
INTRODUCTION
As internal combustion (IC) engines are still considered as the major 
technical solution to the sustenance of the rising demand for 
contemporary human mobility, while extensive adoption and growing 
performance request of IC engines are observed, the accompanying 
drawbacks, especially those detrimental to natural resources and 
environment, have to be appropriately addressed. In this regard, 
increasingly stringent regulations on pollutant and CO2 emissions 
have been imposed on IC engines, which have encouraged the energy 
and transportation industries to seek new technologies applicable to 

the conventional engine concepts or to resort to alternative 
combustion systems. Such a trend is expected to continue in the 
future.

Natural gas (NG) is deemed one of the most promising alternative 
fuels, which, in conjunction with suitable engine optimization, can 
effectively cope with the concerns pertaining to conventional IC 
engines by reducing pollutant emissions as well as the crude-oil 
dependence on a significant scale [1,2]. NG is in nature a gaseous 
fossil fuel and consists of various gas species. The availability of NG 
is warranted by many discovered yet unexploited gas reservoirs, 
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sustainable fuel synthesis methods under constant development, the 
production of bio-methane from biomass gasification, and the 
exploitation of shale gas [3,4,5]. The prominence of NG as an 
alternative fuel to gasoline for spark-ignition (SI) engine application 
is attributable to its peculiar properties that are very similar to 
methane, the primary and determinative constituent of NG. Methane 
has the highest molecular hydrogen-to-carbon ratio of all 
hydrocarbons, which lowers its CO2 footprint as compared to the 
long-chained molecules found in conventional fuels. Another 
attractive chemical property of methane is its research octane number 
of 130 which is considerably higher than that of gasoline. This 
indicates high knock resistance as a critical enabling factor, generally 
eluding gasoline due to the adverse effect of knocking, for extracting 
more power from a given engine displacement and therefore 
increasing engine specific power. In particular, NG engines operating 
with high compression ratio and boost pressure level as well as 
lean-burn approach or heavy exhaust gas recirculation could be 
equivalent to, or even outperform, their gasoline counterparts in terms 
of torque and power while allowing of a substantial reduction in 
pollutant emissions and improvement in engine thermal efficiency 
[1,6,7]. Furthermore, the physical property of NG, being in gaseous 
state in engine operating conditions, gives rise to better combustion 
completeness and intrinsically avoids the risk of wall wetting.

On the basis of the characteristics of NG as an alternative fuel, NG 
engine performance can be further improved by utilizing direct 
injection (DI) as the fueling method. Port fuel injection (PFI) is 
currently the dominant fuel supply method for NG engines wherein 
the injected gaseous fuel inside the intake ports displaces a 
perceivable portion of fresh air volume before entering the 
combustion chamber. Therefore the adoption of DI can bring forth the 
benefits of increase in volumetric efficiency and hence in engine 
torque [2,8]. Moreover, without the premixed intake charge, engines 
working with DI have the flexibility of postponing the injection event 
and thus can take advantage of clearance-volume scavenging. This is 
effective in ameliorating volumetric efficiency and compressor 
operating conditions at low engine speeds. NG engines with DI, in 
addition, have shown potential for enhancing combustion 
characteristics and extending the lean-burn operating limit in 
comparison with PFI engines [1,9]. Direct gas injection, despite the 
apparent advantages, poses critical challenges in obtaining adequate 
control of air-fuel mixture quality when a NG DI combustion system 
is to be designed, mainly as a result of the fuel being constantly in 
gaseous state with low mass density [10,11,12]. Mixture quality, 
however, has well-known crucial influence on the combustion 
efficiency and emissions, especially that of total HC for SI engines.

In pursuit of establishing guidelines pertaining to the challenging 
direct NG injection in IC engine applications, many researches, both 
experimental and numerical, have been carried out with respect to 
NG DI engine. Douailler et al. [12] highlighted the impact of gaseous 
fuel injection on the volumetric efficiency through experiments on a 
single-cylinder NG SI engine. Zeng et al. [9] conducted an 
experimental study on the influence of different injection timings on 
combustion characteristics and engine performance at a given engine 
speed with fixed injected fuel quantity and spark timing, whereby 
drawbacks of over-late injection due to insufficient mixing time were 
pointed out and the existence of an optimum injection timing at that 

specific engine speed was identified judging by combustion speed 
and emissions of HC and CO. Mohammed et al. [13] experimentally 
investigated the effect of injection timing on engine characteristics 
and emissions of a stoichiometric single-cylinder NG engine at 
different engine speeds, and concluded that the optimum injection 
timing for engine performance ought to be advanced as engine speed 
increased. Aziz and Firmansyah [14] studied the effect of rail 
pressure, in the medium range for NG DI application, on engine 
performance. It was discussed that higher rail pressure led to better 
engine performance at lower engine speed due to the predominant 
influence of volumetric efficiency on combustion, whereas lower rail 
pressure was preferable at higher engine speed because air-fuel 
mixing rate was the limiting factor. The experimental study carried 
out by Chiodi et al. [11] demonstrated the possibility of supporting 
combustion process with late gas injection of which the kinetic 
energy induced additional turbulence to accelerate the flame 
propagation, and found moreover that such mechanism was affected 
by the valve shape, location and orientation in the case of a side-
mounted injector. A numerical study on the mixture preparation in a 
NG engine with different combustion chamber shapes and centrally 
mounted injector types was performed by Yadollahi and Boroomand 
[15], which emphasized the necessity of matching combustion 
chamber geometry, injection timing, injector type and location for 
optimum combustion. Keskinen et al. [16] utilized numerical models 
of sector mesh to study injection-related variables, such as injector 
nozzle type, injection timing and pressure, and the effects of them on 
mixture formation at one part-load operating point. The results 
suggested that injection timing had considerable influence on mixing 
rate and the mixing mechanism dependent on the nozzle type.

Despite those researches, relevant data on the direct gas injection and 
subsequent mixture formation for NG engine application remain 
scarce. The present study, therefore, seeks to provide a detailed 
fluid-dynamic characterization from the perspective of air-fuel 
mixing process of a turbocharged CNG SI engine by means of 
conjoint experimental and numerical investigations. Furthermore, as 
optimum combustion process results from the combinative effect of 
various design parameters, this work also aims to give information on 
the combustion system development as a whole by thoroughly 
examining the interaction among gas injection, charge motion, and 
combustion chamber shape at different engine speeds and loads.

Currently the vast majority of compressed NG (CNG) vehicles use 
bi-fuel engines originally designed to operate with gasoline, wherein 
the CNG mode consists in the inclusion of a NG PFI system. While 
the usual choice of remaining gasoline-compliant is ascribable to the 
lack of CNG-related infrastructure, the bi-fuel NG operation suffers 
from perceivable performance compromise in comparison with 
CNG-optimized counterpart [8]. To overcome such situation, the 
European Commission has promoted a number of research projects in 
the fields of gas storage, gas feeding, and after-treatment systems. 
The present study context is the outcome of joint research activities 
carried out by Politecnico di Torino, Centro Ricerche Fiat, AVL, and 
Delphi within the GasOn project of the European Commission H2020 
program. The overall objective is to develop a mono-fuel small-
displacement turbocharged CNG engine, equipped with advanced 
variable valve actuation (VVA) MultiAir system and direct gas 
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injector, which is able to comply with post-Euro VI emission 
regulations and post-2020 CO2 emission targets taking into account 
the new homologation cycle and real driving conditions.

The current paper is organized in such a way that, firstly, an overview 
of the main characteristics introduced to the specific CNG DI engine 
in question is provided, and then the methodology of experimental 
and numerical investigation to analyze the combustion chamber 
design are described. Specifically, the mixture formation process was 
experimentally inspected in an optical engine through planar 
laser-induced fluorescence (LIF) and the corresponding combustion 
data were measured, whereas the mixing rate, mixture homogeneity 
as well as jet-induced turbulence and interaction thereof with charge 
tumble motion was investigated by numerical simulations. The 
subsequent section is dedicated to the results and discussion about the 
engine development concerning the gas injector implementation, the 
characterization of the air-fuel mixing process and interaction of gas 
injection with engine flow, and engine performance optimization by 
bench-testing a multi-cylinder prototype engine. Finally, conclusions 
on the analysis and achievement of engine development are drawn.

ENGINE OVERVIEW
The CNG engine under question is derived from a 1.4-litre four-
cylinder gasoline DI (GDI) engine core and dedicated to NG 
combustion system optimization, with the strategy of homogeneous 
stoichiometric charge SI combustion that permits the use of 
conventional three-way catalytic converter to meet the Euro VI 
emissions regulations. The small displaced volume, together with a 
turbocharger, allows considerable downsizing for increase in engine 
efficiency. The VVA Multiair system is introduced not only to 
de-throttle the engine, but to be optimized in conjunction with the 
turbocharger so that the engine flow supports the latter to deliver 
requested boost while improving the compressor operating point and 
hence efficiency.

Another important characteristic is the engine architecture of high 
structural strength able to sustain very high combustion peak 
pressures (up to 150 bar for a limited period), in order to fully exploit 
the high knock resistance of NG. Being considerably less prone to 
knocking, NG engines can eliminate the constraint, i.e. delaying the 
spark advance from the maximum torque/efficiency timing in 
gasoline operation mode, and in general adopt more advanced SA 
that results in a decrease in specific fuel consumption. Apart from the 
SA optimization, the robust engine structure also accommodates 
margin for higher CR, thereby further increasing the efficiency and 
enhancing performance by favoring peak pressure at rated torque. 
Accordingly, the combustion chamber is redesigned to raise the CR 
up to 13.

With respect to the DI, a side-mounted gas injector, with an outward-
opening poppet valve, is preferred to a centrally mounted one. From 
the viewpoint of cylinder head design, placing the injector on the side 
avoids the interference of the injector housing with valves and the 
spark plug, therefore simplifying the position arrangement and, more 
importantly, improving the mechanical strength of the cylinder head. 
Furthermore, without severe impact on the structural integrity, a 

larger injector tip is allowed in the side position so as to, given the 
same injection pressure, deliver a higher mass flow rate as generally 
required by gaseous fuel applications.

The pent-roof shaped cylinder head, including the side-mounted 
injector niche between the intake valves, and the piston featuring a 
shallow bowl are schematically shown in Figure 1. The objective is to 
achieve the performance equivalent to the boosted GDI version with 
the same displaced volume. Furthermore, a 20% improvement in fuel 
economy is expected in comparison with the Fiat in-production CNG 
PFI engine that has been installed on the B-segment CNG vehicles 
since 2014. Upon the completion of calibration activities of the 
prototype engine, demo vehicles will be available for full assessment.

Figure 1. Combustion chamber of the developed NG engine: (a) cylinder 
head; (b) piston

METHODOLOGY

Experimental Setup
The jet evolution and mixture formation process was experimentally 
investigated in an optically accessible engine with the planar LIF 
technique [17]. LIF is a spectroscopic method based on the excitation 
of molecules of a predetermined species, called tracer, to a higher 
energy state through selective absorption of photon (the laser pulse) 
followed, in a few nanoseconds or microseconds, by the spontaneous 
de-excitation through the emission of another photon at a longer 
wavelength, i.e. the fluorescence. Typically, excimer lasers, pulsed 
lasers in the ultraviolet (UV) region of the spectrum with relatively 
low energy but high pulse repetition, are adopted for LIF experiments 
owing to their well-defined wavelengths.

With reference to the full engine under consideration, an optical 
single-cylinder version was built according to the same combustion 
chamber and ports design, except for the major modification to the 
metallic liner that was replaced by a transparent one made of glass for 
lateral optical accessibility. Therefore, the cylindrical glass liner was 
constantly exposed to the environment and no cooling was supplied. 
It is worth being underlined that the glass liner imposed some 
constraints to the experimental procedures. Specifically, the engine 
could be operated only for a limited number of cycles, especially at 
high load. For this reason, the engine was firstly motored, and, when 
all the relevant parameters were set, combustion was enabled for 
about 200 cycles of which only the latest 50 were measured, so as to 
ensure that the actually measured cycles correspond to steady state 
conditions to the greatest possible extent. It is inevitable that the liner 
temperature was on one hand different from that in the full engine, 
and on the other hand more dependent on the investigated operating 
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points. Although the combustion behavior was not fully comparable 
to that in the full engine, the effect of injection timing at given speed 
and load was still meaningful.

The double-sided planar LIF was implemented in the investigation, 
wherein via a system of lenses and mirrors a krypton fluoride (KrF) 
excimer laser beam (wavelength 248 nm) was reshaped and evenly 
split into two planar light sheets that were then coupled into the same 
symmetry plane of the combustion chamber from two opposite sides 
through the glass liner. Such arrangement guaranteed symmetrical 
illumination of the target symmetry plane which is the vertical plane 
passing through the cylinder central axis and leaving one intake valve 
and one exhaust valve on each side. Figure 2 shows the optical engine 
configuration including the glass liner and one of the two final lenses 
of the laser path used to illuminate the target plane.

Figure 2. Planar LIF experimental setup: (a) optical single-cylinder engine; (b) 
last lens used to couple the light sheet from the intake side

The optical engine was fueled by methane uniformly premixed with 
4000 ppm of trimethylamine, N(CH3)3 or TMA, as the tracer for LIF 
visualization. TMA was considered to be a suitable tracer in this 
application thanks to its branched molecular structure giving rise to a 
large number of excitable energy states for a broadband excitation by 
the KrF excimer laser at the wavelength of 248 nm, the wavelength at 
which methane and nitrogen do not absorb light. The subsequent 
emission fluorescence at the wavelength of about 300 nm was imaged 
by an intensified charge-coupled device (ICCD) camera with an 
image-intensifier quantum efficiency of around 20% at 300 nm and an 
UV-compatible Micro Nikkor lens.

The tracer molecules residing in the laser-illuminated plane during 
laser pulse would emit fluorescence and be detected by the camera 
that was placed perpendicular to that plane. The intensity scale of the 
detected fluorescence emission correlates with the local tracer 
concentration and, having uniformly mixed together, with the gaseous 
fuel concentration in the laser-illuminated plane [18]. The acquired 
LIF images are in grayscale representing the fluorescence intensity 
detected by the camera. The grayscale is hence qualitatively related to 
the mixture equivalence ratio, with the brighter being rich and the 
darker lean. An accurate quantitative interpretation of the correlation 
between detected luminosity and equivalence ratio requires dedicated 
multiple LIF measurement and calibration procedures. That is outside 
the scope of the present work and will be the subject of a companion 
paper. LIF images thus acquired, however, were in fact the 
superimposition of the fuel LIF response and the background signal, 
both of which, in addition, were affected by the local gain variation. 

Therefore, additional procedures were necessary to correct the 
acquired images. Specifically, at each crank angle where the LIF 
image, named raw LIF image hereafter, was acquired, an image with 
no tracer in the fuel under otherwise the same conditions, named dark 
measurement, was also acquired in order to remove the background 
offset. To compensate the local gain, a LIF image of a homogeneous 
air-fuel mixture, called reference measurement, and another LIF 
image of the same mixture but without the tracer, called dark 
reference measurement, were acquired at all crank angles of interest. 
The latter dark reference image was actually needed to remove the 
background offset of the former reference image. Finally the raw LIF 
images were corrected according to the following expression that 
isolates the pure fuel LIF response:

(1)

Furthermore, in the present engine application, the gas jet was subject 
to intrinsic cycle-to-cycle variation (CCV) since the jet itself was in 
general highly turbulent. Moreover, compressibility effect of the 
high-velocity gas flow led to high sensitivity of the jet evolution to 
CCV of the back pressure in the combustion chamber. Consequently, 
35 single LIF images were acquired for each predetermined crank 
angle and the average image was derived in order to represent the 
situation with respect to the “ensemble-averaged” engine cycle. With 
reference to equation 1, the 35 repetitions were done for all the four 
types of LIF images, and the average images of each type were 
derived separately prior to the final raw image correction.

Numerical Model
A supplementary three-dimensional computational fluid dynamics 
(CFD) analysis was undertaken in order to reveal further details about 
the gas jet and air-fuel mixing characteristics that were otherwise 
scarcely accessible to experimental investigations.

For the purpose of investigating the gas injection and subsequent 
air-fuel mixing process in conjunction with the planar LIF 
visualization, the computational domain encompassed the same 
engine geometry as that in the LIF experimental setup. Given the 
geometric symmetry of the combustion chamber and ports about the 
laser-illuminated plane, only half of the engine volume was 
considered. The finite-volume numerical model of the engine was 
developed within the AVL FIRE environment and, with the moving 
grid, faithfully reproduced the combustion chamber geometry as well 
as the movement of the piston and valves so as to enable the 
simulation of real engine cycle.

A particular challenge of the numerical modeling consisted in the 
simulation of direct gas injection, as a result of the high nozzle 
pressure ratio (NPR) and substantial geometric scale separation 
between the injector nozzle and the combustion chamber normally of 
two orders of magnitude, which essentially involved the widely 
studied case of high-velocity underexpanded jet [19,20]. Specifically, 
the supersonic flow region and the formation of shock structures 
typically occurring with the underexpanded jet emanating from a 
choked nozzle are acknowledged to be computationally problematic. 
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The situation becomes more critical when the underexpanded jet 
issues from a gas injector featuring outward-opening poppet valve 
rather than an axisymmetric orifice. In fact, the latter generates a 
circular gas jet and the former a hollow cone jet that, depending on 
the injector geometry and NPR, may shortly collapse to the nozzle 
axis, maintain the conical shape onwards, or attach to adjacent walls 
[21,22]. Moreover, the cross section of the injector nozzle in reality 
varies with time during transient phases as the needle valve opens or 
closes. Such variation is often complex since, along with the needle 
valve movement, not only the cross sectional area of the nozzle but 
also the absolute location of the nozzle throat changes. Many studies 
have investigated the hollow cone jets ejected from poppet-valve type 
injectors by means of fixed injector needle lift [12,15,16,22]. It was 
found, in consequence, that the injector flow initialization through 
gradual increase in inlet boundary pressure and the location of the 
boundary are crucial to the numerical model predictability [21]. In 
addition, during the transient phases the absence of needle valve 
movement results in lower jet velocity at the nozzle exit and lower jet 
penetration as a result [12,21].

To improve the fidelity of the numerical model, the time-dependent 
variation of the injector nozzle was retained in the present study by a 
dedicated injector model that was manually built as an axisymmetric 
structure consisting of hexahedral cells. The needle valve in the 
injector model, imposed as the inner wall boundary of the nozzle, can 
move according to any given needle lift curve and thus adapts the 
mesh to the real nozzle geometry at every time instant during the 
transient phases. Therefore no artificial treatment in the inlet pressure 
boundary was required to take into account the build-up phase during 
needle valve opening. The injector model includes the nozzle, a 
portion of the injector internal path upstream leading to the inlet 
pressure boundary, and a volume of the combustion chamber 
immediately downstream in which high grid density is dictated by the 
supersonic underexpanded jet to resolve with adequate accuracy the 
large gradient of fluid variables along the flow direction and the 
expansion fan perpendicular to the flow direction departing from the 
nozzle exit [23,24]. The inlet pressure in this injector model was 
obtained by an experimentally calibrated one-dimensional CFD 
model that monitored the fluid pressure at the same inlet boundary 
position as a function of the needle lift.

The injector model was embedded in the abovementioned engine 
moving grid through an arbitrary boundary, a mathematical treatment 
on the interface between two separate domains across which the 
values of cell face fluxes are calculated by area-weighted averaging 
thus mathematically connecting the two domains. It should be noted 
that the grid embedding was implemented only during the injection 
event and a short period afterwards, whereas the engine grid 
encompassing the whole geometric volume, including that reserved 
for the injector grid, was used otherwise. This strategy ensured the 
fulfilment of the grid resolution requirement for the gas injection 
while optimizing the overall computational costs. Given the fact that 
the cells in the injector grid were much smaller than those in the 
engine grid, a gradual transition of cell size surrounding the arbitrary 
boundary interface on the engine side was built. Figure 3 shows the 
injector grid and three examples of the final computational grid used 

for the engine simulations in this work, in which the absence and 
presence of the embedded injector grid, depending on the specific 
injection timing under investigation, is demonstrated.

a. Injector

b. Valve overlapping without injection

c. Intake stroke with injection

d. Compression stroke with injection

Figure 3. Computational grids: (a) injector grid, red - inlet pressure boundary, 
blue - moving needle valve; (b) (c) (d): examples of final engine grid at 
different stages throughout an engine cycle with or without the injector grid 
embedded depending on the injection timing, red - embedded injector grid

The pressure-based AVL FIRE code was utilized to solve the mass, 
momentum, and total energy conservation equations. The diffusive 
terms were discretized by the central differencing scheme and the 
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convective fluxes by the second-order-accurate total-variation-
diminishing (TVD) MINMOD scheme taking into account the 
expected appearance of shock waves in the underexpanded jet. The 
pressure-velocity coupling was solved by the SIMPLE algorithm. 
With respect to the turbulence modeling, despite the recent growing 
popularity of large-eddy simulation (LES) in engine-related studies, 
its application to high-velocity compressible gas jets still remains 
limited to basic academic cases. Therefore for the complete engine 
simulation with moving grids and gas injection in this work, the 
Reynolds-averaged Navier-Stokes (RANS) approach was adopted to 
have a reasonable computational time. In particular, the k-ζ-f 
formulation of the eddy-viscosity model was used, which is 
recommended for the applications with complex flow domain 
whereby the prerequisites for wall-nearest grid distance and grid 
uniformities can be relaxed while results in satisfactory agreement 
with experiments are still obtainable [26,27].

The reliability of the developed numerical model is methodologically 
compared with the outcomes of two recent mesh independence 
studies about gas injection in CNG engine with poppet-valve 
injectors similar to that in the current work [16,25]. Here the injector 
grid has 20 cells across the valve lift, which results in an average cell 
size less than 20 µm at the maximum valve lift and dwindling during 
transient phases. The choice of such grid resolution was based on the 
study presented in [25] arguing that 16 cells across the maximum lift 
of a poppet-valve type injector, with the first-order upwind scheme 
for the discretization of convective fluxes, would be sufficient to 
describe the distribution of fuel concentration and therefore the 
mixing process during injection. It was also pointed out that 
appreciable difference in describing the periodic structure of shock 
cells between the 16-cell resolution grid and a 32-cell one was 
observed, but the difference was localized in the near-field supersonic 
region, which is beyond the scope of the present study. Apart from 
the higher grid resolution, the numerical model here discretizes the 
convective fluxes using a second-order-accurate scheme instead of a 
first-order upwind scheme in [25], which further reduces numerical 
diffusion especially in the high-gradient region induced by the gas 
injection. In [16] the second-order-accurate MARS scheme was used 
for convective flux discretization but the finest mesh in the grid 
independence study for poppet-valve injector featured a cell size of 
40 µm that is double the value in the present work. Moreover, the 
highest NPR here was below 16 whereas in both studies in literature 
the NPR was around 20. In conclusion, it is believed that the 
numerical model in this work is methodologically pertinent, 
especially in terms of grid resolution, to the intended study on air-fuel 
mixing process as a result of gas injection and the interaction thereof 
with engine in-cylinder flow. Further validation of the numerical 
model is provided by the comparison between planar LIF images and 
simulation results in the next section.

RESULTS AND DISCUSSION
Results pertaining to the development of the CNG engine in three 
different aspects are presented and discussed in detail, namely (1) the 
implementation of the side-mounted direct gas injector regarding the 
considerations behind the injection angle choice specific to gas fuel 

application and the constraints on the injection operation; (2) the 
results about the thorough analysis of the gas injection and mixture 
formation process by means of planar LIF experiments and 
supplementary numerical simulations; (3) optimization results of the 
full-load performance of the prototype CNG engine in test bench with 
reference to the target power curve.

For the sake of clarity, crank angles in this work are all expressed by 
referring to the firing TDC as 720 or, cyclically, 0 degCA.

Injector Implementation
The results concerning the positioning and flow characterization of 
the direct gas injector are an essential prerequisite for the DI event 
design and mixture formation analysis, and are hence presented first 
in this subsection.

Apart from the advantages in available space for larger nozzle design 
and mechanical strength of the combustion chamber as mentioned in 
the engine overview section, the side-mounted injector configuration 
was preferred due to the fact that the injected fuel is in gaseous state 
and the potential interaction between the gas jet and intake-induced 
air flow in the combustion chamber can be exploited. In fact, the 
gaseous jet, unlike the liquid spray, issuing from a direct injector has 
relatively low momentum and limited penetration length, despite the 
high-velocity flow field characterizing the underexpanded jet [28]. 
Consequently, in the case of a centrally mounted injector, the rapid 
decline of axial momentum in the jet significantly hampers the jet 
impingement, especially for injection event occurring during intake 
or early compression stroke when the piston is too far away from the 
jet to exert any effective reflection. In most cases the fuel-air mixing 
process is dominated by free jet mixing, which can be observed for 
instance in [12,16,25].

On the basis of this observation, the side-mounted gas injector was 
adopted and the orientation was designed in such a way that the gas 
jet, on one hand, can be conveyed across the combustion chamber by 
the tumble flow generated during intake phase to overcome the low 
penetration, and on the other hand, can enhance the tumble flow by 
the momentum of the jet itself. Accordingly, the tumble-oriented 
injector configuration was realized by setting a quite flat angle of the 
injector axis. Furthermore, as schematically shown in Figure 4, a 
rough geometric estimation of the jet cone suggests that the injector 
niche would interfere with the jet and hence the actual jet would be 
further deflected towards the pent roof, aligning itself with the tumble 
flow formed by the intake air. The underlying principle of the jet 
deflection is the Coandǎ effect, the phenomenon of the formation of a 
low pressure zone between the high-velocity jet and adjacent 
approximately parallel surface as a result of the entrainment of 
surrounding fluid by the jet. The prospective occurrence of the 
Coandǎ effect, the extent to which the jet cone is deflected by it and 
the resultant flow characteristics has to be verified by the planar LIF 
experiments and the numerical simulations. It should be pointed out 
that such configuration was conceived with specific reference to the 
NG due to its intrinsic gaseous state without the risk of wall wetting, 
or evaporation issue.
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