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Compressed natural gas direct injection (DI-CNG) systems in spark ignition (SI) internal combustion engines have
shown that it can give several benefits compared to CNG port fuel injection systems. However, the DI-CNG
injector nozzle head design and gas jet formation may greatly influence engine exhaust gas emissions and per-
formance. Present experimental study investigated the influence of 7 different nozzle head designs of spray-
guided DI-CNG injectors on the combustion process, engine performance, standard emissions, and particulate
number (PN) when methane fuel was injected at different injection timings (SOI) and injection pressures (18 bar
and 50 bar). The nozzle heads had two main design patterns — heads with small multi holes/orifices and heads
with larger crevices (swirl or umbrella spray pattern). Naturally aspirated SI engine tests were conducted at part
load (6 bar IMEP) and wide-open throttle (WOT) at 2000 rpm engine speed. The results revealed that the dif-
ference between the nozzle heads was small when the fuel was injected at an early stage of the intake stroke
(310-350 CAD bTDC) either at part load or high load. However, for late injection timing (130-190 CAD bTDC),
the design of the DI-CNG injector nozzle head had a large impact on the combustion stability, standard emissions
formation and particulates. Multi-hole nozzle heads showed improved CO,, CO, THC, total PN, and slightly
higher NO, emissions compared to nozzle heads with larger crevices. For some of the nozzles, the SOI could be
retarded more than for other injector head designs at higher injection pressure whilst still ensuring an acceptable
engine performance in terms of combustion stability, power output and emissions formation. Overall, 50-bar
injection pressure and a late injection timing under WOT conditions achieved higher engine load levels with
all injector nozzle types. Images acquired using an optical endoscope technique with a high-speed video camera
showed that a yellow flame was present for all nozzle types at a low injection pressure and late SOI. Increasing
the injection pressure reduced the injection duration, improved air/fuel mixing which resulted in the reduced
yellow flame formation and lower PN for most of the nozzle heads.

reduce tank-to-wheel CO; emissions and other hazardous emissions is to
reduce the dependency on fossil fuel and develop vehicles that can run

1. Introduction

Improving the air quality (via a decrease of greenhouse gases emis-
sions — GHG) and reducing the dependency on fossil fuels (via quanti-
fication of CO, emissions) are the main priorities of the worldwide
regulation organizations while setting new rules for the transport
industry.

For example, Europe’s transport sector is responsible for ~25% of
GHG emissions and is still growing. However, it is estimated that a
reduction of transport emissions of 90% is needed to achieve climate
neutrality aimed for by 2050 [1]. Most ground vehicles still use internal
combustion engines (ICEs) running on fossil fuel. One of the ways to
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on renewable biofuels (e.g., biodiesel, biogas, bioethanol) or carbon-free
fuels (e.g., hydrogen). One of the most promising technologies is electric
vehicles. However, the shift toward electrification is challenging glob-
ally. Therefore, vehicles powered by ICEs are still expected to be present
as long as they will comply with emission standards. The EU has set a
target to reach 20% electric vehicles, 40% hybrid vehicles (HEVs), 30%
conventional vehicles and 10% fuel cell electric vehicles (FCEVs) by
2030, which could reduce CO, emissions from passenger vehicles by
70% [2]. Since ICEs are still the main solution for medium and heavy-
duty trucks, off-road vehicles and marine applications, efforts must be
made to improve the ICE efficiency and reduce the CO; footprint.
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Nomenclature
A/F air/fuel ratio
aTDC after top dead center

bTDC before the top dead center

BDC bottom dead center

CA10-90 crank angle degrees between 10% and 90% of burned fuel
CAD crank angle degree

CH,4 methane

CNG compressed natural gas

CoV coefficient of variance

CR compression ratio

DI direct injection

H, hydrogen

H/C hydrogen and carbon ratio

ICE internal combustion engine

IMEP indicated mean effective pressure
iSFC indicated specific fuel consumption

iSCO indicated specific carbon monoxide emissions
iSCO, indicated specific carbon dioxide emissions
iSHC indicated specific hydrocarbon emissions
iSNO,  indicated specific nitrous oxide emissions
LHV lower heating value

MBT maximum brake torque

MFB50 50% of burned fuel mass

MN methane number

PAH polycyclic aromatic hydrocarbons

PFI port fuel injection

PN particulate number

rpm revolutions per minute

SI spark ignition

SOI start of injection

ST spark timing

THC total hydrocarbons

WOT Wide-open throttle

bs Lambda

Improvements in ICEs can be achieved in several ways. One way is to
apply different technical solutions for the engine, e.g., variable
compression ratio, higher fuel injection pressures, improved ignition
systems, engine downsizing, Miller cycle, etc. Another way is to apply
low carbon fuels or carbon-free fuels for presently developed and new
generation engines. One of the quickest solutions to decrease CO,
emissions from ICEs by at least 20% is to utilize the methane-based fuel
compressed natural gas (CNG) [3]. Biogas and biomethane also contain
methane as the main component, and these renewable fuels can be
mixed with CNG. The methane (CH4) molecule comprises just 1 atom of
carbon and 4 atoms of hydrogen. As the number of chains between
methane and hydrogen is smaller, the combustion generates less un-
burned gases and lower CO; emissions compared to other standard fuels,
e.g., gasoline and diesel. A recent comparison between liquified petrol
gas (LPG) and CNG revealed that the use of CNG can achieve lower COy
and CO emissions [4]. Also, CNG engines can reach a lower brake spe-
cific fuel consumption (BSFC) and lower other emissions, e.g., hydro-
carbons (HCs) and carbon monoxide (CO) [5,6]. However, natural gas is
still a fossil fuel. Thus, biogas and biomethane are more desirable as
these fuels can be produced from different waste sources. Biogas usually
contains a high concentration of CO; and other dilutants. Biomethane is
obtained after cleaning biogas and contains a high concentration of
methane. It can be compressed, mixed with natural gas or directly
applied for different vehicle types (light-duty or heavy-duty).

Many experimental studies have demonstrated that the use of
methane-based fuels can reduce standard emissions. Some studies have
also investigated soot formation and particulate number (PN) emissions
from CNG engines. CNG can generate low amounts of volatile organic
compounds (VOCs) and particulates due to the simple chemical
composition of methane. However, particulate formation in CNG en-
gines may still be an issue [7]. It has been shown that a CNG engine
equipped with a port fuel injection (PFI) system can achieve lower PN
values compared to gasoline and diesel cases [8]. Measurements of a
CNG heavy-duty engine during a World Harmonized Transient Cycle
(WHTC) showed that most of the particulates were < 23 nm in diameter.
It has been suggested that engine oil is one of the main sources of par-
ticulates [9,10]. Comparison of CNG (PFI), CNG/H; mixture (PFI),
gasoline (PFI) and diesel (direct injection, DI) fuels showed that for CNG
and CNG/hydrogen fuels, PN peaked in the nuclei mode size range,
which was attributed to incomplete combustion of lubricating oil.
Hydrogen addition to natural gas has been shown to improve combus-
tion and reduce soot formation precursors (HCs and polycyclic aromatic
hydrocarbons, PAHs), resulting in even lower PN emissions [11].

Present vehicles running on methane-based fuels usually have PFI-

CNG systems, which are relatively inexpensive, reliable and easily
fitted in the engine. Also, such systems can achieve a high level of air/
fuel homogeneity [12]. However, the use of PFI-CNG systems may be
hampered by several issues. CNG fuel injected into the air intake
manifold occupies some of the available volume, which affects the en-
gine’s volumetric efficiency and reduces the engine power output
[5,13].

One of the ways to improve engine performance for gaseous fuels is
to apply a DI-CNG system. However, the technology is not yet applied in
mass vehicle production. DI-CNG can allow a gaseous fuel to be injected
into the cylinder at different injection timings. The volumetric efficiency
is increased when gaseous fuel is injected at the end of the intake stroke
or after the intake valves are closed. Different experimental and nu-
merical investigations have concluded that the start of injection (SOI)
has a large impact on various engine parameters, e.g., power output and
emissions. Tests at part loads have shown that late injection after intake
valve closure in a natural gas DI engine significantly increases the
combustion rate [14]. Under wide-open throttle (WOT) conditions, the
late injection has been shown to increase the volumetric efficiency and
work output [14]. The use of late SOI timing in a DI system, increases the
energy density of gaseous fuels, increasing the volume of air and
improving the volumetric efficiency [15]. It has been demonstrated that
the volumetric efficiency for a DI-CNG system and late injection timing
can be increased by 9.5% [16]. Other studies have shown that late in-
jection timings can increase the cylinder peak pressure, power and
torque and achieve lower BSFC [17]. However, the maximum brake
torque (MBT) may decrease at high engine speed when fuel is injected
later due to limitations in air/fuel mixing and the possible injection
duration window. Late injections require later spark timing to obtain
sufficient air/fuel mixing [15]. On the other hand, the use of high in-
jection pressure and late injection timing in DI-CNG can increase the
indicated mean effective pressure (IMEP) compared to early injection
timing, especially under lean combustion conditions. One of the main
conclusions of these studies is that late high-pressure injection acceler-
ates methane combustion [16].

Recent experiments and simulations of liquid fuels carried out by
industry and academia showed that various DI injector parameters, e.g.
high injection pressure, nozzle hole designs, fuel spray line distribution,
can greatly influence the liquid fuel combustion process and exhaust gas
emissions formation [18,19,20,21]. Gaseous fuels, e.g., natural gas,
methane and biogas, do not need to be evaporated when injected into
the engine which is one of their main advantages compared to liquid
fuels (e.g., gasoline, diesel, ethanol, methanol). Also, gaseous fuels do
not create wall-wetting on the piston and on the combustion chamber or
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cylinder walls. However, several characteristics can affect the gas jet and
its mixing with air in the cylinder. Gaseous fuel injection behaves
differently from that of liquid fuel as gaseous fuels have a lower jet
momentum to impose motion of the mixture or support mixing through
jet impingement. Usually, a lower injection pressure is preferable for DI-
CNG systems, corresponding to lower gas jet momentum [22]. It has
been shown that in gas jets, the flow is complex and shock waves and
expansion fans significantly affect the mass flow rate and air/fuel mixing
[23]. Also, different gases may exhibit different behavior during the
injection process. Methane gas, which is the dominant component in
CNG, biogas and biomethane fuel, has problems related to penetration
length and radial expansion compared to the alternative carbon-free
gaseous fuel hydrogen. Comparison between methane and hydrogen
jets has shown that under an identical nozzle pressure ratio (NPR) and
elevated ambient temperature and pressure, methane generated a much
lower penetration length and volumetric growth compared to hydrogen
[23]. Methane also exhibited a noticeably lower volumetric growth
when the jet was present in cold and hot environments at the same
ambient pressure and NPR. These results suggest that methane’s rela-
tively lower radial expansion of the jet is due to a lower molecular
diffusivity and weak vortex ring [24]. However, the main influence on
mixture formation is the DI injector design.

Yosri et al. have demonstrated that NPR and the nozzle geometrical
features are the main parameters affecting the fuel mass flow rate and
air/fuel mixing [25]. Deshmukh et al. concluded that pressure changes
in the cylinder due to the SOI timing and injection pressure influence the
injector nozzle operation [26]. The nozzles may work under expanded,
perfectly expanded, over expanded or subsonic modes, which can affect
the jet velocity. The mixing process is also affected by complex shock
structures formed downstream of the nozzle, which are in turn influ-
enced by high-pressure gaseous injection [27]. Experiments have shown
that higher injection pressures resulted in higher injection shape sym-
metry, which was attributed to uneven nozzle opening due to the highly
turbulent nature of the flow and randomness associated with radially
spreading jets [27]. Because of the uneven symmetry of a low-pressure
jet, the homogeneity may be lower in the cylinder compared to higher
injection pressures and more symmetrical injections. At higher injection
pressures, the jet tip penetration speed is higher [28]. The fuel con-
centration is also higher [27].

Several investigations have shown that the injector needle’s opening
design can also have an impact on mixture formation. Gaseous DI in-
jectors can have different needle opening designs, e.g., inwards opening
valve or outwards poppet valve. Inwards opening injectors can suffer
from gas remaining in the dead volume (located downstream the sealing
diameter or valve seat). However, outwards opening injectors may
exhibit phenomena of choking, shock waves and boundary layer sepa-
ration when a compressible gas flows through the small injector pas-
sages [25,26]. It has been shown that in an outwards opening poppet
valve type injector, the radial expansion distance of injected methane
gas increases with increasing injection time and increasing the injection
pressure [29]. Swantek et al. highlighted that higher injection pressure
shows wider jet [30]. However radial expansion distance can decrease in
lower ambient pressure levels [29]. Results showed that the injection
pressure did not affect the radial penetration when the fuel was injected
under ambient pressure conditions (1 bar). The ambient pressure was
the most influencing parameter for radial penetration. It also strongly
affected the axial fuel jet penetration. However, the ambient pressure
had a larger effect on axial penetration when the injection pressure was
increased [29].

Another important parameter for combustible mixture formation is
the injector nozzle’s head/tip design. Investigation of different nozzles
and injection pressures at early and late injection timings has shown that
the mixing rate is more sensitive to an injection timing change than to
the injection pressure [31]. The results suggested that the mixing
mechanism was strongly dependent on nozzle design. The degree of
hollow cone nozzle had an impact on homogeneous air/fuel mixture
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formation. One of the nozzles showed the best results at early SOI
timing, whereas another achieved the best results at late injection timing
[31]. Simulations of a multi-hole and single-hole injector showed that
the multi-hole injector produced a lower amount of fuel-rich mass
fraction in the cylinder compared to the single-hole injector. However,
the flammable mass fraction was similar for both injectors when the
injection was at late timing at the end of compression stroke [32].
Experimental and simulation results have also revealed that nozzles with
a larger nozzle diameter show a higher pressure drop due to higher
passing momentum [33]. It was noted that the initial pressure drop was
greater than the jet pressure steady decrease due to the initial acceler-
ation of the jet. Also, higher pressure ratios between injection and the
environment resulted in longer jet penetration. It was observed that the
jet diameter affected the available air/fuel mixing time, resulting in fuel-
rich zones around the injector nozzle [33]. The injector nozzle head
design also influences engine performance and emission formation. DI-
CNG experimental tests with nozzles having different spray angles
revealed that the design of the injector nozzle can have an impact on
iSCO, iSHC and iSNO, emissions. In particular, some of the nozzles
improved the mixing, reduced iSFC or achieved more stable combustion
as CoVyyep was lower [34]. However, Seboldt et al. noted that detailed
engine calibration is required for different DI-CNG injector nozzle angles
[35]. HC emissions were highest even at an early injection timing (SOI
240 CAD bTDC) due to scavenging. DI system optimization for a gaseous
fuel is also important to reduce PN emissions. As mentioned above, PFI-
CNG systems usually achieve lower PN emissions. Several DI-CNG sys-
tem research studies have shown that particulates are mainly present in
the nuclei mode particle size range, as for PFI cases [36]. Application of
a DI-CNG system in a new generation downsized engine for an ultralight
vehicle also demonstrated that PN emissions were at a low level [37].
Variation of the injection timing also enabled low PN emissions with DI-
CNG when the fuel was injected during the intake or compression stroke
[38].

The above literature clearly shows that the DI-CNG injector nozzle
head design, injection pressure and injection timing can have large ef-
fects on mixture formation and combustion processes for a given com-
bustion chamber designs, inclination of air intake ducts, injector
inclination/positioning. Overviewed literature revealed that in-
vestigations related to DI-CNG technology mainly focused on several
different areas — investigations about the jet formation in spray cham-
bers (different injection pressures, ambient pressures, injector needle
opening type, etc.). Also, a wide variety of engine tests were carried out
by different research groups which focused on DI injectors and different
injection pressures or injection timings. Some of the researches involved
several injector nozzle head/tip configurations. Mentioned engine tests
mainly focused on standard emissions rather than PN emissions. There is
still a lack of experimental test data and analysis on how different nozzle
head designs influence combustible mixture formation, combustion
process, engine performance and emissions formation. Especially there
is a lack of nozzle head design investigations that involve high-speed
video imaging and capturing the combustion process which can give
supportive results. Therefore, this study aimed to investigate experi-
mentally a broad spectrum of spray-guided DI-CNG injector nozzle head
designs (7 different nozzle head designs) and determine their influence
on the combustion process, standard emissions and particulate forma-
tion in the same SI single-cylinder engine. The main objectives were to
determine how DI-CNG injector nozzle heads, having large crevices or
different multi-hole patterns, can influence jet and combustible mixture
formation, engine performance and emissions. Also, investigate how
these different nozzle heads behave at different engine loads and have
an influence on mentioned engine parameters when gaseous fuel is
injected at different injection timings and at different injection pres-
sures. Objectives additionally included the high-speed video imaging
and endoscope technique application which can support and give
additional explanations about emissions formation in the engine.
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2. Experimental setup and testing methodology

Experiments were conducted with a single-cylinder spark ignition
(SD) engine coupled with an “AVL 5411” engine test bench. Engine setup
is presented in Fig. 1, whereas engine technical data is presented in
Table 1.

The engine was supplied with an external air supply system (external
electric air compressor device) that could create up to a 2 bar air boost in
the air intake manifold. The air intake temperature was kept constant at
+25 °C. The air supply and control system ensured the acquisition of
stable testing data and avoided additional fluctuations that could affect
the engine work process. The present study focused solely on naturally
aspirated engine conditions. Thus, the maximum air charging to the
engine was set to 1 bar.

The test engine had a compression ratio of 10:1, which is usual for a
CNG engine having a turbocharging system. The engine had a 4-valve
system with an intake and exhaust valve overlap of 23 CAD at 0 mm
valve lift for air intake scavenging purposes.

The air intake pressure was adjusted with a throttle valve according
to the target air/fuel (A/F) ratio — stoichiometric conditions (4 = 1.0).
Lambda was determined using a lambda sensor mounted in the exhaust
pipe which measured the oxygen content. A Horiba Mexa-110 system
was used to determine the air/fuel (A/F) ratio according to the fuel H/C
atom ratio (accuracy =+ 0.70 %). The engine SI system had a single J-gap
type electrode spark plug. Spark timings were adjusted for each test
point separately to achieve the combustion phasing at 6-8 CAD aTDC for
the 50% of mass fuel burned fraction (MFB50).

The injector was the spray-guided type. The injector control voltage
settings were the same as those of a standard GDI system, i.e., 65 V to
open the injector needle and 12 V to hold the injector open. The injec-
tion duration was controlled with a National Instruments Direct Drive
System control module. The injector was able to inject the fuel from 18
bar to 50 bar injection pressure depending on the required fuel flow and
possible injection duration to achieve the required engine load. Owing
to the special injector design, it was possible to change injector nozzle
heads.

Photographs of the DI-CNG injector and nozzle heads used are shown
in Fig. 2. Experiments were conducted with 7 different nozzle head
designs.

Nozzle head 1 had multiple holes (9 holes positioned circularly and 1
centrally). Nozzle head 2 featured a single cone spray design which was
able to create a swirl motion in the gas jet. Nozzle heads 3, 4, 5 featured
single cone design (without swirl). Nozzle head 6 also had a single cone
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Table 1

Engine and injection system specifications.
Parameter Value
Displaced volume (V3), [dm®] 0.5
Stroke (S), [mm] 90.0
Bore (D), [mm] 82.0
Compression ratio (CR), [-] 10:1
Number of valves, [-] 4
Intake air temperature (Ty;,), [°C] +25
Intake valve opening (IVO) 353 CAD
Intake valve closing (IVC) 606 CAD
Exhaust valve opening (EVO) 112 CAD
Exhaust valve closing (EVC) 375 CAD

Air boosting max, [bar] 2

Injector type DI, solenoid, inwards opening
Injection type Spray guided

Injector positioning in the cylinder 0° inclination with piston axis
Control peak/hold, [V] 65/12

Injection pressure, [bar] 18-50

Fig. 2. Photograph of a DI-CNG injector (1 — connection to the gas supply; 2 —
solenoid; 3 - injector nozzle; 4 — interchangeable nozzle head) and 7 different
nozzle head designs.

spray design but with an additional central hole. Nozzle head 7 was
designed to create a triple cone jet.

Nozzle heads 1, 5, 6 and 7 were able to spray the gas jet more
symmetrically downstream to the cylinder when the injector was
mounted centrally in the engine cylinder head. This type of nozzle head
was able to split the gas jet into smaller gas jets due to the small holes in
the nozzle heads. Nozzle heads 2, 3 and 4 formed a different group that
had larger crevices. The spray from nozzle 2 was able to create swirl
motion from 3 holes in the head. The nozzle head 3 generated spray with
an umbrella-shaped jet. Nozzle head 4 was similar to nozzle head 3 but

Fig. 1. Test engine system layout: 1 — AVL single-

27I 26 25

T e

[ S —

cylinder SI engine; 2 — crankshaft; 3 — camshafts; 4 —
GDTech DI-CNG injector; 5 — intake air pressure and
temperature sensors; 6 — Micro Motion Elite Coriolis
9 fuel flow meter; 7 — air intake plenum and runners; 8 —
throttle valve; 9 — compressed air supply system; 10 —
fuel supply line; 11 - gas pressure regulator; 12 —
methane gas tank; 13 — AVL 365 crank angle encoder;
14 - LaVision endoscope with Ametec Vision Research
Phantom Miro M310 high speed video camera; 15 —
AVL GH14DK cylinder pressure sensor; 16 — Kistler
4618A2 gaseous fuel pressure sensor in fuel supply
line; 17 — NI Direct Injector Drive System for DI
injector control system; 18 — exhaust gas pipe; 19 —
exhaust gas pressure and temperature sensors; 20 —
lambda sensor; 21 — Horiba Mexa-110 A/F ratio
measurement system; 22 - standard emissions ana-
lyzers J.U.M. VE7, Fuji Electric ZPA, Eco Physics
CLD822 CMhr; 23 — heated sample line for fast par-
ticulate analyzer; 24 — Cambustion DMS500 MKII fast
particulate analyzer; 25 — fast particulate analyzer
data sampling computer; 26 — AVL Indicom and AVL

Puma software for engine control and data acquisition; 27 — combustion images sampling computer.
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had central holes that could spread the jet centrally and outwards.

Experiments were conducted with 100% methane as fuel, which is
the main component of the methane-based fuels CNG, biogas and bio-
methane. The use of a single component fuel reduced the possibility of
opposing effects on various engine measurements, as may occur with
multicomponent natural gas fuel. CNG gas quality may have an influ-
ence on mixture quality during gas DI injection [39]. Also, 100%
methane is close to some of the CNG compositions from specific natural
gas suppliers globally [40,41] and the composition of biomethane after
biogas is cleaned of impurities and dilutants. The physicochemical
properties of methane are presented in Table 3.

Methane gas has a low carbon content and a hydrogen/carbon atom
ratio of 4:1. Its lower heating value (50 MJ/kg) based on mass is also
higher than other liquid and gaseous fuels. Methane gas was supplied
from a pressurized 200 bar bottle fitted with a pressure reducer to
achieve the target injection pressure for the DI-CNG injector. The gas
flow was measured with a Micro Motion Elite Coriolis mass flow meter
CMF010M323NB (accuracy + 0.35 %).

The cylinder pressure inside the engine cylinder was measured with
an AVL GH14DK pressure sensor (sensor sensitivity 19 pC/bar) with a
frequency of 170 kHz and accuracy of + 1.50 %. Pressure values were
sampled at 0.1 CAD from 50 CAD bTDC to 90 CAD aTDC. The rest of the
range was sampled with a resolution of 1 CAD. A single sample of
pressure data consisted of 300 combustion cycles measured continu-
ously. Each testing point was repeated at least 3 times. Thus, a total of at
least ~900 combustion cycles were recorded and analyzed. An AVL
Indicom system was used for cylinder pressure data acquisition.

Standard emissions were measured with different types of analyzers.
CO3 and CO were measured with a Fuji Electric ZPA gas analyzer based
on a non-dispersion infrared method (NDIR). Total hydrocarbon (THC)
emissions were measured with a J.U.M. VE7 flame ionization detector
(FID). NOy emissions were measured with an Eco Physics CLD822 CMhr
based on chemiluminescence measurement. The exhaust gas was pum-
ped from the engine exhaust gas pipe through a sampling probe and
sampling line kept at a temperature of +190 °C to avoid gas conden-
sation. Sampled standard emissions data are presented as g/kWh values.
The values are presented as means with error bars showing standard
deviations of obtained data. Error bars for some cases are small and lies
in a range of data point marker. Measurements of standard emissions at
each testing point were sampled for at least 30 s, after which an AVL
Puma acquisition system was used to record the average value. Each
testing point was recorded at least 3 times.

The experimental investigation included total PN and size distribu-
tion measurements acquired with a Cambustion DMS500 MKII fast
particle analyzer and an in-built dilution system that could be adjusted
to keep the measurement signal strength within certain limits. PN
measurement accuracy — +5.00 % for 5-300 nm size range and <10.0 %
for 300-1000 nm range. The diluted gas flow was compensated by the
gas analyzer software. A heated sampling line (+150 °C) and probe were
connected separately from the standard emissions measurement line. A
sampling of PN was carried out at least 3 times for each testing point.
Total PN and particle size distribution data are presented with error bars
representing the standard deviation.

Visual analysis of the combustion process was also included in the

Table 3

Physicochemical properties of methane fuel.
Properties Value
Fuel composition, [%vo.] 100 %, CH4
Hydrogen (H) % 25
Carbon (C) % 75
H:C ratio 41
Density at + 25 °C, [kg/m®] 0.657
Methane number (MN) 100
Stoichiometric A/F ratio, [Kgair/Kgfuell 17.2
Lower heating value, [MJ/kg] 50
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present experiments. The optical setup (Fig. 3) included a LaVision
Hybrid Camera endoscope, which was attached to the front of the engine
cylinder head to enable visual access into the combustion chamber.
Combustion images were captured with an Amatec Vision Research
Phantom Miro M310 high-speed color video camera equipped with a
Carl Zeiss 85 mm f/2 lens.

Fig. 4 shows the view of the combustion chamber through the
endoscope setup, which enabled visual access of the spark plug, injector
tip, intake and exhaust valves. Combustion images were recorded when
the camera triggered 1 CAD before spark timing CAD. Images were
recorded with a 512x464 pixel resolution and exposure time of 49.64 ps.
The sample rate was 12,000 frames per second.

The engine testing points and conditions are presented in Table 4.
Tests were conducted with 7 different nozzle heads at 2000 rpm engine
speed and two load points — part load at 6 bar IMEP and high load at
WOT. Presented results did not include the comparison with a standard
PFI-CNG system because the main aim of the present research was to
have a versatile comparison and analysis of different DI-CNG injector
nozzle heads. However, presented results can be compared with the PFI-
CNG results which were presented in a previous study where GDI, PFI-
CNG and DI-CNG systems were investigated at similar engine oper-
ating conditions [42].

Operating conditions were selected according to a previously carried
out investigation of different driving cycles (NEDC, WLTC, RTS95) of
engine running on different fuels (gasoline, diesel, ethanol, CNG). It was
determined that at specific intervals of driving cycles (especially in more
aggressive driving cycles — WLTC and RTS95) engine works at part load
(6 bar IMEP) or high load (9 bar IMEP) conditions [43]. The part load
conditions used 18 bar (low) injection pressure for all nozzle heads.
Lower injection pressure is preferable under low part load conditions
because of the required lower fuel amount and the possibility to inject
the fuel in a stable short injection duration range. The WOT conditions
included both 18 bar (low) and 50 bar (high) injection pressure for all 7
nozzle designs. The lower injection pressure (18 bar) was tested at the
high load point (WOT) to investigate the possibility and challenges of
using a lower injection pressure at high load conditions. A high injection
pressure (50 bar) at WOT was tested in order to achieve short injection
durations which can ensure sufficient time for air and fuel mixing. 6 bar
IMEP tests were conducted at SOI timings from early 350 CAD to late
timing at 170-130 CAD bTDC. WOT testing points included SOI timing

Fig. 3. Optical setup for the single-cylinder test engine: 1 — DI-CNG injector; 2 —
exhaust camshaft; 3 — intake camshaft; 4 — cylinder head; 5 - air intake runner;
6 — exhaust gas pipe; 7 — access for LED light; 8 — LaVision endoscope; 9 —
Ametec Vision Research Phantom Miro M310 high-speed video camera.
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Fig. 4. Combustion chamber image captured through the endoscope: 1 — DI-
CNG injector nozzle head; 2 - spark plug; 3 — intake valve; 4 — exhaust valve;
5 — piston surface.

Table 4
Engine operating points for the DI-CNG injector.
Engine Engine load Injection Injection timing Lambda,
speed (N), (IMEP), [bar] pressure, (SOI), CAD bTDC [-]
[rpm] [bar]
2000 6 18 350-130 1.0
~8.5-9.5 bar 18 310-190 1.0
(WOT)
~8.5-10 bar 50 310-130 1.0
(WOT)

from 310 to 190 CAD bTDC for all nozzles at 18 bar injection pressure
and from 310 to 170-130 CAD bTDC at 50 bar injection pressure,
depending on the nozzle head design. The latest injection timing
depended on the nozzle head design. Retardment of the SOI timing was
selected for each nozzle depending on several criteria — decreased
combustion stability and increased total PN level close to the limit of the
measurement equipment. Additional calculations in a present study to
obtain iSFC, CA10-90, CoVyygp were carried out according to [44], as
presented in our previous study [42].

3. Results
3.1. Engine performance

The initial engine performance analysis included results of maximum
possible achievable IMEP under WOT conditions. The maximum IMEP
values at WOT for two different injection pressures (18 bar and 50 bar)
and at different injection timings are presented in Fig. 5.

Initial observations showed that the maximum IMEP level varied
depending on the nozzle head type. The difference was especially
noticeable at the low injection pressure of 18 bar (Fig. 5a), with nozzle
heads 2 and 3 achieving the lowest IMEP over the whole SOI timing
range compared with the other nozzle heads. However, the difference in
the maximum IMEP between the nozzles decreased when the injection
pressure was increased to 50 bar (Fig. 5b).

The results showed that at the lower injection pressure (Fig. 5a),
IMEP increased when the fuel was injected at 250 CAD bTDC compared
to 310 CAD bTDC. IMEP increased by 2-4.8% depending on the nozzle
type when the SOI timing was shifted from 310 to 250 CAD bTDC. The
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main reason for the increased power output is the fuel was injected later
during the intake stroke, which allowed more air into the cylinder.

The highest IMEP values were achieved with nozzle heads 1, 6 and 7.
However, further retarding the SOI timing toward 190 CAD bTDC
decreased IMEP for all nozzle types. The trends of reduced engine
maximum brake torque and load at late injection timings were similar to
those observed in other studies. Mohammed et al. showed that a later
SOI timing reduced the time between fuel injection and fuel ignition,
decreasing the time available for air/fuel mixing and generating a more
inhomogeneous mixture in the cylinder [45].

A similar trend of increasing IMEP at increased injection pressure
(50 bar) (Fig. 5b) was observed with the different nozzle heads when the
SOI timing was shifted from 310 to 250 CAD bTDC. However, IMEP
continued to increase when the SOI timing was 190 CAD bTDC, in
contrast to the trend observed at 18 bar injection pressure. For some
nozzle heads, e.g., 1 and 6, IMEP also increased when the SOI timing was
retarded to 170 CAD bTDC. One explanation for the higher IMEP at later
timings for 50 bar compared to 18 bar injection pressure is turbulence in
the cylinder was increased by a higher injection pressure at later in-
jection timings, improving the combustion process. Other research
works also noted that DI-CNG injection can provide additional turbu-
lence energy inside the cylinder when the fuel is injected later [46]
which can increase the rate of heat release and achieve faster combus-
tion [47]. Also, at later injection timings the volumetric efficiency was
likely improved as more air was present in the cylinder. Choi et al. stated
that at late DI-CNG injection timings the charging coefficient increased
together with the possible injected mass flow which resulted in an
increased in-cylinder pressure and maximum IMEP [48]. In the present
study, the increase of IMEP at 190 CAD bTDC was between 7.8% and
9.4% depending on the nozzle type compared to early 310 CAD bTDC
injection timing. Injection timings later than 170 CAD bTDC showed a
decrease in IMEP for injector nozzle heads 1 and 7. Again, nozzle types 2
and 3 showed the lowest IMEP values over the whole SOI timing range.

The initial analysis revealed that optimization of the nozzle head
type, injection pressure and injection timing is important to achieve the
best engine performance in terms of power output. The results clearly
showed that late injection was beneficial and WOT conditions required a
higher injection pressure for late injection timings beyond the bottom
dead center (BDC).

CoVygp values are presented in Fig. 6 for 6 bar IMEP and WOT
conditions (~8.5-10 bar IMEP) for two different injection pressures (18
bar and 50 bar) and different SOI timings. At 6 bar IMEP engine load,
CoVyyep for all the DI-CNG injector nozzle types was below 1.5% when
the SOI timing was in the range 350-250 CAD bTDC. When the SOI
timing reached 190 CAD bTDC, the CoVyygp values started to increase
for most of the nozzle heads. A sharp increase in CoVyygp was observed
when the SOI timing was later than 180 CAD bTDC. A previous DI-CNG
study also showed that the use of a very late injection timing decreased
the combustion stability and increased CO and HC emissions [49]. This
implies that the combustion process was hampered by a lack of time to
mix the air and fuel to achieve a homogeneous mixture, as discussed
later.

When the engine load was increased to WOT conditions and the in-
jection pressure was 18 bar (Fig. 6b), the CoVyyp values were similar to
the 6 bar IMEP cases from 310 CAD to 250 CAD bTDC. Later timing
increased CoVyygp. However, the stability was decreased at earlier SOI
timings (between 250 CAD bTDC and 190 CAD bTDC) than for 6 bar
IMEP conditions. Comparison of the same late injection timing (190
CAD bTDC) at 6 bar IMEP and 9 bar IMEP load showed that for some of
the nozzle designs, CoVyygp was in the range of 5% to 10-15%. For
example, nozzle head 5 did not achieve stable combustion at 200 CAD
bTDC under WOT conditions. The high CoVyygp issue at late injection
timing was mainly related to the high load and demand to inject a high
amount of gaseous fuel, which possibly was not able to mix with air
properly before ignition. Nozzle heads 2, 3 and 4 showed higher CoVyygp
values than the other nozzle types for both load conditions, whereas the
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Fig. 5. Dependence of maximum IMEP for different injector nozzle heads at different SOI timings and injection pressures at 2000 rpm and WOT.

lowest CoVyyep values were achieved with nozzle heads 1, 6 and 7.

Different CoVyygp results for different injector nozzle heads were
observed at WOT when the injection pressure was increased to 50 bar
(Fig. 6¢). At early injection timing (310 CAD bTDC), CoVyygp for most of
the nozzle heads was in the range of ~1-2%. When a later SOI timing
was applied (190-250 CAD bTDC), the combustion stability improved
and CoVyypp was in the range of 0.5-1%. Some of the nozzles, e.g.,
nozzle heads 1 and 7, reached very late injection timing (130-150 CAD
bTDC) together with low variation in IMEP. However, increasing the
injection pressure to 50 bar did not improve the combustion stability for
nozzle heads 2 and 3.

Overall, under both part load and WOT conditions and at early in-
jection timings (250-310 CAD bTDC), the combustion stability was
high. The largest differences were at late SOI and injection pressures
requiring air/fuel mixing improvement.

Fig. 7 shows a comparison of the combustion duration CA10-90 for
different nozzle types at part load (18 bar injection pressure) and WOT
(18 and 50 bar injection pressure). At part load and 18 bar injection
pressure, the combustion duration of all the nozzles remained the same
until SOI reached 190 CAD bTDC (Fig. 7a), whereupon the combustion
duration became shorter. This trend was especially evident with nozzle
heads 1, 6 and 7. When the SOI timing reached 170 CAD bTDC, the
combustion duration was more prolonged with most of the nozzles, in
agreement with the decreased combustion stability findings (Fig. 7a).
However, nozzle heads 1, 6 and 7 still showed the shortest combustion
durations. Sevik et al. also showed that the flame development angle and
combustion duration tended to be shorter at later SOI timings [50].

At WOT and 18 bar injection pressure (Fig. 7b), all nozzle heads
showed a similar trend of CA10-90 when SOI was in the range 250-310
CAD bTDC. When the SOI timing was retarded further (up to 200 CAD
bTDC), CA10-90 for some of the nozzle types (2, 3, 4 and 5) became
longer than for others (1, 6 and 7). However, CA10-90 also started to
increase for nozzles 1, 6 and 7 when SOI was later than 200 CAD bTDC.

Increasing the injection pressure to 50 bar under WOT conditions
(Fig. 7b) resulted in different CA10-90 trends when the fuel was injected
at the end of the intake stroke and during the compression stroke. The
results for all nozzle types revealed that the combustion duration
became shorter at 170-190 CAD bTDC timing than at 310 CAD bTDC.
Nozzle head 1 achieved an even shorter combustion duration at 150
CAD bTDC. One of the main explanations of the improved combustion at
WOT, late injection timing and high injection pressure is the combustion
speed was improved by increased turbulence in the cylinder due to the
high fuel injection pressure. This finding was also discussed by [14],
who stated that late injection can considerably improve the turbulence
and achieve faster combustion. The ability of DI-CNG to increase tur-
bulence in the cylinder and improve combustion and the rate of heat
release was also discussed in our previous study [42].

A comparison of the indicated specific fuel consumption (iSFC) is
presented in Fig. 8. The error bars are not included because the varia-
tions in iSFC were very low between the samples. The results showed
that there was no major difference between the nozzle heads when the
fuel was injected during the intake stroke between 310 and 250 CAD
bTDC either under part load (Fig. 8a) or WOT conditions (at both 18 and
50 bar injection pressures) (Fig. 8b and c). The only difference was
observed at late injection (later than 190 CAD bTDC). The value of iSFC
increased when the fuel was injected late for both 6 bar IMEP and WOT
conditions (at 18 bar injection pressure). However, the 50 bar injection
pressure cases at WOT showed that iSFC remained at the same level for
all nozzle types. The same trend of better results in iSFC was found for
nozzle heads 1, 6 and 7. The iSFC results clearly showed that different
nozzles can influence ICE fuel consumption.

Among the tested nozzle head designs (Fig. 2), improved combustion
was achieved with nozzle heads 1, 5, 6 and 7. These nozzle heads had
multiple small holes, which could divide and spray smaller jets in the
cylinder. In contrast, the injector nozzle heads 2, 3 and 4 tended to spray
the fuel from larger holes and concentrated larger fuel amounts in
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Fig. 6. Dependence of CoVyygp for different injector nozzle heads at different
SOI timings, engine loads and injection pressures.

certain spray regions.

3.2. Standard emissions

Fig. 9 shows the iSCO, emissions for different nozzle heads at a part
load of 6 bar IMEP and 18 bar injection pressure and WOT at 18 and 50
bar injection pressures.

At part load (Fig. 9a), iSCO5 emission levels were ~480-520 g/kWh
when SOI was changed from 350 to 190 CAD bTDC. Most of the nozzle
heads showed the same level of CO5 emissions with small increases at
250 CAD bTDC timing compared to 350 CAD bTDC. Similar findings
were reported by [45], who showed that at early injection timings, CO2
emissions increased due to improved air/fuel mixing. However, iSCO5
emissions from the majority of nozzle head types started to decrease for
SOI between 190 and 180-170 CAD bTDC. This trend agreed with the
previously discussed increases in fuel consumption (Fig. 8a) and iSCO
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(Fig. 10) and iSHC emissions (Fig. 11). At a SOI timing later than 170
CAD bTDC, CO; emissions increased again for some of the nozzles. One
explanation for this is the air/fuel mixing improved when the piston
started moving up in the compression stroke and the turbulence
increased due to piston movement. However, much later SOI (e.g. nozzle
head 1 at SOI 130 CAD bTDC) showed a reduction in iSCO, emissions. A
similar trend was observed by [50], who showed that CO increased at
later injection timings but decreased at much later timing due to reduced
combustion efficiency.

High load conditions at both high and low injection pressures (18 bar
and 50 bar) (Fig. 9b and c) showed similar CO2 emission levels for all
nozzles when the SOI timing was varied between 310 and 250 CAD. The
main difference was at 18 bar injection pressure and later injection.
Nozzle heads 3, 4, 5 and 6 showed increased CO, emissions up to ~550
g/kWh, whereas the other nozzles showed similar iSCO, emissions at
480-500 g/kWh. Other researchers have reported higher CO; emissions
at late SOI (120 CAD bTDC) compared to early (360 CAD bTDC) [17].
Increased iSCO5 emissions for nozzle heads 3, 4, 5 and 6 correlated with
the increased iSFC values at late SOI, indicating that with higher fuel
consumption, more CO5 was formed.

Analysis of the WOT load case and 50 bar injection pressure revealed
a slightly different trend. Even at late SOI timings, iSCO5 emissions
remained at the same level for all injector nozzle head types. This sug-
gests that a higher injection pressure improved iSCO, emission levels for
injector nozzle types (e.g., nozzle heads 3, 4, 5, 6) compared to a lower
injection pressure at WOT. In the case of nozzle head 1, CO, emissions
remained at the same level even at much later injection timings, i.e., 130
CAD bTDC.

Fig. 10 presents the iSCO emissions for the tested nozzle heads at
different SOI timings. At part load conditions (6 bar IMEP) (Fig. 10a) and
early injection timings (350 CAD bTDC), iSCO emission levels reached
16-24 g/kWh depending on the nozzle head type. Use of a later injection
timing reduced CO emission to 7-16 g/kWh level (except for nozzle
head 2). The most promising iSCO results were achieved with nozzle
head 1, which emitted the lowest iSCO emissions over the whole SOI
timing range. When the fuel was injected later (250-190 CAD bTDC),
iSCO emissions started to increase for all nozzle types. However, nozzle
head 1 showed low iSCO emissions even at 170 CAD bTDC injection
timing.

A similar CO “dipped” curve at medium timing was observed by
[50], with CO increasing again at later injection timing. The decreasing
iSCO trend may be because at earlier injection timing, there was suffi-
cient oxygen amount to achieve more complete combustion and oxidize
CO to CO, [45,51]. However, in the present study, the oxidation was
probably incomplete, resulting in the iSCO increase at late injections for
some of the nozzle heads. As the exhaust gases during the expansion
stroke cooled down, the CO oxidation rates would decrease [51],
decreasing CO; emissions (Fig. 9a).

At high engine load (WOT) and low injection pressure (18 bar)
(Fig. 10Db), the lowest iSCO emissions of 12-21 g/kWh for all nozzle
types were obtained at an early injection timing. The lowest emission
levels were achieved with nozzle heads 1, 5, 6 and 7. iSCO emissions
started to increase for all nozzles when the SOI timing was 250 CAD
bTDC and continued to increase up to an injection timing of 190 CAD
bTDC, reaching iSCO emission levels of 30 to 35 g/kWh. At late SOI, the
differences in CO emissions between the nozzles were smaller than at
early SOI (310 CAD bTDC).

At high load and high injection pressure (50 bar) (Fig. 10c), the iSCO
emissions at early SOI was not much affected and were similar to those
measured at 18 bar injection pressure. The main benefit of increased
injection pressure for most of the nozzles was seen at a late injection
timing of 190 CAD bTDC, where iSCO levels decreased to 7-14 g/kWh at
50 bar compared to 30-35 g/kWh at 18 bar injection pressure. The
lowest iSCO emissions were achieved with nozzle head 1, whereas
nozzle head 2 showed the highest levels over almost the whole SOI
timing range. The results also agreed with the iSCO, emission levels



M. Melaika et al.

Fuel 317 (2022) 123386

55

50

6 bar IMEP / 18 bar inj.

45
40
35
30
25
20

CA 10-90 [CAD]

15
10

1 1 1 1 1 1

-370 -350 -330 -310 -290 -270

-250

-230 -210 -190 -170 -150 -130 -110

SOI [CAD bTDC]

55

50
45
40
35
30
25
20
15
10

b)

CA 10-90 [CAD]

WOT / 18 bar inj.

5 1 1 1 1 1
-370 -350 -330 -310 -290 -270

55

-250 -230 -210 -190 -170 -150 -130 -110
SOI [CAD bTDC]

50
45
40
35
30
25
20
15
10

5 1 1 1 1 1

c)

CA 10-90 [CAD]

WOT / 50 bar inj.

-370 -350 -330 -310 -290 -270

-250 -230 -210 -190 -170 -150 -130 -110
SOl [CAD bTDC]

Fig. 7. Dependence of combustion duration (CA10-90) for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

(Fig. 9¢), i.e., CO5 emission levels remained at similar levels with a slight
increase at later injection timing, indicating that the oxidation of CO was
improved at 50 bar compared to 18 bar injection pressure. Similar
benefits of using a higher injection pressure at late injection timing were
observed by [34]. One explanation for the improved iSCO emissions at
50 bar injection pressure is higher injection pressures increase the tur-
bulence in the cylinder, which improves the combustion process and CO
oxidation. Other researchers have also reported lower CO emissions at
late injection timing and higher engine speed [17].

Fig. 11 shows the indicated specific hydrocarbon iSHC emissions for
the different types of nozzles at different injection timings, loads and
pressures. The parameter iSHC represents THCs, meaning that methane
and nonmethane HC emissions are presented as a total value.

At part load and early SOI timing (350 CAD bTDC) (Fig. 11a), iSHC
emissions were similar for all DI-CNG injector nozzle heads, reaching
~2 g/kWh. iSHC emissions started to slightly increase when SOI reached
250 CAD bTDC. However, the differences in emission levels between
nozzle heads were only minor. Comparison between iSCO (Fig. 9a) and
iSHC emissions at 350-250 CAD bTDC SOI timing demonstrated that at
early injection timing, the combustion efficiency was higher and more

complete combustion was achieved. On the other hand, CO emissions
were increased due to decreased oxidation processes. At later injection
timing, iSCO emissions decreased and iSHC started to increase, indi-
cating that the combustion efficiency slightly decreased due to a lack of
time for the air and fuel to mix fully just before the ignition. Other re-
searchers have also observed increased THC emissions from DI-CNG at
late injection timings, which were attributed to insufficient air/fuel
mixing [45]. It has also been reported that at late SOI (between 210 and
150 CAD bTDC), increased HC emissions due to poor fuel mixing
resulted in a slow combustion rate and increased combustion duration
[52]. Similar findings were obtained by [53], who showed that a late
injection timing caused mixture homogeneity issues, incomplete com-
bustion process, higher CoVyyep and increased CO and HC emissions.
They also reported that at high speed and medium loads, an early in-
jection was essential to maximize the mixing time between the end of
injection (EOI) and spark timing [53].

Further delaying the SOI timing (up to 190 CAD bTDC) revealed that
iSHC emissions were higher (reaching 3.5 g/kWh) and the differences in
HC emissions between the nozzle head types were increased compared
to early injection timing points. At timings later than 190 CAD bTDC,
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Fig. 8. Dependence of iSFC for different injector nozzle heads at different SOI timings, injection pressures and engine loads.

there was a sharp increase in iSHC. The earliest increase and highest
value of iSHC (at 180-170 CAD bTDC) were obtained with nozzle heads
2, 3, 4 and 5. The lowest and the most promising results were achieved
with nozzle head 1, which maintained low iSHC emission levels even at
150-170 CAD bTDC SOLI.

At high load and low injection pressure (Fig. 11b), iSHC emissions
from the majority of nozzle heads decreased when the SOI timing was
changed from 310 to 200-210 CAD bTDC. The values were reduced
from ~2.8-3.5 g/kWh to 1.5-2.5 g/kWh. A similar trend of decreased
THC emissions with later injection was also demonstrated by [34]. Such
a reduction in iSHC might be related to improved air/fuel mixing under
WOT conditions, which would increase the combustion efficiency.
However, nozzle heads 2 and 4 (with bigger dead volume inside the
nozzle heads and having wider crevices) showed a different trend in
iSHC emissions than the other nozzle types at timings later than 250
CAD bTDC. At SOI timings later than 200 CAD bTDC, iSHC emissions
started to increase also for nozzle heads 1, 3, 5, 6 and 7.

At WOT and 50 bar injection pressure (Fig. 11c), iSHC emission
levels were slightly improved at early SOI (310 CAD bTDC) compared to
the 18 bar injection pressure cases. However, HC emissions showed a
slightly different trend at the increased injection pressure. HC emissions
from all tested nozzles increased when the injection timing was delayed
at 50 bar injection pressure. Slight iSHC increase at higher injection

10

pressures might be related to a formation of fuel rich zones and the
presence of gaseous fuel in the cylinder crevices or interaction with
cylinder liner, as discussed later. The lowest iSHC values were achieved
with nozzle heads 1, 5, 6 and 7. Comparison between the 310 CAD bTDC
injection point at 18 and 50 bar injection pressure showed that at the
lower injection pressure, iSHC was slightly higher (2.8-3.2 g/kWh)
compared to that at 50 bar pressure (2-3 g/kWh). The higher HC
emissions at lower injection pressure might be related to air/fuel
mixture inhomogeneity. Seboldt et al. reported that at higher injection
pressures, HC emissions decreased due to increased jet penetration [49].
Tests showed that at higher injection pressures, stagnated axial pene-
tration converts to radial penetration, resulting in a wider jet. The
deeper and wider penetration improves air entrainment and mixture
formation [49].

Although some researchers have reported that HC emissions are
lower at early injection timing, several studies have demonstrated that
very early or late injection can increase HC emissions due to the for-
mation of fuel-rich mixture zones [17]. It has also been shown that HC
emissions tend to increase with lower injection pressure at early SOI
timing [34] (similar to the results obtained in the present study) due to
the presence of unburned fuel in crevices and wall quenching. In addi-
tion, it has been reported that early injection timings may increase iSHC
emissions due to increased fuel and cylinder liner contact [31]. Our
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Fig. 9. Dependence of iSCO, emissions for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

investigation of iSCO and iSHC emissions for different injector nozzle
types showed that nozzle heads that injected the fuel more toward the
central part of the cylinder (nozzle heads 1, 5, 6 and 7) achieved lower
emissions for a broad range of SOI timing under both part load and high
load conditions than nozzle heads that concentrated the fuel more to-
ward the cylinder wall (nozzle heads 2, 3 and 4) with umbrella and swirl
type injection. A similar trend has been observed by other researchers,
who showed that a toroidal vortex type jet (with a smaller hollow cone
nozzle angle) can reduce the crevice flow and unburned HC emissions
[31]. It was also stated that with early injection timing, fuel and liner
interaction cannot be avoided [31]. In the present study, it was also clear
that nozzles with a tendency to form a mixture more toward the cylinder
liner (nozzle heads 2, 3 and 4) showed higher iSHC emissions than
nozzles forming a mixture concentrated in the central cylinder part.
Comparison of the low and high load results at two different injection
pressures (Fig. 11b and c) showed that differences between iSHC emis-
sions were small for SOI timing between 310 and 190 CAD bTDC. Other
experimental DI-CNG studies have shown a similar trend, with the in-
jection pressure having only a minor influence on HC formation [49].
Such findings suggest that lower injection pressure is preferable owing
to the possible drivable mileage dependency on the lowest possible fuel
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pressure in the fuel tank if earlier injection timings are applied [49].

Fig. 12 presents the indicated specific NO, emissions (iSNO,) for the
different nozzle heads at 6 bar IMEP and WOT and at different injection
pressures and SOI timings.

Results of the part load tests (Fig. 12a) showed that iSNO, increased
from 6.3 to 7.5 g/kWh at 350 CAD bTDC timing to 7.5-8.5 g/kWh at 310
CAD bTDC with only slight differences in iSNO, values between the
different nozzles. When the injection timing was delayed to 250 CAD
bTDC and later, the differences in iSNO,, values increased between the
nozzles, e.g., varying from 5.5 to 8 g/kWh at 190 CAD bTDC. In addition,
iSNO, emissions showed a decreasing trend with later SOI timings. The
highest iSNO, levels were achieved with nozzle head 1 over a broad
range of SOI timing. This finding was supported by the CA10-90 plot
(Fig. 7a). The combustion duration for nozzle head 1 was shorter than
the other nozzle types, meaning that the heat released from the fuel was
more intense over a shorter period of time, resulting in an increased
combustion temperature and increased NO,, formation.

Tests at increased engine load (WOT) and 18 bar injection pressure
(Fig. 12c¢) revealed a similar trend as for the part load conditions. iSNO,
was highest at early injection timing, e.g., iSNO, decreased from 9.5 to
10.8 g/kWh at 310 CAD bTDC to 4.5-6 g/kWh at 190 CAD bTDC.
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Fig. 10. Dependence of iSCO emissions for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

These findings agree with other studies showing NO, is reduced at
later injection timings [17]. The reduction in iSNO, emissions is likely
due to slower combustion and a reduced exhaust temperature [52].
Slower combustion may be a consequence of reduced turbulence in the
cylinder when the piston slows down at the end of the intake stroke and
air/fuel mixing is reduced. This explanation is supported by the test
results from the same engine load point but with 50 bar injection pres-
sure applied (Fig. 12c).

The trends in iSNO, emissions at 50 bar injection pressure at later
injection timings were different than for the 18 bar injection pressure
cases. At WOT and 50 bar injection pressure, all the injector nozzle
heads showed increased iSNO, emissions. A higher injection pressure
improves turbulence in the cylinder, which increases the combustion
temperature and results in higher NO, level formation. This finding was
supported by the iSCO results (Fig. 10). Increased turbulence and higher
combustion temperature increase the oxidation of CO emissions, as
shown by the decreasing trend in iSCO with increasing injection pres-
sure. Higher injection pressure also improves mixture homogeneity.
Also, the emission trends of iSNOx and iSCO5 showed increasing trends
at later SOI timings (190-250 CAD bTDC) while at the same time iSCO
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showed a reduction with most of the nozzles (except nozzles 2 and 3)
which means that combustion temperature and oxidation process were
higher. Again, this proves that the combustion process can be improved
not only with a combination of higher injection pressure, late injection
timing but also with a specifically designed injector nozzle head. Other
studies also have shown that at later SOI timings, NO, emissions were
lower at lower injection pressure than at higher injection pressure [34].

3.3. Total PN and images of the combustion process

The analysis of standard emissions showed that SOI timing and
nozzle type can influence emission levels. Further investigation focused
on PN emissions. As mentioned above, there is still a lack of information
about PN emissions from DI-CNG systems when different SOI timings are
applied, and especially when different nozzle head designs are used for
the gas jet formation.

Fig. 13 shows the total PN results for different nozzle heads under the
tested conditions. At part load (6 bar IMEP) (Fig. 13a), total PN for all
nozzle head types was in the range ~20x10°-3x10° #/cm® when the
SOI timing was 310-350 CAD bTDC. A similar total PN level was
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Fig. 11. Dependence of iSHC emissions for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

observed for nozzle heads 1, 5, 6 and 7 when the injection took place at
the end of intake stroke or at the beginning of the compression stroke
(170-250 CAD bTDC). However, nozzles 2, 3 and 4 showed an
increasing trend for PN emissions for the same SOI timing range, with
PN emissions reaching 2x107-1x10% #/cm®. However, at later injection
timing (130-170 CAD bTDC), PN emissions also started to increase for
the other nozzle types.

WOT tests at 18 bar injection pressure (Fig. 13b) showed that total
PN emissions from different nozzle heads at early injection timing were
at a similar level to those measured under part load conditions. In
addition, there was a similar early increase of PN for nozzle heads 2, 3
and 4 when the fuel was injected at 250 CAD bTDC and later. However,
PN started to increase for the other nozzle types when SOI reached
200-220 CAD bTDC. Nozzle head 1 achieved the lowest PN (~7x107
#/cm®) at late SOI timing (190 CAD bTDC). However, most of the nozzle
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types reached much higher total PN (7x108-3x10° #/cm?) at late 190
CAD bTDC timing.

Seboldt et al. showed that PN emissions were relatively low for a
range of SOI timings from early to late and either with low (20 bar),
either with high (110 bar) injection pressures [38]. However, the trends
in PN were different from the present findings. One reason for this is the
present study involved high load points, whereas Seboldt et al. tested at
lower load conditions. Also, the PN measurement technique was
different from the present investigation. Other research also showed that
CNG can generate PN emissions at levels of 1x107 #/cm® and the
measurement did not include any volatile removing technique. It was
concluded that the main contribution to PN emissions was burnt lubri-
cation oil (PFI-CNG system) [54]. However, Adlercreutz et al. stated that
CNG combustion may generate 1 to 5 nm particles [55]. It was deter-
mined that at higher engine loads and speeds CNG combustion can give
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Fig. 12. Dependence of iSNO, emissions for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

larger (accumulation mode) particles which resulted also in higher total
PN [56]. In the present study, several mechanisms influence soot for-
mation from methane fuel. These mechanisms give different soot and
total PN formation levels. One of the soot formation mechanisms can be
attributed to early injection timings from 250 to 310-350 CAD bTDC. At
these injection timings, there is relatively enough time to mix fuel with
air and reach high stoichiometry. Injector nozzle head design plays a
small role in soot formation at early injection timing because injected
gaseous fuel has enough time to mix with the air in the cylinder.

14

However, given results show that injector nozzle head design has more
influence on total PN emissions at later injection timing, and especially
at higher engine loads (Fig. 13b) with lower injection pressure. The total
PN increased to higher levels for all nozzles head types at late injection
timing (190 CAD bTDC and later) meaning that another soot formation
mechanism appears which is related to a shorter air/fuel mixing time,
formation of fuel rich zones. Also, it can be related to the fuel injection
pattern due to the injector nozzle head design which can lead to a
diffusion fire or pool fires [57]. Increased soot formation and higher PN
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Fig. 13. Dependence of total PN emissions for different injector nozzle heads at different SOI timings, engine loads and injection pressures.

levels at late injection timing with all nozzle head designs also can be
tracked for lower engine load 6 bar IMEP case (Fig. 13a). It should be
noted that soot formation also depends on injected fuel mass. Thus, the
higher fuel consumption could have led to higher PN formation. Indi-
cated specific fuel consumption increased for all nozzle types at lower
injection pressures (18 bar) and at late injection timings when the en-
gine was tested at 6 bar IMEP and WOT conditions (Fig. 8a and b).
Increasing iSFC trend also correlated with previously presented total PN
trends (Fig. 13a and b). What is more, the total PN trends correlated with
iSHC emissions trends either for lower engine load (6 bar IMEP), either
for WOT conditions (Fig. 11a—c) at later injection timings. This means
that combustion efficiency was lower, fuel rich zones were formed
which led to increased hydrocarbon emissions and higher PN levels.
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Measurements of WOT conditions and increased injection pressure of
50 bar (Fig. 13c) showed that total PN for nozzle heads 1, 5, 6 and 7
remained at low levels even at very late injection timings (150-190 CAD
bTDC). For example, PN started to show a sharp rise for nozzle head 1
only at 130 CAD bTDC. However, some of the nozzle heads (2, 3 and 4)
did not show a reduction in particulate formation even at high fuel in-
jection pressure. At late SOI timing (190 CAD bTDC), PN was increased
compared to early timing (310 CAD bTDC). Total PN levels for nozzle
heads 1, 5, 6 and 7 were in the range ~4x10°-2x10° #/cm® between
310 and 190 CAD bTDC timing, whereas for nozzle heads 2, 3 and 4,
total PN was ~3x10°-1x10® #/cm?.

Further investigation of DI-CNG injector nozzle heads involved
combustion image analysis from different load points, injection timings
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and injection pressures. Combustion images helped to understand and
give additional explanations for the combustion process, soot formation
and support total PN results. Fig. 14 presents the combustion process for
different injector nozzle heads at part load and 18 bar injection pressure
when the fuel was injected at 310 CAD bTDC and 190 CAD bTDC. These
injection timings were chosen to compare with the previously presented
data. The images are presented for a single combustion cycle for each
nozzle type.

Images from the early injection timing at part load and 18 bar in-
jection pressure showed (Fig. 14a) that the combustion process was
similar for most of the nozzle heads after the spark timing. All nozzle
heads showed mainly blue flame development with no presence of
yellow flame formation. The combustion images for nozzle heads 1, 5, 6
and 7 showed that at 6 bar IMEP and 190 CAD bTDC injection timing,
only a blue flame was formed. Comparison of the images at 310 and 190
CAD bTDC injection timing showed that the flame development was
faster and reached the visible endoscope boundaries earlier with the late
injection timing. This demonstrates that the combustion process could
be improved by using a later SOI timing.

Slightly different blue flame development phenomena were observed
with nozzle head 2, i.e., swirl type nozzle head. The blue flame
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development from this nozzle type was slower than for the other nozzle
heads. Images recorded at late SOI (190 CAD bTDC) (Fig. 14b) revealed
that nozzle heads 2, 3 and 4 showed yellow flame formation late in the
combustion process (~40-60 CAD after the spark). It can be seen from
the combustion images that during the initial flame development stage,
a blue flame was formed. Later, a yellow flame started to appear in the
vicinity of the spark plug and injector. Other research groups [58] also
detected a yellow-white flame during a DI-CNG combustion test. The
flame was surrounded by a light blue flame. It is known that yellow
flame formation is related to worse air/fuel mixing, more fuel-rich areas
and soot formation. Bartolucci et al. also reported that the formation of a
fuel-rich region in the vicinity of the spark plug electrode resulted in
increased HCs as there was not sufficient oxygen to oxidize the fuel [51].

The combustion images support the PN measurement results under
the same testing conditions (Fig. 13a), which showed that total PN levels
were increased for nozzle heads 2, 3 and 4 due to yellow flame
appearance at later combustion phase compared to the other injector
nozzle head types.

Different research groups have tried to explain the particulates and
soot formation either for liquid, either for gaseous fuels. Certainly, DI
technology with liquid fuel (gasoline, ethanol) produces much more
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Fig. 14. Combustion process images for different injector nozzle heads at 310 CAD bTDC and 190 CAD bTDC injection timing. Part load conditions, 18 bar in-
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particulates than gaseous fuel — methane (also methane-based fuels —
natural gas and biogas). It was explained that soot formation from liquid
fuels (GDI) can depend on several factors — the local stoichiometry
temperature, pressure, and air/fuel mixing [59]. Locally fuel-rich zones
in the cylinder are created due to bad mixing conditions. In the absence
of oxygen and at a certain temperature fuel molecules are decomposed
into active radicals H, OH, CH3 and small molecule species such as
ethylene (CoHy) and acetylene (CaHs). Mentioned radicals and species
form polycyclic aromatic hydrocarbon (PAH) molecules which are
precursors to form soot particles [60]. Soot emissions in engines depend
on the competition between two processes — soot formation and soot
oxidation. Combustion temperature in the cylinder can vary depending
on operating conditions (e.g. low or high engine load, low or high engine
speed) and injection parameters (e.g. injection timing, injection pres-
sure). The temperatures can reach ~2400 K at which soot can be rapidly
burned. Also, the temperature can fall to ~1500 K in regions where pool
fires form during late stages of combustion, which may be too low for
soot oxidation [57,59]. This was also proven with alternative fuel —
methanol where maximum soot values were achieved at ~1600-1700 K
temperatures and at later combustion phases [61]. Considering methane
gas, it does not have carbon-to-carbon molecular bonds. Also, it has a
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simpler molecular structure which gives fewer chances to form benzene
rings and leads to lower soot formation [62]. However, studies on
methane pyrolysis at high-temperature mechanisms showed that
ethane, ethylene and acetylene are also forming as for liquid fuels
[63,64]. And it is known that two competing processes occur in sooting
flames - firstly the soot precursors formation via acetylene pyrolysis and
the second one - the oxidative degradation of these precursors by OH
radicals [59,65]. High temperatures increase the rates of both processes,
but the rate of oxidation increases more rapidly [63]. The higher the
temperature, the lower the tendency of premixed flames to soot. Diffu-
sion flames have different mechanisms because there is no oxidative
attack on soot precursors in these flames. However, the pyrolysis rate
still increases with temperature, leading to a higher rate of soot for-
mation. The tendency to soot is greater when the flame temperature is
lower [66]. Mentioned description of soot formation supports the pre-
sent study findings that at late injection duration there is a lack of time to
mix air and fuel for specific nozzle heads. Also, the combustion tem-
perature was lower because iSNOy results (Fig. 12a) showed a
decreasing trend at late SOI timings. Fuel-rich zones were formed which
resulted in low intensity diffusion burn or pool fires at the nozzle tip or
at spark plug crevices when the combustion process developed ~36 or
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Fig. 15. Combustion process images for different injector nozzle heads at 310 CAD bTDC and 190-200 CAD bTDC injection timing. WOT conditions, 18 bar in-

jection pressure.
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~48 CAD (depending on nozzle head design) after the spark ignition.
The rate of soot oxidation was reduced by the lower amount of OH
radicals in the rich air/fuel regions. It is known that OH radicals are
dominant oxidants that oxidize carbon. After that carbon is not involved
in a soot particle formation [67,68]. This proves that the reduced soot
oxidation process at the later combustion phase increased total PN levels
for nozzle heads 2, 3 and 4 (Fig. 13b).

Fig. 15 shows images of the combustion process for different nozzle
heads at WOT conditions and 18 bar injection pressure when the fuel
was injected at 310 and 190 CAD bTDC.

The combustion images from the early injection timing (Fig. 15a)
showed a similar trend to that observed at part load. The early injection
timing did not show any fuel-rich zone formation (source of yellow
flame) and only a blue flame was present. Similarly, to the part load
case, nozzle head 2 showed different combustion behavior than the
other nozzles. The flame developed more slowly and later for nozzle
head 2 compared to the other nozzle types.

Analysis of the combustion process at late injection timing 190-200
CAD bTDC (Fig. 15b) revealed that the use of a low 18 bar injection
pressure could cause issues related to air/fuel mixing. The combustion of
all nozzle head types showed that a yellow flame (diffusion burn or pool
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fires) was present, which appeared at relatively early timing after the
spark, i.e., 24-30 CAD after the start of ignition. Images from all nozzle
heads showed that the yellow flame formation was very dense and
present until a very late combustion process stage. Since yellow flames
are related to the fuel-rich zone formation, decreased air/fuel mixing,
reduced soot oxidation and increased particulate formation, its presence
supports the previous finding that PN emissions (Fig. 13b) increased
because of worse air and methane fuel mixing at late injection timing.
Combustion images were also recorded at increased injection pres-
sure (50 bar) and WOT for the different injector nozzle heads (Fig. 16).
Images obtained at SOI timing of 310 CAD bTDC again showed that the
air/fuel mixture was well mixed with just a blue flame present, as
observed with the other tested condition at early injection timing
(Fig. 16a). Images captured at late injection (Fig. 16b) showed that a
higher injection pressure improved the air/fuel mixing process for all the
injector nozzle types. Mainly just a blue flame appeared during the
combustion, even when the fuel was injected at late timing. The com-
bustion process was very different compared to that at 18 bar injection
pressure, where the yellow flame formation was dominant for all nozzle
types. Increasing the injection pressure enabled the fuel to be injected in
a shorter time, allowing enough time to mix the air and fuel and forming
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Fig. 16. Combustion process images for different injector nozzle heads at 310 CAD bTDC and 190 CAD bTDC injection timing. WOT conditions, 50 bar injec-
tion pressure.
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less fuel-rich areas in the cylinder, which can act as sources of yellow
flame and particulate formation. However, still small areas of yellow
flame around the injector nozzles were detected for nozzle head designs
2, 3 and 4. This finding supported the total PN (Fig. 13¢) measurements
where the levels of particulate emissions were still higher for mentioned
nozzles compared to nozzle heads 1, 5, 6 and 7.

Increasing the injection pressure also increases turbulence in the
cylinder, which can improve the combustion process. Combustion im-
ages of late injection timing from 18 bar (Fig. 15b) and 50 bar injection
pressure (Fig. 16b) showed that the flame developed faster for 50 bar
injection pressure mainly with all nozzle heads. This supports the CA10-
90 results (Fig. 7¢), which showed that CA10-90 values were lower for
increased injection pressure and late timing, corresponding to a shorter
combustion duration.

Other research groups have also reported that late injection timings
with high injection pressure achieved a larger flame radius that was
likely enhanced by a high turbulence intensity, affecting the flame speed
and flame propagation direction [16].

As it was mentioned above, the investigation showed that yellow
flame appeared in particular tested cases and it correlated with
increased total PN (Fig. 13) and iSHC (Fig. 11) emission levels.

1.2
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Presented combustion images (Figs. 14-16) represented just single
combustion cycles for each nozzle head just for two SOI timings. Further
investigation and presented Fig. 17 involved frequency analysis of yel-
low flame from ~60 combustion cycles (captured ~20 cycles for 3
repetitions) for each nozzle head design and all tested cases.

A relative frequency of O means that there were 0 combustion cases
with a yellow flame source and 1 means that all combustion cycles had a
yellow flame. Investigated cases clearly show that yellow flame trends in
the combustion cycles correlate with total PN measurements (Fig. 13).
The more combustion cycles included yellow flame, the more total PN
levels increased. Nozzle heads 2, 3 and 4 showed one of the highest
yellow flame frequencies for both engine loads — 6 bar IMEP (Fig. 17a)
and WOT (Fig. 17b and c). Also, the yellow flame started to appear more
frequently for other nozzle types when the SOI timing was retarded and
frequency values increased sharply when SOI reached 130-190 CAD
bTDC depending on the specific case. Relatively frequency results
revealed that nozzle head design can have a great impact on reducing
fuel-rich zones and yellow flame formation even at earlier SOI timing, e.
g SOI at 250 CAD bTDC either for 6 bar IMEP, either for WOT cases.

Fig. 18 represents combustion images for all 7 nozzle heads tested at
6 bar IMEP engine load and the latest SOI timings where the PN levels
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Fig. 17. Relative frequency of yellow flame appearance from 60 combustion cycles for different injector nozzle heads at different SOI timings and injection pressures.
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Nozzle head 6 Nozzle head 7

Fig. 18. Combustion process images for different injector nozzle heads at the latest tested SOI timing and particular timing after the ignition. 6 bar IMEP, 18 bar

injection pressure.

were the highest. Combustion images were selected to show a more
detailed view of yellow flame formation in specific areas depending on
nozzle head type.

Analysis showed that yellow flame formation area in the cylinder and
timing can differ depending on nozzle head design. Pool fires of yellow

flame were mostly observed at the left side of the visual endoscope area
for nozzle heads 1, 5 and 6 — at the exhaust valves and a cylinder wall.
This was created by fuel rich zones which were sources of higher soot
formation, increased PN levels and unburned hydrocarbons. The for-
mation of pool fires at the cylinder wall or exhaust valves was also likely
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Fig. 19. Particle size distribution for different injector nozzle heads at different SOI timings, engine loads and injection pressures.
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to be influenced by the turbulence in the cylinder and combustible
mixture motion towards these areas. However, pool fires of yellow flame
from mentioned nozzle heads were detected just at very late SOI timing
(130-170 CAD bTDC) depending on nozzle head type. Also, the timing
of yellow flame appearance after the ignition differed depending on the
nozzle head. Pool fires from nozzle heads 6 and 7 were observed much
earlier (~36 CAD after the ignition) compared to nozzle heads 3, 4, 5
(~60 CAD after the ignition). As discussed before, yellow flame and soot
formation at earlier timing are more preferable as it can be easier
oxidized due to higher temperatures at earlier combustion phase.

Achieving good air/fuel mixing and high stoichiometry in the whole
cylinder is a challenging but very important criterion. If the fuel-rich
zones are appearing at the cylinder walls it is more complicated to
oxidize the soot. Researchers noted that soot was formed at the flame
front and it was reduced by oxidation at high temperatures with a suf-
ficient time. The oxidation rates were highest at the center of the cyl-
inder and lowest at the cylinder wall due to changes in local
temperatures and OH concentrations [56].

Analysis of combustion images from nozzle heads 3 and 4 showed
that pool fires and diffusion burn type flame appeared mostly at the
injector location at the later combustion phase. Also, images revealed
that yellow flame was forming at two locations for the nozzle head 2 - at
the injector nozzle head tip and at the spark plug crevices. This proves
that large crevices either at the nozzle head, either at the spark plug
should be avoided if the fuel is injected at the compression phase as it
can be a possible cause of fuel-rich region formation and increased soot
emissions. Other research studies also observed that the engine effi-
ciency and some emissions may be affected by the electrode length and
size of crevices in the spark plug [69].

3.4. Particle size distribution

Fig. 19 presents the particle size distribution for different nozzle
types under 6 bar (18 bar injection pressure) and WOT conditions (18
bar and 50 bar injection pressures). The plots include just two SOI timing
conditions — early injection at 310 CAD bTDC (Fig. 19a—c) and late in-
jection at 190-200 CAD bTDC (depending on nozzle type) (Fig. 19d, e
and f). These points were chosen so that all nozzle heads could be
compared at the same SOI for all tested load conditions. The particle size
distribution and concentrations are presented on a logarithmic scale
together with error bars representing the standard deviation for
different particle size points.

The analysis showed that at SOI of 310 CAD, the highest concen-
tration of particles was at size 10-30 nm for most of the nozzle heads at
part load (Fig. 19a) and WOT (Fig. 19b and c). It is known that 10-23 nm
size particles represent nucleation (nuclei) mode particles. Larger par-
ticles than 23 nm represent accumulation mode particles which are
formed by the growth of nuclei particles and their coagulation. Broadly
spherical particles are particularly formed when combustion tempera-
ture decreases [70]. It is also known that nuclei particles are more
volatile organic compounds (VOCs) which are mainly unburnt or
partially burnt fuel or have a footprint of lubricants (oil) [71]. The
present study showed that at SOI 310 CAD bTDC the highest particle
concentration of nuclei particles peaked between ~1.5x10% #/cm® and
~7x10° #/cm® depending on the nozzle type and engine load condi-
tions. Higher levels of nuclei particles are likely to be the result of
methane characteristics to form smaller particles as mentioned before.
Also, smaller particles might be formed due to the VOCs — unburned fuel
or lubricant. Fig. 19b and c¢ show that nozzle heads 2 and 4 emitted
higher levels of nuclei particles compared to other nozzle heads. The
comparison of iSHC emissions (Fig. 11b and c) for the same nozzle heads
2 and 4 also showed slightly higher hydrocarbon levels meaning that
combustion efficiency was lower and more unburned fuel was emitted
which might be a cause of increased soot emissions and higher levels of
smaller particles. Some peaks at 70-300 nm were also observed, which
are specific for accumulation mode particles. Higher levels of
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accumulation particles were detected under high load WOT conditions
both at 18 bar and 50 bar injection pressure (Fig. 19b and c). As it was
mentioned before, accumulation particles are formed at the later com-
bustion phase when combustion temperature decreases and nuclei par-
ticles coagulate into larger size particles (70-100 nm). At later phase
particles collide with each other and agglomerate. The agglomeration
process can be influenced by thermal or turbulent processes [72].

For a later injection timing of 190 CAD bTDC and 6 bar IMEP load
point (Fig. 19d), the particle number concentration peaks for nozzle
heads 1, 4, 5, 6 and 7 were in the range 2x10*-2x10° #/cm® and the
peaks corresponded to either nuclei or accumulation mode sizes. How-
ever, nozzle heads 2, 3 and 4, which have larger crevices, showed
increased PN emissions and nuclei mode particles reached levels of
~5x%10°-1.5x107#/cm® (Fig. 19d). Combustion images and analysis of
yellow flame relative frequency proved that these nozzle heads tend to
form fuel-rich zones which led to pool fires with yellow flame in the
majority of combustion cycles. At later injection timing the combustion
temperature was lower which reduced the soot oxidation process.
Decreased combustion temperature can be proved by reduced iSNOy
emission levels (Fig. 12a) at the same SOI timing — 190 SOI bTDC. It is
well known that NOy formation is very much dependent on oxygen
amount and combustion temperature.

Under increased load conditions (WOT) and at 18 bar injection
pressure, total PN levels increased for all nozzle heads at late injection
timing (190-200 CAD bTDC) (Fig. 13b). This was also evident in the
particle size distribution plot (Fig. 19e), which showed that the PN
concentration increased for all the tested nozzle types, peaking at
~8x107-4x108 #/cm? level. The peaks correspond to either nuclei or
accumulation mode ranges. However, the majority of the nozzle heads
(except nozzle head 1) showed the highest level of accumulation mode
particles. As discussed before, the time to mix methane gas with air was
too short at late injection timing. Thus, fuel-rich zones were created.
Yellow flame’s relative frequency (Fig. 17b) showed that almost all
combustion cycles had pool fires of yellow flame due to low local stoi-
chiometry and low combustion efficiency. This created a high level of
soot formation and PN. Reduction in combustion efficiency and com-
bustion stability (Fig. 6b) also reduced combustion temperature which
led to lower iSNOy emissions (Fig. 12b), together with increased iSHC
emissions (Fig. 11b). Lower combustion temperature worsened the
oxidation process of PAHs which are cause to form soot and soot pre-
cursors. Also, the iSFC (Fig. 8b) increased at late SOI timing, therefore
more fuel was injected and resulted in even more soot and particulate
formation. As mentioned before reduction in combustion temperature
resulted in increased accumulation mode particle formation when nuclei
mode particles coagulated.

A different trend in particle size distribution at WOT and at late SOI
was observed when the injection pressure was increased to 50 bar
(Fig. 19f). Nozzle heads 1, 5, 6 and 7 showed a reduction of PN con-
centration in the nuclei mode range when the pressure was increased
from 18 bar to 50 bar, with the highest levels in the range
~3x%10*-2x10° #/cm?, similar to those measured at 6 bar IMEP load.
However, increasing the injection pressure did not reduce the PN con-
centration for nozzle heads 2, 3 and 4, which peaked at ~5x 10%-9x10°
#/cm® in both the nuclei and accumulation mode ranges. Again, these
results can be supported by the yellow flame analysis because nozzle
heads 2, 3 and 4 were the only ones to show pool fires or diffusion burn
type flames (Fig. 17c) at SOI 190 CAD bTDC compared to other nozzle
heads. This shows that nozzle heads with smaller crevices or having
multiple holes are more preferable than nozzle heads with larger crev-
ices at increased fuel injection pressure and late injection timing to
reduce soot and particulate formation.

It was concluded that the DI-CNG injector nozzle type can have a
large influence on PN formation when a late injection timing is applied.
The use of a higher injection pressure may be a solution to improve
combustion and decrease soot formation. However, in some cases,
additional improvements in injector nozzle head design may be
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necessary to achieve better air/fuel mixing.
4. Conclusions

Experimental investigation of inwards opening and spray-guided DI-
CNG injector in a 4-stroke spark ignition engine showed that engine
performance and exhaust gas emission parameters can be influenced by
the design of injector nozzle head. The obtained results were also highly
dependent on the fuel injection pressure and injection timing. Thus,
gaseous fuel DI injector nozzle heads should be designed carefully so
that they work efficiently while some of the engine control parameters
can vary. The main findings and conclusions of the present study can be
summarized as follows:

1. Injector nozzle heads with multiple holes/orifices and reduced dead
volumes showed improved combustion stability and duration at late
injection timing under part load and high load conditions when the
fuel was injected at 18 bar injection pressure. Nozzle heads with
smaller crevices achieved higher maximum IMEP under WOT con-
ditions. Increasing the injection pressure to 50 bar led to no major
differences in the combustion parameters between the nozzle heads.
A higher injection pressure increased the combustion stability, the
engine achieved higher engine load and extended the possibility of
injecting at later timing for all injector nozzle heads compared to at
18 bar injection pressure.

2. Emissions of iSCO,, iSCO and iSHC were higher for the injector
nozzle heads with larger crevices at part load or WOT and 18 bar
injection pressure. Increased emissions remained from early to late
injection timing. At the same tested load and injection pressure, iSCO
and iSHC showed an increasing trend for all injector nozzle heads at
late injection timing, which was attributed to incomplete air/fuel
mixing and changed combustion efficiency. At both loads and 18 bar
injection pressure, emission levels of iSNO, decreased for all injector
nozzle head types at late injection timing due to reduced combustion
efficiency and combustion temperature. Increasing the injection
pressure to 50 bar improved the combustion process and combustion
stability and decreased iSCO5, iSCO and iSHC emissions levels at late
injection timing for all nozzle types. However, iSNO, emissions
increased for all DI injector nozzle heads at late injection timing due
to increased turbulence in the cylinder and an improved combustion
process enabled by the higher fuel injection pressure.

3. Total PN levels only slightly varied among the different injector
nozzle head types and just blue flame formation was dominant at an
early injection timing (310 CAD bTDC). Total PN started to increase
earlier at later injection timing (250 CAD bTDC) for the nozzle heads
with the larger crevices. However, all nozzle heads showed increased
total PN by several orders of magnitude when the fuel was injected at
18 bar and very late injection timing either at part load or WOT.
Increased particulate levels were mainly related to reduced time
available for air/fuel mixing, formation of fuel-rich zones in the
cylinder and decreased timing to oxidize the soot. Combustion im-
ages proved that yellow flame was present in the cylinder at late
injection timings and its frequency in the combustion cycles was
correlating with increased total PN levels meaning that yellow flame
formation was a dominant source for soot in the pool fires. Increasing
the injection pressure under WOT conditions improved total PN
levels at late injection timing. Higher injection pressure increased
turbulence in the cylinder and improved combustion duration. The
lowest PN levels were achieved with the nozzle heads having mul-
tiple holes, most likely because they could spread the fuel concen-
tration over a wider volume with smaller jets and achieve higher air/
fuel homogeneity. The formation of yellow flame also reduced which
led to a lower soot formation.

4. The highest peaks of particle size were found to be in the broad range
of 10 to 300 nm for all nozzle head types under various testing
conditions when the fuel was injected early, i.e., 310 CAD bTDC. At a
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late injection timing of 190 CAD bTDC, nuclei mode particles with
diameters of 10-30 nm were dominant for the most nozzle head
types at part load. At WOT, 18 bar injection pressure and late in-
jection timing the nuclei particles also tended to form more together
with accumulation particles. High levels of nuclei and accumulation
particles formation correlated with iSHC emissions and it was mainly
related to low local stoichiometry in the cylinder and unburned fuel.
Accumulation mode particles formed at the later combustion phase
due to reduced combustion temperature and coagulating nuclei
particles. Increasing the injection pressure to 50 bar reduced the
formation of nuclei and accumulation mode particles for the nozzle
types having multiple holes. In contrast, nozzle heads with large
crevices still showed higher PN levels at late injection timing due to
the formation of fuel-rich areas.

5. Combustion image analysis of different injector nozzle heads showed
that blue flame formation was dominant at an early injection timing
(310 CAD bTDC), part load or WOT conditions and 18 bar or 50 bar
injection pressure. Under the latter conditions, a yellow flame was
visible in the cylinder for all injector nozzle head designs, which
correlated with increased PN levels. Yellow flame formation area in
the cylinder and timing differed depending on nozzle head design.
Pool fires of yellow flame were more detected at cylinder walls for
nozzle heads with multiple holes and the same type of flame
observed in the vicinity of the spark plug or injector tip for nozzles
having larger crevices. Increasing the injection pressure to 50 bar at
WOT improved the air/fuel mixing and reduced the chances of yel-
low flame formation, decreasing the formation of particulates.
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