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Abstract: Natural gas (NG) direct injection (DI) technology benefits the engine with high efficiency
and clean emissions, and the high-pressure gas fuel injection process causes crucial effects on the
combustion. This study presents an optical experimental investigation on the high-pressure methane
single-hole direct injection and premixed ignition combustion based on a visualization cuboid
constant volume bomb (CVB) test rig. The experimental results show that the methane jet process is
divided into two stages. The methane gas jet travels at a faster speed during the unstable stage I than
that during the stable stage II. The injection pressure causes more influence on both the jet penetration
distance and the jet cone area during stage II. The methane jet premixed flame is a stable flame with a
nearly spherical shape, and its equivalent radius linearly increases. The methane jet premixed flame
area also increases while the flame stretch rate declines. The methane jet premixed flame velocity
rises as both the standing time and equivalent ratio increase. The methane jet premixed flame is a
partial premixed flame, and the peak of the methane jet premixed flame occurs at greater equivalence
ratio ¢, i.e., ¢ > 2. As the injection pressure rises, the jet premixed flame equivalent radius increases,
and the flame velocity linearly increases. The higher the methane injection pressure, the faster the jet
premixed flame velocity.

Keywords: direct injection; methane; gas jet; premixed ignition; constant volume bomb (CVB)

1. Introduction

Natural gas (NG) is a low-carbon fuel, and is widely used in the practical industry
such as power plants, and vehicle and marine engines to produce less harmful emissions
(Koyun et al., 2012) [1]; (Samokhvalov et al., 2018) [2]. For modern NG engines, the gas-fuel
direction injection (DI) technique benefits the engines with high thermal efficiency and
less emission pollutants (Li et al., 2019) [3], and now the direct injection compression
ignition (DICI) engines have been a prospective research and development focus since
they have high efficiency while producing less emissions (Gogolev and Wallace, 2018) [4].
Sevik et al. (2016) conducted experiments of a single-cylinder engine to compare the direct
injection and port-fuel injection of natural gas, and their results showed that the direct
injection of natural gas allows for up to a 10% improvement in full-load power density [5].
Ouellette et al. (2016) described that the high-pressure DI natural gas engines may meet
Euro VI emissions regulations. For a natural gas direct injection engine, the natural gas jets
directly into the cylinder once a cycle, which means that this gas fuel injection is a pulsed
injection [6]. Furthermore, this natural gas direct injection occurs in a very short time of
only 2-3 milliseconds. As a result, the natural gas must mix well with the background air
inside the cylinder in a limited time just before combustion. Li et al. (2019) built a 3D model
coupled with a dual-fuel chemical kinetic mechanism to investigate the direct injection
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natural gas engine emission performance, and they reported that soot and CO emissions
could be substantially reduced without penalties in NOx and thermal efficiency by the
optimization of natural gas injection timing and proportion [7]. Therefore, the natural
gas injection characteristics are important for the engine, and it is crucial to control the
pulsed natural gas injection so that the combustible air-fuel mixture is ready for good
combustion quality.

For the natural gas direct injection engines, the natural gas injection happens at the end
of the compression stroke when the cylinder pressure becomes high enough for ignition.
This extremely high backpressure for the direct injection results in the demand for the high
injection pressure. Huang et al. (2003) investigated the natural gas direction combustion
process based on a rapid compression machine, and they reported that the direct injection
high-speed fuel jet leads to faster flame propagation [8]. McTaggart et al. (2015) researched
the natural gas DI engine using both experimental and numerical methods, and revealed
that as the gas injection pressure rises up to 60 MPa, both the engine efficiency and the
power rise [9]. Therefore, to gain better engine performance, the natural gas injection
pressure needs to be raised for the natural gas DI technique. Shuja and Yilbas (2010)
reported that the injector nozzle causes great influence on the gas jet impingement [10].
Correspondingly, the higher gas injection pressure may cause great consequences on the
gas fuel injection and the mixing process, which is necessary to be revealed.

To investigate the gas fuel injection performance, generally researchers used optical
test devices to observe the gas jet process. Dong et al. (2017, 2018) observed the macroscopic
structure of under-expanded natural gas jets by using the schlieren imaging technique, and
they found that oblique shocks occur, and the jet tip penetration could not be obviously
improved by increasing the gas injection pressure [11,12]. Sankesh et al. (2018) captured
the growth of the transient jet flow of natural gas from an outward-opening conical nozzle
direct injector by high-speed schlieren method, and they proposed a new method to
calculate combined penetration for radially spreading gas jets [13]. Ishibashi and Tsuru
(2017) adopted a shadowgraphy system to optically observe a natural gas jet and dual-fuel
combustion progress in a rapid compression and expansion machine (RCEM), and their
results show that the natural gas injection parameters such as the injection time delay and
the injection angle cause great influence on jet entrainment [14].

The above literature focus on the high-pressure gas fuel jet progress and show that the
high gas injection pressure may cause influence on both the macro and micro characteristics.
Selimefendigil and Oztop (2013; 2014; 2019) performed a series of research on pulse
jet, and they carried out a numerical study of pulsating rectangular jet impingent to
investigate the effects of parameters on the fluid flow and heat transfer characteristics.
They reported that the pulsation frequency of the jet has caused influences on heat transfer
enhancement [15-17]. Therefore, when natural gas is adopted as fuel, its jet process and
characteristic affect the combustion.

Moreover, there is much fundamental research on natural gas combustion based on the
optical test rig. Sweeney et al. (2012) used two-component particle image velocimetry (PIV)
to measure the non-swirling flame in a turbulent methane/air stratified swirl burner [18].
Wang et al. (2008) conducted a visualization experiment on the combustion characteristics
of a natural gas/hydrogen mixture injected into a constant volume vessel [19]. Huang
et al. (2013) studied natural gas direct injection combustion on a constant volume vessel
by schlieren photography, and they found that natural gas injection mode causes great
influence on flame propagation [20]. Hu et al. (2019) studied the injected natural gas
flame based on a constant volume vessel, and they found that the injection combustion is
random [21]. However, the interaction between the gas jet and its flame is not clear yet.

The above literature focused on the natural gas (methane) combustion performance
research. The methane gas premixed flame propagation mechanism has been researched,
but most research only explains the even mixed methane—-air laminar flame. However, for
a practical NG DI engine, the jet process of high-pressure NG into the combustion chamber
is dynamic. On the one hand, the NG jet penetrates forward, and on the other hand it
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should suck the air into the jet to form the mixture as soon as possible. Actually, for a high
rotation speed DI engine, the time between the NG injection time and the ignition time is
so short that it is not easy for the gas jet to form an even air—fuel mixture. The ideal even
premixed flame mechanism is not suitable for this high-pressure DI gas jet flame.

Considering the practical application of the high-pressure NG (methane) direct injec-
tion, it is necessary for the gas fuel jet to be ignited and propagate stably. Moreover, NG
fuel jet is not easy to be ignited by spark plug, and it is ignited by a pilot flame. Thus, the
interaction between the high-pressure methane jet and the pilot flame is critical, and we are
planning to investigate the interaction mechanism between the gas jet and the flame based
on both experiment and numerical simulation in future. The fundamental research of the
combustion flame of the high-pressure gas jet is quite insufficient. Thus, it is essential to
understand thoroughly the complex high-pressure natural gas jet flow characteristic and
its combustion.

This work conducted an optical experimental investigation on the high-pressure
methane jet from a single-hole injector, and then its ignition flame propagation perfor-
mance. The high-pressure methane jet and its flame were visually tested by adopting the
schlieren method based on an optical constant volume bomb (CVB) test rig. A digital
high-speed camera recorded the methane jet and combustion progress under conditions of
different pressures.

2. Experimental Setup

In this work, we first built a constant volume bomb (CVB) test rig with visualization
windows to investigate the methane gas jet progress and the premixed ignition performance.

2.1. Test of Methane Gas Jet Penetration

The methane gas jet experiments were completed on a CVB test rig, as shown in
Figure 1. The CVB system, made of steel, is a cuboid with an inner cylindrical bore with a
total volume of 13.4 L. The size of the cube CVB was length x width x height = 330 mm
x 300 mm x 300 mm. A high-pressure single-hole injector with a diameter of 0.3 mm
was located on the top center of the CVB. During the experiments, the CVB cylinder was
first filled with air of back pressure p}, from a gas tank, and the methane gas jet test began
after 5 min standing of the total CVB test rig. A serial of optical test devices including a
schlieren system and a high-speed camera were used to observe the gas injection process.
The gas injection timing was triggered by an electronical control unit (ECU) developed
by authors, and set to be synchronous with the camera. The methane injection pressure
Pinjection Was adjusted in range of 0.1 MPa-30 MPa, while the back pressure py, controlled
range of 0.1-5 MPa.

The test apparatus for the CVB test rig is illustrated in detail in our previous published
literature (Lei et al., 2019) [22]. For each kind of experiment, the gas jet is tested under
varied operation conditions. Table 1 gives the specification of the gas jet test.

Table 1. Specifications.

Name Specification
Type Single-hole nozzle
Injector Open mode Solenoid valve electronically control
Diameter 0.3 mm
Type Methane, chemical formula: CHy
Test gas Purity 99.999%
Impurity content Hy <1ppm; N; <1ppm; O, <1ppm; HyO <1ppm; C;Hg <1
Type air
Envi Injection pressure 5MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa
nvironment gas
Back pressure 1 MPa

Temperature 298 K
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Methane tank Booster pump

Figure 1. CVB test rig.

2.2. Test of Methane Gas Jet Premixed Ignition

For the ignition test, there were two electric electrodes producing sparks to ignite
the mixture of methane gas and air. During the methane jet ignition experiments, at the
beginning the CVB was provided with air at atmosphere, and an electric heater was used
to heat the background air and maintain the gas temperature inside the CVB at 300 °C.
Then, fuel was injected into the CVB chamber through high-pressure injector. After short
standing time for the mixing of methane and background air in the CVB, the spark was
generated by the electrodes to ignite the premixed methane-and-air mixture. For more
detail of the ignition system of CVB test rig please see the authors’ published literature
(Lei et al., 2021) [23].

To control the injector, the ignition system, the camera, the data acquisition system
and the electric heater, we developed an electronically controlled system, and compiled
the control driving program using Matlab software. This CVB electronically controlled
system can adjust the gas injection pulse, the ignition pulse and synchronically trigger
the camera and the spark ignition. Figure 2 gives the details of the methane jet premixed
ignition experimental control sequence. The methane gas jets into the chamber with an
injection pulse tjet. Generally, there are multiple injections during the premixed process,
and there are time gaps among these injections, named as fgap. The total time of all these
injections is the premixed jet time, i.e., fpremix- After the premixed jet, there is short standing
time fgtanding. Finally, the ignition system works and delivers spark for ignition with a
pulse tignition- Together with the spark ignition, the camera was synchronously triggered
to record the images. During the jet ignition experiments, all the control parameters were
arranged by the control system.

2.3. Images Post Process and Parameter Definition

The images of gas jet and premixed ignition were post processed, and for more details
please see the published literature (Lei et al., 2019) [22]. Figure 3 gives examples of the
optical experimental images and the post processed ones. Based on the post processed
images, the macro parameters of the methane jet and premixed ignition were defined. The
methane gas jet tip penetration S is defined as the maximum vertical distance of the gas jet
flow cover contour to the nozzle outlet, and the jet cone cover area is the total area of the gas
jet cone. For the jet premixed ignition flame, the center of two electrodes is set as the zero
point O. The vertical methane jet is along y direction, and the horizontal direction is x. The
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optical results show that the methane jet premixed ignition flame has had a near-spherical
shape, i.e., the red rough circle. Based on this post processed data, both the circumference
and the area of the rough circle were deduced. Thus, this rough circle in the images has an
equivalent radius ry, which is derived based on the circumference and the area.

camera trigger

premixed jet
lgap teap :
DN el lignition
_ °e [standing
Liet
- t
| {premix . L
: Lignition
Figure 2. Control sequence of premixed ignition test.
original image image outline identification
tip
penetration
methane jet i

penetration

methane jet
premixed ignition

Figure 3. Optical image and post process image.
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Therefore, the jet premixed flame velocity #premix is defined as follows (Miao et al.,
2009) [24].
dr
Upremix = 7: (1)
Here, 1, is the radius of the methane jet premixed flame.
Flame stretch rate « is given by Equation (2) (Miao et al., 2009) [24].

d(lnA)  1dA
dt A dt

@

Here, A is the area of the methane jet premixed flame.

Markstein length L, of flame is an important parameter to represent the flame stability.
The Markstein length can be derived by drawing the upremix-a curve, and it is exactly the
slope of the curve.

In addition, for this methane jet premixed ignition experiment, the methane jets into
the combustion chamber with a pressure of pinjection- The methane jet pressure has relation
with the equivalence ratio ¢ of the methane-and-air mixture, as shown in Equation (3) (Lei
et al.,, 2021) [23].

_ AF, stoic Rair p _ AF, stoicRair 1

Rcus po—vp R poV 9
Pinjection Anozzlefinjection vV kcraRera T

where AFg,;c is the stoichiometric air—fuel ratio; Rcpa and R, are the gas constants of
methane and air, respectively; and py is the atmospheric pressure.

¢ ®)

2.4. Uncertainty Analysis of the Optical Experiment

Based on these optical images, both the methane jet penetration and the jet premixed
ignition development processes were analyzed. Furthermore, both the methane jet tip pen-
etration and the jet premixed ignition flame equivalent radius are the practical tested data
and the basis of further analysis on other parameters. Furthermore, the jet and combustion
experiments were repeated three times for each test condition. The standard deviation
method was used for the resulting three sets of test data to complete the uncertainty
analysis of the jet and premixed flame propagation characteristics.

The average of the optical test data X is defined as

n
Y X

X=— (4)

where 7 is the number of the measurements, X; is the measurement result, and here Xi
respectively represents the methane jet tip penetration S and the methane jet premixed
ignition flame equivalent radius ry.

The standard deviation SD is defined as follows:

©)

3. Results and Discussion

Figure 4 gives the experimental results of pinjection = 10 MPa and pp, = 1 MPa. Once the
methane gas comes from the nozzle, it travels directly from the CVB top to the bottom. The
front of the methane gas jet continues expanding while the tail end is gradually fuzzy. The
gas jet has a shape of cone.
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time=0.05ms

time=0.5ms time=1.0ms time=2.0ms time=3.0 ms

time=4.0 ms

time=5.0ms time=6.0ms time=7.0ms time=8.0 ms

Figure 4. Methane gas jet process.

Figure 5 presents methane gas jet penetration characteristics under condition of
Pinjection = 10 MPa, p, = 1 MPa. Here, the gas jet tip penetration is acquired based on
the optical images, while the methane gas jet penetration velocity is the derivative of
the jet tip penetration. It shows that the jet penetration velocity curves may be divided
into two stages with a turning point tyming (here nearly tiyrming = 1.8 ms). The results
reveal that the gas jet penetration has a two-stage feature. The methane gas jet travels at a
faster speed during the unstable stage I than that during stable stage IL. In addition, the
injection pressure causes influences on the methane gas jet penetration distance. Figure 5b
gives the average gas jet penetration velocity, and it shows that the gas jet penetration
velocity tends to increase as the injection pressure increases. In addition, the velocity curve
clearly illustrates the gas jet two-stage characteristic as even the injection pressure changes.
Figure 5a,c shows the methane gas jet tip penetration and the jet cone area, respectively,
and the results reveal that both increase against the time. Figure 5a shows that the jet
penetration curves for varied injection pressure tend to coincide with each other at the very
beginning of jet (<0.5 ms), and they separate during the main jet process. Similarly, the jet
cone area curves for different injection pressure also have this overlap behavior at the very
beginning. For the high-pressure methane jet, the gas flow velocity at the injector nozzle
outlet reaches its local sonic speed (Dong et al., 2017; Lei et al., 2019). Thus, for this test, the
methane jet velocity at the nozzle outlet is the same, i.e., the local sonic speed, even the
injection pressure varies. The methane jet initial energy, i.e., the jet kinetic energy 1mv?
at the nozzle outlet depends on both the methane jet mass m and its jet velocity v. The
gas jet mass m is relatively much smaller than the gas jet velocity v. Moreover, the kinetic
energy is property of the first order of the jet mass but the square of velocity. Thus, the
velocity causes dominant effect on the jet kinetic energy. As a result, the methane jet energy
almost maintains stability for different high injection pressure, which results in the similar
jet penetration and jet cone area, as the injection time is smaller than 0.5 ms. Once the jet
moves forward and gets farther and farther from the nozzle outlet, the environmental air
causes resistance on the methane jet so that the jet slows down and can no longer maintain
the sonic speed. In addition, both the jet penetration and jet cone are curves that tend to
increase as the injection pressure rises, which reveals that the injection pressure causes
influence on the methane jet performance.
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Figure 5. Two-stage feature of methane jet.

To illustrate the effect of the injection pressure on the methane jet, Figure 6 gives the
relation of the methane gas jet performance against the injection pressure. It shows that the
methane gas jet characteristic parameters have different changing rate for these two stages
of the methane jet. Figure 6a is the methane jet penetration speed, and it slightly increases
as the injection pressure rises. Moreover, the injection pressure causes great effects on
jet tip penetration and jet cone area for different stages, as shown in Figure 6b,c. During
stage I (time = 0.5 ms, 1 ms), as the injection pressure increases, both the jet penetration
distance and the jet cone area remain stable. During stage II (time = 2 ms, 3 ms, 4 ms),
both the jet penetration distance and the jet cone area linearly increase with the increase in
the injection pressure. In addition, the rising rate is greater for higher injection pressure.
Furthermore, the rising injection pressure also influences the deviation of methane jet
penetration. Figure 6d presents the standard deviation of the methane jet penetration
under conditions of different injection pressure. The standard deviations are distributed
in the shadow area of the figure, and they have a descending tendency as the injection
pressure rises. As the injection pressure increases, the methane density at the nozzle jet
rises correspondingly, thus the methane jet energy increases, which may result in more
stable jet to reduce the measure deviation of the optical test.
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Figure 6. Effect of injection pressure on gas jet spray penetration distance.

Figure 7 gives the original optical images of the methane jet premixed ignition
flame propagation process under condition of methane jet pressure = 12 MPa and back
pressure = 0.1 MPa. The injector nozzle locates at the top of the CVB combustion cham-
ber. The images of the methane jet premixed flame show that after the spark occurs
(time = 0 ms), an approximately spherical flame appears, and it propagates outwards. Dur-
ing the early propagation process, the flame maintains a shape of nearly a ball. However,
the flame shape becomes stretched as it reaches close to the CVB chamber wall. This
out-of-ball distortion of the premixed flame is caused by the reflection of the wall once the
flame front moves close to the wall. As the ball-shaped flame penetrates outwards, the
flame compresses the environment air, and it may induce waves. Once the penetration
wave meets the solid wall, a reflection wave occurs and returns, resulting in a stretching
effect on the premixed flame, which induces the flame distortion.
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Figure 7. Images of methane premixed ignited flame.

Figure 8 shows the results of the methane jet premixed flame propagation characteris-
tic. Figure 8a shows that the flame penetration distance, i.e., the equivalent radius r, linearly
increases, and the flame area also increases. Figure 8b is the jet premixed flame velocity
which is the derivation of the penetration distance and the flame stretch rate. It reveals
that the methane jet premixed flame penetrates at an average velocity tpremix = 5.0875 m/s.
The flame stretch rate is higher than 4000 at the beginning and sharply declines to 500. It
is worth noting that the shape of the flame begins to deform after time = 4.0 s in Figure 7.
Once the out-of-ball distortion of the premixed flame occurs, the laminar flame cannot
maintain stability. Thus, to deduce Markstein length L; based on the relationship between
the jet premixed flame velocity and the flame stretch rate, the data of time < 4.0 marked by
red is adopted in Figure 8c. There is a linear fit between the jet premixed flame velocity
and the flame stretch rate, and this slope of this linear fitting is Markstein length L, here
Ly, = —0.0005. Markstein length reflects the stability of the premixed flame. Positive value
of Markstein length L;, indicates that the flame speed decreases with the increase of flame
stretch rate, but negative value means that the flame speed increases with the increase
of flame stretch rate (Bradley et al., 1996) [25]. Since L, < 0, the methane jet premixed
flame is an unstable flame. If any kind of protuberances appear at the flame front, the
flame speed at flame protruding positions will be increased, and therefore the instability of
flame increases.
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Figure 8. Methane jet premixed flame propagation characteristic.

For the methane jet premixed ignition test, before ignition there is standing time for
the premix of the methane and air. Figure 9 gives the results of the methane jet premixed
ignition test under condition of varied standing time. All the methane jet premixed ignition
flame propagation distance curves rise with the increase in time. For different varied
standing time, at first the flame velocity increases with the increase in the standing time,
then it tends to be constant, almost equal to the average flame speed of 4.13 m/s. For this
jet premixed flame, too short of time is not good for the mixing process of the gas fuel and
background air. Therefore, in this work the standing time is set to 4 s.
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Figure 9. Effect of standing time on methane jet premixed ignition flame.

Figure 10 presents the effect of the equivalence ratio on the methane jet premixed igni-
tion flame under condition of methane jet pressure = 10 MPa and back pressure = 0.1 MPa.
Figure 10a gives the flame propagation distance, and it shows that all these curves linearly
rise. Based on the ball shape of the flame and the linear feature of the flame propagation
distance, it reveals that this high-pressure methane jet premixed flame can be considered
as a laminal combustion.
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Figure 10. Cont.
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Figure 10. Effect of equivalence ratio on methane jet premixed ignition flame.

Figure 10b gives the comparison between the methane jet premixed flame and other
spherical methane flames (Bradley et al., 1996) [25], (Hu et al., 2019) [21]. It shows that
the methane jet premixed flame has greater propagation velocity than those spherical
methane flames. This is because the high-pressure methane jet has short mixing time
before ignition, but other data are the combustion results of the well-blended methane-
air flames. In addition, all the curves demonstrate that the equivalence ratio has great
influence on the flame propagation velocity. As the equivalence ratio ¢ increases, all the
flame propagation velocity curves first go up and then tend to decrease. There is a peak of
all these flame propagation velocity curves. As for the spherical methane flame of both
Bradley and Hu data, the peak almost locates at ¢ = 1. However, this flame propagation
velocity peak moves to greater equivalence ratio ¢, as for the methane jet premixed flame
in this CVB test, which reveals that the peak flame velocity occurs nearly at ¢ = 2 for this
case. As the equivalence ratio ¢ increases, i.e., the methane-and-air mixture in the CVB
becomes richer, the high-speed methane jet sucks the environmental air into the jet to form
the combustible methane—air mixture while the jet continues to propagate. In addition,
the even methane—air mixture for spherical laminar flame needs enough time to form.
However, the methane jet only experiences short standing time before ignition. Therefore,
this methane jet premixed flame is actually a partial premixed flame.

The methane jet pressure also causes influences on the jet premixed flame, as shown
in Figure 11. All the flame equivalent radius curves linearly rise against the jet time, and
the expression formal of each fitting line is present too. The value of the slope of the
fitting line is exactly the flame velocity. Furthermore, as the injection pressure rises, the
jet premixed flame equivalent radius increases, which means the flame velocity also rises.
For the flame velocity, it linearly increases with the increase in the injection pressure. That
is to say, the higher methane injection pressure, the faster the jet premixed flame velocity.
As for the same injection duration, as the injection pressure rises, the total methane jet
mass becomes larger due to the increasing density. This higher injection pressure results in
greater equivalence ratio, and thus the flame velocity increases correspondingly.
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Figure 11. Effect of injection pressure on methane jet premixed flame.

4. Conclusions

The methane gas jet has a two-stage feature in time dimension. The methane gas jet
travels at a faster speed during the unstable stage I than that during stable stage II. In
addition, the injection pressure causes influences on the methane gas jet. During both
stage I and II, the injection pressure has a certain degree of influence on the methane jet
penetration speed, but the influence is insignificant. During stage I, as the injection pressure
increases, both the jet penetration distance and the jet cone area remain stable. During stage
II, both the jet penetration distance and the jet cone area linearly increase with the increase
in the injection pressure. Moreover, the rising rate is greater for higher injection pressure.

The methane jet premixed flame has nearly a spherical shape, and its equivalent radius
linearly increases. The methane jet premixed flame area also increases while the flame
stretch rate declines. The Markstein length of the jet premixed flame Ly, is below zero. The
methane jet premixed flame is a stable flame.

The methane jet premixed flame velocity rises as both the standing time and equivalent
ratio increase; however, it tends to slightly decline even though those two parameters
continue to increase. The methane jet premixed flame is a partial premixed flame, and its
propagation velocity is greater than that of the spherical laminar flame. Furthermore, the
peak of the methane jet premixed flame occurs at greater equivalence ratio ¢, i.e., ¢ > 2.

The methane injection pressure causes influences on the jet premixed flame. As the
injection pressure rises, the jet premixed flame equivalent radius increases, and the flame
velocity linearly increases. The higher the methane injection pressure, the faster the jet
premixed flame velocity.

Considering the practical application of the high-pressure NG (methane) direct injec-
tion, it is necessary for the gas fuel jet to be ignited and propagate stably. Moreover, the
NG fuel jet is not easily ignited by spark plug, and it is ignited by a pilot flame. Thus, the
interaction between the high-pressure methane jet and the pilot flame is critical, and we
are planning to investigate the interaction mechanism between the gas jet and the flame
based on both experiment and numerical simulation in future.
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Nomenclature

o flame stretch rate

A jet premixed ignition flame area
AFstoic stoichiometric air—fuel ratio
Ly Markstein length

Pb back pressure

Po atmospheric pressure

Rcys gas constants of methane

S methane jet tip penetration
tignition ~ pulse width of ignition
tpremix total time of premix injection
Upremix  jet premixed flame velocity
¢ equivalence ratio

Anozzle nozzle area

kcHa methane adiabatic exponent
p pressure

Pinjection ~ Methane injection pressure
Rair gas constants of air

Tu flame equivalent radius

teap time gap among injections
tiet pulse width of jet injection
fstanding ~ standing time between jet and ignition
%4 volume of CVB chamber
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