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� Effect of hydrogen injection on methane combustion was optically studied.

� Hydrogen addition mainly acts as an ignition promoter for methane lean combustion.

� Suitable late injection can improve the natural gas/hydrogen engine's performance.

� Late hydrogen injection is more effective under lean conditions.
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In traffic transportation, the use of low-carbon fuels is the key to being carbon-neutral.

Hydrogen-enhanced natural gas gets more and more attention, but practical engines

fueled with it often suffer from low engine power output. In this study, the inner mech-

anism of hydrogen direct injection on methane combustion was optically studied based on

a dual-fuel supply system. Simultaneous pressure acquisition and high-speed direct

photography were used to analyze engine performance and flame characteristics. The

results show that lean combustion can improve methane engine's thermal efficiency, but is

limited by cyclic variations under high excess air coefficient conditions. Hydrogen addition

mainly acts as an ignition promoter for methane lean combustion, as a result, the lean

combustion limit and thermal efficiency can be improved. As for hydrogen injection

timing, late injection can increase the in-cylinder turbulence intensity but also the in-

homogeneity, so a suitable injection timing is needed for improving the engine's perfor-

mance. Besides, late hydrogen injection is more effective under lean conditions because of

the reduced mixture inhomogeneity. The current study shall give some insights into the

controlling strategies for natural gas/hydrogen engines.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

NG Natural gas

SI Spark-ignition

HCNG Hydrogen-enriched compression natural gas

RPM Revolutions per minute

l Excess air coefficient

CAD Crank angle degree

IVO Intake valve open

IVC Intake valve close

EVO Exhaust valve open

EVC Exhaust valve close

fps Frames per second

HRR Heat release rate

IMEP Indicated mean effective pressure

ITE Indicated thermal efficiency

MBT Spark timing for the maximum IMEP

ITEMBT Maximum ITE at MBT

ST Spark timing

CA05 Crank angle when 5% mass fraction is burned

CA10 Crank angle when 10% mass fraction is burned

CA90 Crank angle when 90% mass fraction is burned

Pmax The maximum pressure

CAPmax Crank angle of Pmax

LBV Laminar burning velocity

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Introduction

With increasing concerns about environmental pollution and

petroleum shortage, many multinational groups have put

forward reports of policies dealing with reducing carbon

footprints and moving towards carbon neutrality [1]. Consid-

ering the carbon-free policies and the huge carbon emissions

from the transportation sector, the use of low-/zero-carbon

fuels is the key to being carbon-neutral [2]. Compared to

traditional fuels such as gasoline, natural gas (NG) has a lower

carbon-to-hydrogen ratio (below 30% than gasoline). Spark-

ignited (SI) engines fueled with natural gas can run at a high

compression ratio or high boosting levels to obtain higher

thermal efficiency thus lowering fuel consumption and car-

bon emission [3]. However, the poor lean-burn performance of

NG results in large cycle-by-cycle variations [4], which need to

be studied further.

Methane is the main ingredient of natural gas, and exten-

sive investigations have been carried out to explore ap-

proaches for improving its lean combustion [5e7]. These

investigations can be generally categorized into four cate-

gories: (1) high compression ratio or high boosting: high

temperature and pressure can help improve methane lean

combustion; (2) in-cylinder flow: tumble inlet ports can help

increase the turbulence intensity thus flame speed; (3) ignition

system: multipoint ignition can help increase the initial area

of flame kernels thus the early stages of combustion can be

improved; (4) dual-fuel system: highly active fuel addition can

help improvemethane lean combustion. For example, Fu et al.

[8] found that high compression ratio can improve the thermal

efficiency of methane lean combustion, and the main reason

is attributed to the reduced ignition delay period; Late high-
Please cite this article as: Chen L et al., Effect of hydrogen direct inj
compression-ratio conditions, International Journal of Hydrogen Ene
pressure direct injection is found effective to increase the

turbulence intensity and thus the flame speed [9,10]; The ad-

vantages of high energy ignition [11] or double-spark ignition

[12] on methane lean combustion are also confirmed recently.

The above studies have clearly revealed the strategies for

improving NG lean combustion in many aspects.

Among the above investigations, the addition of highly

active fuel (heavy hydrocarbons/gasoline or gaseous fuels/

hydrogen) gets the most attention [13e15]. Because of the

zero-carbon emission and the fast flame speed, hydrogen

addition has become a hot research topic, getting more and

more recognition and attraction [16]. Based on a single-

cylinder SI engine, Di Iorio et al. [17] and Catapano et al. [18]

investigated the effects of hydrogen addition on methane

combustion, and the obvious increase in thermal efficiency is

ascribed to the improvement of flame speed. As for combining

hydrogen addition with high compression ratio, Hora [19]

studied the effect of compression ratio on hydrogen-enriched

natural gas (HCNG) engine, and the results show that high

compression ratio can greatly improve HCNG engine perfor-

mance. Recently, Moreno et al. [20] and Reyes et al. [21] found

that there exists a suitable hydrogen fraction for the natural

gas/hydrogen engine, beyond or below which the engine

performance will be degraded. The above studies have clearly

revealed the advantages of improving NG lean combustion by

hydrogen addition. However, the mechanism of methane

flame characteristics with hydrogen addition is not fully un-

derstood, especially under different hydrogen injection timing

and equivalence ratios.

With the above considerations, the objective of the current

work is to clarify the role of hydrogen addition on methane

lean combustion, with addressing hydrogen injection timings.

A strengthened optical engine equipped with dual gas fuel

system was adopted, and flame characteristics were

addressed using high-speed direct photography. This paper is

organized as follows: Experimental apparatus and analysis

approach section describes the experimental apparatus and

analysis approach. Results and discussion section presents a

detailed comparison of methane lean combustion with

addressing the hydrogen injection timing and equivalence

ratios; finally, themain conclusions of the study are presented

in Conclusions section.
Experimental apparatus and analysis approach

Test engine

In the current study, a single optical engine was developed in

the State Key Laboratory of Engines. The engine was modified

from a four-cylinder 2.0T engine, and the original pent-roof

cylinder head, fuel injection system, intake/exhaust system

(valve timing), ignition system were kept the same. Finally, a

cylinder of 88 mm in the bore and 105 mm in stroke was ob-

tained, ensuring a large displacement of 0.64 L. As for the

other equipment, a direct current dynamometer was used for

keeping the engine speed constant at 800 RPM. The excess air

coefficient (l) was measured by a wideband lambda sensor

with a measurement accuracy of ±0.1%. The intake tempera-

ture was chosen for 25 ± 3 �C and atmospheric backpressure
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Fig. 1 e (a) Schematic of the optical measurements, (b) Direct photography result of flame image.

Table 1 e Engine specification.

Engine parameter Value

Bore � stroke 88 � 105 mm

Sweep volume 640 cm3

Connecting rod length 185 mm

Compression ratio 13:1

Engine speed 800 RPM

Direct injection pressure 10 MPa

Intake timing (IVO/IVC) �330/�120 CAD

Exhaust timing (EVO/EVC) 125/340 CAD

Table 2 e Resolution or uncertainties of measured
parameters and calculated values.

Parameters Resolution/uncertainty

Engine speed 0.2%

Crank angle 0.1 CAD

Temperature 3 �C
Excess air coefficient 0.001

Cylinder pressure 1.5%

Blend ratio 0.5%

Flame image 1 pixel (0.12 mm)

Flame area at CA50 <5% (50 cycles)

Table 3e Chemical and physical property ofmethane and
hydrogen.

Fuel category Methane Hydrogen

Formula CH4 H2

H/C ratio 4.0 þ∞
Boiling point (�C) �161.4 �252.77

Lower heating value (MJ/kg) 50 119.64

AI temperature [�C] 600 645

Research octane number >120 130

Stoichiometric air-fuel ratio 17.16 34.32

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3
was used irrespective of the intake pressure. The pressurewas

measured using a flush-installed piezo-electric transducer

(Kistler 6125A), with a resolution of 0.1 crank angle degrees

(CAD). Besides based on the elongated detachable piston

(Fig. 1a), a high compression ratio of 13.0 was chosen for the

current study. Table 1 shows the detailed parameters.

Optical measurements

Based on the elongated Bowditch piston design, an enhanced

45-degree mirror can be installed to change the combustion

flame light path. The optical access to the combustion
Fig. 2 e The definition of binary image and flame area.
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Fig. 3 e Calculated (a) ignition delay and (b) laminar burning velocity.

Table 4 e Thermodynamic data of the two selected cases.

Case MBT
/bTDC

Pmax

/MPa
CAPmax

/CAD
ST-CA5
/CAD

CA10-90
/CAD

l ¼ 1.0 14 CAD 4.90 15.6 13.0 21.5

l ¼ 1.3 22 CAD 4.02 13.4 18.6 29.0

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4
chamber can be found in Fig. 1a, and a high-speed camerawas

used to record the optical information. Although the radius (R)

of the combustion chamber is 44 mm, the radius of the optical

window is 31 mm due to the manufacturing constraints, ac-

counting for 70%-cylinder radius. As shown in Fig. 1b, the

flame image is provided here as an example of direct chem-

iluminescence, without any assistance from laser or external

light source. It can be observed that the image covers the

spark and injector region, and the early flame propagation is

included in the optical window. Considering the temporal and

spatial resolution, the camera frame rate was chosen as 9600

fps (0.5 CAD at 800 RPM) with a resolution of 512 � 512 pixels.

Besides, an optical encoder was used for the synchronization

of various control triggers for pressure and flame image, and

50 consecutive cycles were recorded and stored for each case.

Data analysis

For flame image analysis: macroscopic parameters related to

flame morphology were estimated based on the spherical

flame assumption [22,23]. Firstly, the two-dimensional
Fig. 4 e Indicated thermal efficiency of M100 at different

excess air coefficients.

Please cite this article as: Chen L et al., Effect of hydrogen direct inj
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projected contours of spherical flames were digitized as a

matrix; then, a “binarizingethresholding” technique was

applied for the binarization. Finally, the flame contour was

created and the flame area was measured. The threshold for

the binarization is chosen based on the OSTUmethod [24]. For

lean combustion, the contrast ratio of images was enhanced

in Photoshop for a better direct observation. The details about

the definitions of binary image and flame area are shown in

Fig. 2 (M75H25, l ¼ 1.2, SOI ¼ �240 CAD).

For pressure analysis: First, pressures were averaged and

lightly smoothed based on five-data points weighted

smoothing and 50 consecutive cycles. Second, the heat release

rate (HRR) was calculated based on the first law of
Fig. 5 e In-cylinder pressure traces and heat release rate for

selected cases.
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Fig. 6 e Flame images for M100 under l ¼ 1.0 conditions (original).

Fig. 7 e Flame images for M100 under l ¼ 1.3 conditions.

Fig. 8 e Indicated thermal efficiency of M75H25 at

different excess air coefficients.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
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thermodynamics and a standard single-zonemodel. Then, the

indicated mean effective pressure (IMEP) and the combustion

phasingwere obtained for each case [25]. Finally, the indicated

thermal efficiency (ITE), which means the conversion effi-

ciency of fuel energy to IMEP, was calculated. During the

study, the uncertainties are presented in Table 2.

Fuel property

As shown in Fig. 1a, a dual-fuel supply system including port

and direct injectors was used in this study, and the fuel used
Table 5 e Thermodynamic data of the three selected
cases.

Case MBT
/bTDC

Pmax

/MPa
CAPmax

/CAD
ST-CA5
/CAD

CA10-90
/CAD

l ¼ 1.0 8 CAD 4.38 17.9 9.8 20.3

l ¼ 1.2 10 CAD 4.18 16.6 11.0 22.1

l ¼ 1.4 22 CAD 3.89 10.4 16.6 32.7
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Fig. 9 e In-cylinder pressure traces and heat release rate for

selected cases.

Fig. 10 e Flame images for M75H25 u

Fig. 11 e Flame images for M75H

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
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in the experiment was methane (port injection) and hydrogen

(direct injection). The direct injector is a six-hole injector and

mounted vertically in the center of cylinder head. For a better

homogeneity, a high injection pressure of 10 MPa is chosen.

The fuel properties of methane and hydrogen were shown in

Table 3. Before the study, the author consulted the reference

about HCNG combustion and found that 20e30% by mole is a

suitable hydrogen fraction for the natural gas/hydrogen en-

gine considering both engine efficiency and knock tendency

[20,21]. Thus, a fixed ratio (25% by mole, M75H25) was chosen

in the current study. Based on a zero-dimensional simulation

(Chemkin-Pro 18.0) and GRI 3.0 chemical mechanisms, the

ignition delay time and laminar burning velocity (LBV) of

M75H25 are illustrated in Fig. 3. Hydrogen addition can result

in high chemical reactivity, consequently promoting the

burning rate and flame propagation. It is observed that

hydrogen addition can greatly decrease the ignition delay and

increase the LBV of methane. In the next section, the in-

fluences of hydrogen on methane combustion and cyclic

variation are discussed based on M75H25.
nder l ¼ 1.0 conditions (original).

25 under l ¼ 1.2 conditions.
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Fig. 12 e Flame images for M75H25 under l ¼ 1.4 conditions (PS enhanced).

Fig. 13 e IMEP of M75H25 under four injection timings and

l ¼ 1.0 conditions.

Table 6 e Thermodynamic data of the four selected cases.

SOI Pmax CAPmax ST-CA05 CA10-CA90

�240 CAD 4.82 MPa 15.5 CAD 10.0 CAD 20.8 CAD

�180 CAD 4.97 MPa 15.3 CAD 9.5 CAD 20.0 CAD

�120 CAD 5.13 MPa 14.9 CAD 9.2 CAD 19.6 CAD

�60 CAD 5.59 MPa 12.5 CAD 8.0 CAD 17.2 CAD

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7
Results and discussion

Methane combustion with hydrogen additions

Based on puremethane (M100), SI combustion under different

lean conditions was studied first, and the engine combustion

performance was represented by the indicated thermal effi-

ciency. Fig. 4 shows the ITE versus spark timing at different

excess air coefficients (l) and the maximum ITE (ITEMBT) is

shown at the bottom. It can be observed that lean combustion

can improve engine's thermal efficiency, and the peak ITE is

about 32.5% at ST ¼ �20 CAD under l ¼ 1.2 conditions. How-

ever, there is a trend that ITE decreases with further

increasing excess air coefficient, which is due to the higher

cycle-to-cycle variation under l ¼ 1.3 conditions [26]. More to

the point, under l ¼ 1.4 conditions, the lean-burn perfor-

mance ofmethane is too poor, so stable combustion cannot be

achieved.

For a complete understanding of the combustion charac-

teristic under stoichiometric and lean conditions, two cases

(l¼ 1.0 and 1.3) were selected and the related thermodynamic

details are listed in Table 4. Fig. 5 shows the in-cylinder

pressure traces and the corresponding heat release rates.

Since the MBT is chosen, it can be observed that both the

combustions are around the optimum combustion phase. The

peak pressure of l ¼ 1.0 is 4.90 MPa at 15.6 CAD and that of

l ¼ 1.3 is 4.02 MPa at 13.4 CAD. Under lean conditions, the

initial flame formation (ST-CA05) but also the fast turbulent

flame propagation (CA10-90) are longer, which is the main

reason for the combustion cycle-to-cycle variations [22].

From pressure signal analysis it was not possible to obtain

further details about the evolution of the combustion phe-

nomena that occurred in the combustion chamber, Figs. 6 and

7 show the corresponding flame images. The cycles of the

flame images are chosen according to the average pressure

(Fig. 5). As shown in the picture, the starting image is chosen

as the spark timing and the flame front was initiated in the

spark plug region. Then, the flame front expanded around

until reaching the optical limit. For stoichiometric combustion

(Fig. 6), the original flame is bright and blue, which is due to
Please cite this article as: Chen L et al., Effect of hydrogen direct inj
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CH* under high-temperature combustion conditions. For lean

combustion (Fig. 7), the flame is not bright enough in the early

stage. After 3 CAD, the original flame is yellow, which is due to

C* under low-temperature combustion conditions. Besides,

the combustion ratio is obviously lower under lean conditions.

As discussed above, lean combustion can improve

methane engine's thermal efficiency. However, there exists a

lean limit and the combustion even becomes unstable at a

high excess air coefficient (l ¼ 1.4), which is due to the poor

combustion performance under lean conditions. In this sec-

tion, the effect of hydrogen addition on methane lean com-

bustion was explored and the injection timing is fixed at �240

CAD for a homogeneous mixture. Fig. 8 shows the indicated

thermal efficiency of M75H25 versus spark timing at different
ection on natural gas/hydrogen engine performance under high
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Fig. 14 e In-cylinder pressure traces and heat release rate

for selected cases.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x8
excess air coefficients. Similar to M100, lean combustion can

also improve the thermal efficiency of M75H25. The trend (ITE

increases first and then decreases with excess air coefficient)

is also the same as that of M100, however, the difference is

little under different excess air coefficient conditions when

comparing the ITEMBT. When comparing M75H25 to M100,

hydrogen addition can greatly improve the indicated thermal

efficiency and the peak ITE is about 34.3% at ST ¼ �12 CAD

under l ¼ 1.3 conditions. Besides, the turning point of M75H25

locates at l ¼ 1.3, and stable combustion is achieved under

l ¼ 1.4 conditions. This phenomenon means hydrogen addi-

tion not only improves thermal efficiency of methane com-

bustion, but also the combustion stability.

Three cases (l ¼ 1.0, 1.2 and 1.4) were selected and the

related thermodynamic details are listed in Table 5. Fig. 9

shows the effect of excess air coefficient (l) on pressure and
Fig. 15 e Flame images under four injection t

Please cite this article as: Chen L et al., Effect of hydrogen direct inj
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corresponding heat release rate, and the spark timing is cho-

sen as MBT. It can be seen that excess air coefficient has a

great influence on M75H25 combustion phase under the cur-

rent condition. With the increase of excess air coefficient, the

MBT is significantly advanced. While comparing the cases to

M100, different combustion behaviors were noted. For l ¼ 1.0,

the initial flame formation (ST-CA05) of M75H25 is about 9.8

CAD and that of M100 is 13.0, besides, the flame propagation

(CA10-90) is also shorter. Under lean conditions, the ST-CA05

of M75H25 at l ¼ 1.4 is shorter than that of M100 at l ¼ 1.3

(16.6 < 18.6), the CA10-90 of M75H25 at l ¼ 1.4 is longer than

that of M100 at l ¼ 1.3 (32.7 > 29.0). This phenomenon means

that hydrogen addition mainly acts as an ignition promoter

for methane lean combustion.

Figs. 10e12 show the corresponding flame images of the

selected cases of M75H25. The three cycles (the flame images)

are chosen according to the average pressure (Fig. 9). As

shown in the picture, the starting image is chosen as the spark

timing and the flame front was initiated in the spark plug

region. Then, the spark-induced flame propagates to the sur-

rounding with a stretched and wrinkled front. For stoichio-

metric combustion (Fig. 10), the flame is bluer and brighter,

and almost fully occupies the cylinder with a duration of 21

CAD. For lean combustion of l ¼ 1.2 (Fig. 11), the flame is not

bright enough in the early stage, and the duration of flame

propagation is about 27 CAD. When further increasing the

excess air coefficient (l ¼ 1.4 in Fig. 12), the flame of the whole

stage is not bright enough, and the whole duration is also the

longest (40 CAD).

Stoichiometric combustion of M75H25 at different injecting
timings

Thanks to the dual-fuel supply system, the effect of hydrogen

injection timings on methane combustion is discussed in this

section. As discussed in Methane combustion with hydrogen
imings and l ¼ 1.0 conditions (original).

ection on natural gas/hydrogen engine performance under high
rgy, https://doi.org/10.1016/j.ijhydene.2022.07.176

https://doi.org/10.1016/j.ijhydene.2022.07.176


Table 7 e Thermodynamic data of selected cycles.

SOI Pmax CAPmax ST-CA05 CA10-CA90

�240 CAD 4.18 MPa 16.6 CAD 11.0 CAD 22.1 CAD

�180 CAD 4.32 MPa 16.5 CAD 10.6 CAD 21.6 CAD

�120 CAD 4.42 MPa 16.0 CAD 10.4 CAD 21.0 CAD

�60 CAD 4.92 MPa 13.9 CAD 8.9 CAD 18.2 CAD

Fig. 16 e Flame areas under four injection timings and

l ¼ 1.0 conditions.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9
additions section, the flame is not bright enough to be

observed under l ¼ 1.3 and 1.4 conditions, so the study of

injection timing is based on l ¼ 1.0 (stoichiometric condition)

and l ¼ 1.2 (lean condition). Based on the stoichiometric

condition, Fig. 13 shows the IMEP versus spark timing at

different injection timing and the engine performance was

represented by the IMEP. It can be observed that late hydrogen

injection can improve M75H25 engine performance. The peak

IMEP (6.68 bar) is obtained at SOI ¼ �120 CAD and ST ¼ �8

CAD, and the increment is 3.80%. Usually, late injection can

increase the turbulence intensity (flame speed) inside the

cylinder, as a result, the engine performance can be improved

[27]. However, there is a trend that IMEP decreases with

further delayed injection timing. For SOI ¼ �60 CAD, the en-

gine performance is lowered, located between the cases of

SOI ¼ �240 CAD and SOI ¼ �180 CAD. The possible reason is

that the mixture (hydrogen) of SOI ¼ �120 CAD is inhomoge-

neous and the thermal efficiency is decreased. This phe-

nomenon means that there exists a compromise for

turbulence intensity and inhomogeneity if late injection is

adopted.
Fig. 17 e (a) IMEP (b) In-cylinder pressure traces and heat releas

Please cite this article as: Chen L et al., Effect of hydrogen direct inj
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For a complete understanding of the combustion charac-

teristic under different injection timing conditions, four cases

were selected and the related thermodynamic details are lis-

ted in Table 6. Fig. 14 shows the in-cylinder pressure and the

corresponding HRR at different injection timings, and the

spark timing is chosen as�10 CAD. As shown in Fig. 14, the in-

cylinder pressure is significantly affected by the injection

timing. At the earliest injection timing of �240 CAD, there is a

relatively gentle slope in the pressure graph and the peak

pressure is about 4.82 MPa at 15.5 CAD. As the injection timing

is retarded (from�240 CAD to�120 CAD), the combustion rate

is a little increased. For SOI¼ �60 CAD, the pressure increases

steeply and reaches the maximum of 5.59 MPa at 12.5 CAD. As

for HRR, the fastest combustion is observed at the latest in-

jection timing of �60 CAD, manifesting a fast initial flame

formation (ST-CA05) and turbulent flame propagation (CA10-

90).

Based on the average pressure, Fig. 15 shows the original

flame images of the four chosen cycles. For SOI¼�240 CAD, as

shown in the upper of Fig. 15, there is a spark-induced light

when the spark ignition happened. After the spark, the flame

front propagates to the surrounding and the behavior is nearly

the same as that in Fig. 10. When the SOI is delayed, the flame

area is increased (as shown by the red circle), which means a

higher flame speed. The fastest flame speed is observed under

SOI ¼ �60 CAD conditions. Usually, the propagation direction

is nearly the same (upper left, high temperature), and the re-

gion of unburned mixture locates at the bottom right corner

(�240 CAD). However, the flame front propagation is changed

with the injection timing, manifesting by the different loca-

tions of the unburned mixture. The main reason is the

different turbulence flow induced by different injection tim-

ings. Fig. 16 shows amore intuitive display of the flame area. It
e rate under four injection timings and l ¼ 1.2 conditions.
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Fig. 19 e Flame area under four injection timings and

l ¼ 1.2 conditions.

Fig. 18 e Flame images under four injection timings and l ¼ 1.2 conditions (PS enhanced).
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can be observed that late injection can greatly promote flame

propagation, especially for �60 CAD case. Through the whole

combustion phase, the flame area of�60 CAD is nearly 2 times

that of �240 CAD, which is consistent with the trend of the

combustion phase in Table 6.

Lean combustion of M75H25 at different injecting timings

Based on lean condition (l ¼ 1.2), Fig. 17a shows the IMEP

versus spark timing at different injection timing. Similar to

the stoichiometric condition, late hydrogen injection can also

improve M75H25 lean combustion. The peak IMEP (5.86 bar) is

obtained at SOI ¼ �120 CAD and ST ¼ �10 CAD, with an

increment of 7.74%. Besides, IMEP also decreases with further

delayed injection timing. However, the improvement is higher

than that of Fig. 13, and the IMEP of SOI ¼ �60 CAD locates

between the cases of SOI ¼ �120 CAD and SOI ¼ �180 CAD.

The difference may due to that the inhomogeneity is reduced

under lean conditions (less mass of hydrogen). Fig. 17b shows

the in-cylinder pressure and the corresponding HRR of

ST¼�10 CAD, the related thermodynamic details are listed in

Table 7. As shown in Fig. 17b, the trend of in-cylinder pressure

is also similar to that of stoichiometric condition, the com-

bustion phase is advanced with the delay of the injection

timing, and the fastest combustion is also observed at the

latest injection timing of �60 CAD.

Fig. 18 shows the flame images (PS enhanced image, except

for spark) of the four chosen cycles under lean conditions. It is

observed that the brightness of the four spark lights is nearly

the same under the current condition. After the spark, the

spark-induced flame propagates to the surrounding with a

stretched and wrinkled front. When the SOI is delayed, the

flame area is increased (as shown by the red circle), which

means a higher flame speed. Besides for SOI ¼ �60 CAD, the

flame almost fully occupies the cylinder at 10 CAD with a

duration of 20 CAD, and the flame is also bright with white
Please cite this article as: Chen L et al., Effect of hydrogen direct inj
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light. Fig. 19 shows a more intuitive display of the flame area

under the current lean conditions. It can be observed that late

hydrogen injection can greatly promote methane lean com-

bustion. In the early stages of methane combustion (from

spark to �5 CAD), the initial flame area is nearly the same

from�240 CAD to �60 CAD. However, the subsequent upward

trend is much bigger when the injection timing is �60 CAD,

which is consistent with the data in Table 7.
Conclusions

To experimentally clarify the effect of hydrogen addition and

direct injection timing on methane lean combustion, an op-

tical engine equipped with a dual-fuel supply system was
ection on natural gas/hydrogen engine performance under high
rgy, https://doi.org/10.1016/j.ijhydene.2022.07.176
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adopted. The blended ratio of hydrogenwas chosen as 25% (by

mole) and the injection timing was varied from �240 CAD to

�60 CAD. Flame propagation (especially the early flame) was

addressed using high-speed direct photography, and simul-

taneous pressure acquisition was also applied for analyzing

engine performance. The following conclusions can be drawn.

1. Lean combustion can improve the methane engine's ther-

mal efficiency; however, thermal efficiency will decrease if

the excess air coefficient is too high (�1.3). Besides, the

flame of methane stoichiometric combustion is blue (CH*),

while the flame of methane lean combustion is yellow (C*).

2. Hydrogen addition mainly acts as an ignition promoter for

methane lean combustion, as a result, the poor lean-burn

performance of methane can be greatly improved. 25%

hydrogen addition can increase the thermal efficiency of

methane combustion, but also can extend the lean com-

bustion limit.

3. Late hydrogen injection can increase the in-cylinder tur-

bulence intensity but also the mixture inhomogeneity,

there exists a compromise if a late injection is adopted. So,

a suitable hydrogen injection timing is needed for

improving the methane/hydrogen engine's performance.

4. For improving methane/hydrogen engine's performance,

late hydrogen injection is more effective under lean con-

ditions. The main reason is that the mixture in-

homogeneity is reduced under lean conditions.

In summary, this work optically evaluated the effect of

hydrogen injection timing on methane combustion under

different equivalence ratio conditions. It can give some in-

sights into the controlling strategies when natural gas/

hydrogen engines operate in dual-injection mode. Future

work will focus on examining the knocking characteristic

under high boosting conditions.
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