonomous fuel-cell hydrogen—electric
vehicles using different powertrains based on regenerative braking and electronic stability control system. Appl. Sci. 2021,
11, 2515. [CrossRef]

4. Ji,C,;Wang,S.; Bo, Z,; Liu, X. Emissions performance of a hybrid hydrogen-gasoline engine-powered passenger car under the
New European Driving Cycle. Fuel 2013, 106, 873-875. [CrossRef]

5. Saravanan, N.; Nagarajan, G. An experimental investigation of hydrogen-enriched air induction in a diesel engine system. Int. J.
Hydrogen Energy 2008, 33, 1769-1775. [CrossRef]

6.  Acikgoz, B,; Celik, C.; Soyhan, H.S.; Gokalp, B.; Karabag, B. Emission characteristics of an hydrogen—CH4, fuelled spark ignition
engine. Fuel 2015, 159, 298-307. [CrossRef]

7. Yip, HL, Srna, A.; Yuen, A.C.Y.; Kook, S.; Taylor, R.A.; Yeoh, G.H.; Medwell, PR.; Chan, Q.N. A review of hydrogen direct
injection for internal combustion engines: Towards carbon-free combustion. Appl. Sci. 2019, 9, 4842. [CrossRef]

8.  Bao,L.Z;Sun, B.G,; Luo, Q.H.; Li, ].C.; Qian, D.C.; Ma, H.Y.; Guo, Y.J. Development of a turbocharged direct-injection hydrogen
engine to achieve clean, efficient, and high-power performance. Fuel 2022, 324, 124713. [CrossRef]

9. Bao, L.; Sun, B.; Luo, Q. Experimental investigation of the achieving methods and the working characteristics of a near-zero NOx
emission turbocharged direct-injection hydrogen engine. Fuel 2022, 319, 123746. [CrossRef]

10. Bao, L.; Sun, B.; Luo, Q. Optimal control strategy of the turbocharged direct-injection hydrogen engine to achieve near-zero
emissions with large power and high brake thermal efficiency. Fuel 2022, 325, 124913. [CrossRef]

11. Takagi, Y.; Oikawa, M.; Sato, R.; Kojiya, Y.; Mihara, Y. Near-zero emissions with high thermal efficiency realized by optimizing jet
plume location relative to combustion chamber wall, jet geometry and injection timing in a direct-injection hydrogen engine. Int.
J. Hydrogen Energy 2019, 44, 9456-9465. [CrossRef]

12. Park, C,; Kim, Y.;; Choi, Y.; Lee, J.; Lim, B. The effect of engine speed and cylinder-to-cylinder variations on backfire in a
hydrogen-fueled internal combustion engine. Int. |. Hydrogen Energy 2019, 44, 22223-22230. [CrossRef]

13. Nguyen, D.; Choi, Y.; Park, C.; Kim, Y.; Lee, J. Effect of supercharger system on power enhancement of hydrogen-fueled
spark-ignition engine under low-load condition. Int. . Hydrogen Energy 2021, 46, 6928-6936. [CrossRef]

14. Girbiiz, H.; Akay, S.H. Evaluating the effects of boosting intake-air pressure on the performance and environmental-economic
indicators in a hydrogen-fueled SI engine. Int. |. Hydrogen Energy 2021, 46, 28801-28810. [CrossRef]

15. Gao, J.; Wang, X.; Song, P; Tian, G.; Ma, C. Review of the backfire occurrences and control strategies for port hydrogen injection
internal combustion engines. Fuel 2022, 307, 121553. [CrossRef]

16. Kamil, M.; Rahman, M.M. Performance prediction of spark-ignition engine running on gasoline-hydrogen and methane-hydrogen
blends. Appl. Energy 2015, 158, 556-567. [CrossRef]

17. Tang, C.; Zhang, Y.; Huang, Z. Progress in combustion investigations of hydrogen enriched hydrocarbons. Renew. Sustain. Energy
Rev. 2014, 30, 195-216. [CrossRef]

18. Babayev, R.; Andersson, A.; Dalmau, A.S.; Im, H.G.; Johansson, B. Computational comparison of the conventional diesel and
hydrogen direct-injection compression-ignition combustion engines. Fuel 2022, 307, 121909. [CrossRef]

19. Tutak, W.; Grab-Rogaliniski, K.; Jamrozik, A. Combustion and emission characteristics of a biodiesel-hydrogen dual-fuel engine.
Appl. Sci. 2020, 10, 1082. [CrossRef]

20. Kanth, S;; Ananad, T.; Debbarma, S.; Das, B. Effect of fuel opening injection pressure and injection timing of hydrogen enriched
rice bran biodiesel fuelled in CI engine. Int. J. Hydrogen Energy 2021, 46, 28789-28800. [CrossRef]

21. Kokabi, H.; Najafi, M.; Jazayeri, S.A.; Jahanian, O. Hydrogen and propane implications for reactivity controlled compression
ignition combustion engine running on landfill gas and diesel fuel. Int. . Hydrogen Energy 2021, 46, 31903-31915. [CrossRef]

22. Liu, X.; Srna, A.; Yip, H.L.; Kook, S.; Chan, Q.N.; Evatt, R. Performance and emissions of hydrogen-diesel dual direct injection
(H2DD)) in a single-cylinder compression-ignition engine. Int. . Hydrogen Energy 2021, 46, 1302-1314. [CrossRef]

23. Pan, K.; Wallace, J.S. Computational studies of hydrogen post-injection in direct-injection natural gas engines. Fuel 2022,
323,124226. [CrossRef]

24. Chen, L.; Zhang, X.; Zhang, R.; Li, J.; Pan, J.; Wei, H. Cycle-resolved visualization of lubricant-induced abnormal combustion in
an optical natural gas/hydrogen engine. Fuel 2022, 321, 124053. [CrossRef]

25. Sun, X,; Liu, H.; Duan, X.; Guo, H.; Li, Y,; Qiao, J.; Liu, Q.; Liu, ]J. Effect of hydrogen enrichment on the flame propagation,
emissions formation and energy balance of the natural gas spark ignition engine. Fuel 2022, 307, 121843. [CrossRef]

26. Xu, L. Sun, X.; Ku, C; Liu, J.; Lai, M.C.; Duan, X. Effects of control strategies for mixture activity and chemical reaction pathway
coupled with exhaust gas recirculation on the performance of hydrogen-enriched natural-gas fueled spark ignition engine. Fuel
2022, 322, 124153. [CrossRef]

27. Sen, AK,; Wang, J.; Huang, Z. Investigating the effect of hydrogen addition on cyclic variability in a natural gas spark ignition

engine: Wavelet multire solution analysis. Appl. Energy 2011, 88, 4860-4866. [CrossRef]


http://doi.org/10.1093/ijlct/ctac025
http://doi.org/10.3390/app12020781
http://doi.org/10.3390/app11062515
http://doi.org/10.1016/j.fuel.2013.01.011
http://doi.org/10.1016/j.ijhydene.2007.12.065
http://doi.org/10.1016/j.fuel.2015.06.043
http://doi.org/10.3390/app9224842
http://doi.org/10.1016/j.fuel.2022.124713
http://doi.org/10.1016/j.fuel.2022.123746
http://doi.org/10.1016/j.fuel.2022.124913
http://doi.org/10.1016/j.ijhydene.2019.02.058
http://doi.org/10.1016/j.ijhydene.2019.06.058
http://doi.org/10.1016/j.ijhydene.2020.11.144
http://doi.org/10.1016/j.ijhydene.2021.06.099
http://doi.org/10.1016/j.fuel.2021.121553
http://doi.org/10.1016/j.apenergy.2015.08.041
http://doi.org/10.1016/j.rser.2013.10.005
http://doi.org/10.1016/j.fuel.2021.121909
http://doi.org/10.3390/app10031082
http://doi.org/10.1016/j.ijhydene.2021.06.087
http://doi.org/10.1016/j.ijhydene.2021.07.050
http://doi.org/10.1016/j.ijhydene.2020.10.006
http://doi.org/10.1016/j.fuel.2022.124226
http://doi.org/10.1016/j.fuel.2022.124053
http://doi.org/10.1016/j.fuel.2021.121843
http://doi.org/10.1016/j.fuel.2022.124153
http://doi.org/10.1016/j.apenergy.2011.06.030

Appl. Sci. 2022, 12, 10549 12 0of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Huang, Z.; Zhang, Y.; Zeng, K ; Liu, B.; Wang, Q.; Jiang, D. Measurements of laminar burning velocities for natural gas-hydrogen-
air mixtures. Combust. Flame 2006, 146, 302-311. [CrossRef]

Rao, A.; Wu, Z.; Mehra, RK,; Duan, H.; Ma, F. Effect of hydrogen addition on combustion, performance and emission of
stoichiometric compressed natural gas fueled internal combustion engine along with exhaust gas recirculation at low, half and
high load conditions. Fuel 2021, 304, 121358. [CrossRef]

Hu, E.; Huang, Z.; He, J.; Zheng, J.; Mian, H. Measurements of laminar burning velocities and onset of cellular instabilities of
methane-hydrogen—air flames at elevated pressures and temperatures. Int. J. Hydrogen Energy 2009, 34, 5574-5584. [CrossRef]
Zheng, ].; Hu, E.; Huang, Z.; Ning, D.; Wang, J]. Combustion and emission characteristics of a spray guided direct-injection
spark-ignition engine fueled with natural gas-hydrogen blends. Int. |. Hydrogen Energy 2011, 36, 11155-11163. [CrossRef]

Ji, C.; Wang, S.; Zhang, B. Effect of spark timing on the performance of a hybrid hydrogen-gasoline engine at lean conditions. Int.
J. Hydrogen Energy 2010, 35, 2203-2212. [CrossRef]

Hao, L.; Xu, X,; Guo, X,; Ji, C.; Wang, X,; Tan, J.; Ge, Y. Investigation of cold-start emission control strategy for a bi-fuel
hydrogen/gasoline engine. Int. |. Hydrogen Energy 2016, 41, 18273-18281. [CrossRef]

Wang, S.; Ji, C.; Zhang, M.; Bo, Z. Reducing the idle speed of a spark-ignited gasoline engine with hydrogen addition. Int. J.
Hydrogen Energy 2010, 35, 10580-10588. [CrossRef]

He, F; Li, S.;; Yu, X,; Du, Y; Zuo, X.; Wei, D.; Sun, P; He, L. Comparison study and synthetic evaluation of combined injection in a
spark ignition engine with hydrogen-blended at lean burn condition. Energy 2018, 157, 1053-1062. [CrossRef]

Yu, X.; Zuo, X.; Wu, H;; Dy, Y,; Sun, Y.; Wang, Y. Study on combustion and emission characteristics of a combined injection engine
with hydrogen direct-injection. Energ Fuel 2017, 31, 5554-5560. [CrossRef]

Shi, W.; Yu, X; Zhang, H.; Li, H. Effect of spark timing on combustion and emissions of a hydrogen direct injection stratified
gasoline engine. Int. |. Hydrogen Energy 2016, 42, 5619-5626. [CrossRef]

Yao, S.; Yu, X.; Wei, D.; Tang, Y. Effects of hydrogen direct injection on engine stability and optimization of control parameters for
a combined injection engine. Int. J. Hydrogen Energy 2018, 43, 6723-6733.

Yu, X.; Wu, H;; Du, Y.; Yang, T.; Niu, R. Research on cycle-by-cycle variations of an SI engine with hydrogen direct injection under
lean burn conditions. Appl. Therm. Eng. 2016, 109, 569-581. [CrossRef]

Du, Y,; Yu, X,; Wang, J.; Wu, H.; Dong, W.; Gu, J. Research on combustion and emission characteristics of a lean burn gasoline
engine with hydrogen direct-injection. Int. |. Hydrogen Energy 2016, 41, 3240-3248. [CrossRef]

Niu, R.; Yu, X.; Du, Y;; Xie, H.; Wu, H.; Sun, Y. Effect of hydrogen proportion on lean burn performance of a dual fuel SI engine
using hydrogen direct-injection. Fuel 2016, 186, 792-799. [CrossRef]

Yao, S.; Yu, X.; Jiang, L. Effects of direct hydrogen injection on particle number emissions from a lean burn gasoline engine. Int. .
Hydrogen Energy 2016, 41, 18631-18640.

Du, Y,; Yu, X,; Liu, L.; Li, R.; Zuo, X.; Sun, Y. Effect of addition of hydrogen and exhaust gas recirculation on characteristics of
hydrogen gasoline engine. Int. ]. Hydrogen Energy 2017, 42, 8288-8298. [CrossRef]

Salek, F.; Babaie, M.; Hosseini, S.V. Multi-objective optimization of the engine performance and emissions for a hydrogen/gasoline
dual-fuel engine equipped with the port water injection system. Int. |. Hydrogen Energy 2021, 46, 10535-10547. [CrossRef]

Qian, L.; Wan, J.; Qian, Y,; Sun, Y.; Zhuang, Y. Experimental investigation of water injection and spark timing effects on combustion
and emissions of a hybrid hydrogen-gasoline engine. Fuel 2022, 322, 124051. [CrossRef]

Yu, X.; Li, G;; Du, Y.; Guo, Z,; Li, Y. A comparative study on effects of homogeneous or stratified hydrogen on combustion and
emissions of a gasoline/hydrogen SI engine. Int. . Hydrogen Energy 2019, 44, 25974-25984. [CrossRef]

Li, G; Yu, X,; Shi, W.; Yao, C.; Wang, S.; Shen, Q. Effects of split injection proportion and the second injection timings on
combustion and emissions of a dual fuel SI engine with split hydrogen direct injection. Int. |. Hydrogen Energy 2019, 44,
11194-11204. [CrossRef]

Yu, X.; Li, G.; Dong, W.; Sheng, Z.; Guo, Z; Li, Y.; Li, D.; Zhao, Z. Numerical study on effects of hydrogen direct injection on
hydrogen mixture distribution, combustion and emissions of a gasoline/hydrogen SI engine under lean burn condition. Int. J.
Hydrogen Energy 2020, 45, 2341-2350. [CrossRef]

Li, G; Yu, X;; Jin, Z,; Shang, Z.; Li, Y,; Li, D.; Zhao, Z. Study on effects of split injection proportion on hydrogen mixture
distribution, combustion and emissions of a gasoline/hydrogen SI engine with split hydrogen direct injection under lean burn
condition. Fuel 2020, 270, 117488. [CrossRef]

Li, G; Yu, X,; Sun, P; Li, D. Study on the Effect of Second Injection Timing on the Engine Performances of a Gasoline/Hydrogen
SI Engine with Split Hydrogen Direct Injecting. Energies 2020, 13, 5223. [CrossRef]

Pan, S.; Wang, J.; Huang, Z. Effects of hydrogen injection strategy on the hydrogen mixture distribution and combustion of a
gasoline/hydrogen SI engine under lean burn condition. Int. . Hydrogen Energy 2022, 47, 24069-24079. [CrossRef]


http://doi.org/10.1016/j.combustflame.2006.03.003
http://doi.org/10.1016/j.fuel.2021.121358
http://doi.org/10.1016/j.ijhydene.2009.04.058
http://doi.org/10.1016/j.ijhydene.2011.05.119
http://doi.org/10.1016/j.ijhydene.2010.01.003
http://doi.org/10.1016/j.ijhydene.2016.08.038
http://doi.org/10.1016/j.ijhydene.2010.08.002
http://doi.org/10.1016/j.energy.2018.06.112
http://doi.org/10.1021/acs.energyfuels.6b03300
http://doi.org/10.1016/j.ijhydene.2016.02.060
http://doi.org/10.1016/j.applthermaleng.2016.08.077
http://doi.org/10.1016/j.ijhydene.2015.12.025
http://doi.org/10.1016/j.fuel.2016.09.021
http://doi.org/10.1016/j.ijhydene.2017.02.197
http://doi.org/10.1016/j.ijhydene.2020.12.139
http://doi.org/10.1016/j.fuel.2022.124051
http://doi.org/10.1016/j.ijhydene.2019.08.029
http://doi.org/10.1016/j.ijhydene.2019.02.222
http://doi.org/10.1016/j.ijhydene.2019.11.048
http://doi.org/10.1016/j.fuel.2020.117488
http://doi.org/10.3390/en13195223
http://doi.org/10.1016/j.ijhydene.2022.05.197

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Conclusions 
	References

