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Abstract Gasoline direct injection engines have become the popular powertrain for
commercial cars in the market. The technology is known for its characteristics of
high power output, thermal efficiency and fuel economy. Accurate metering of fuel
injectionwith better fuel utilizationmakes the engine possible to run on leanmixtures
and operation under higher compression ratio relatively makes it of greater potential
than PFI engines. Due to its capability of being operated under dual combustion
mode by varying fuel injection timing, it can be realized as a cornerstone for future
engine technology. Under mode switching, the homogeneous mixture for higher
power output at medium and high load-rpm conditions, and stratified mixture for
greater fuel economy at low load-rpm conditions are achieved respectively. It can
be considered as the technology having the benefits of both diesel engine of higher
thermal efficiency and gasoline engine of higher specific power output. But, with the
growing concerns towards the limited fuel reserves and the deteriorated environment
conditions, strict norms for tail-pipe emissions have been regulated. And considering
the higher particulate matter and particle number emissions as a major drawback
for GDI engine, upgradation and improvement in designs is needed to meet the
required norms of emissions. In the initial section, the chapter gives a brief idea of
the overview of the GDI combustion system and its operating modes. Subsequently,
the improvements and researches in various aspects like fuel injection parameters and
strategies, dual fuel utilization, mixture formation, lean burn control and application
of providing turbocharging and residual gas fraction, are elaborately discussed in the
direction of optimizing the performance of the engine. Further, the following section
explains the major challenges and overcoming of this technology. Review of the
work done by various researchers is discussed, focussing on the effect of operating
parameters on particulates emissions, injector deposits and knocking in GDI engine.
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Finally, the chapter presents the concluding ways for enhancing the performance,
way forward for making it more efficient and reliable by overcoming the limitations
of GDI engine technologies.

Keyword Gasoline direct injection technology · Homogenous charge · Lean-burn
mixture · Fuel economy · PM emissions

Abbreviations

ATDC After top dead centre
BMEP Brake mean effective pressure
BSFC Brake specific fuel consumption
BTDC Before top dead centre
CAD Crank angle division
CFD Computational fluid dynamics
CO Carbon monoxide
CR Compression ratio
DI Direct injection
DISI Direct injection spark ignition
DNA Deoxyribonucleic Acid
EGR Exhaust gas recirculation
GDI Gasoline direct injection
GPF Gasoline particulate filter
HC Hydrocarbons
IC Internal combustion
IMEP Indicated mean effective pressure
ITE Indicated thermal efficiency
MPFI Multi-point fuel injection
NEDC New European driving cycle
PFI Port fuel injection
PM Particulate matter
PN Particulate number
RON Research octane number
SI Spark Ignition
TEM Transmission electron microscope
THC Total hydrocarbon
TRF Toluene reference fuel
TWC Three-way catalyst
VCR Variable compression ratio
WLTC Worldwide harmonized light vehicles test cycles
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6.1 Introduction

Rising consumption of petroleum products and deteriorating condition of the envi-
ronment has caused the implementation of the stringent emission standards globally
and the development of notable engine technology. The research in engine tech-
nology focuses on meeting the objectives of minimizing the fuel consumption and
engine emissions, and maximizing combustion efficiency and specific power output
of the engine. All these parameters are directly or indirectly influenced by the pro-
cess of mixture formation which can be either external, internal or both. Gasoline
direct injection technology involves creating an air-fuel mixture inside the cylin-
der by injecting high pressure gasoline fuel directly into the air present in cylinder
unlike port fuel injection and ignited with a spark plug. Thus, we get the combined
advantages of both diesel and petrol engine i.e., brake specific fuel consumption
approaches that of diesel engine and specific power output of petrol engine (Blair
1996). Formation of air-fuel mixture externally using carburetor and injection of fuel
in low-pressure manifold has totally occupied 20th century for SI engine develop-
ment. It has benefits of allowing larger time formixture formation as it is independent
of phase transformation inside the cylinder, thus leads to better fluid dynamic condi-
tion and control (Zhao et al. 1999). But still, it has disadvantages of throttling, inlet
valve-wetting and charge loss due to valve overlap. GDI overcomes these limitations
and its unthrottled operation during part-load conditions significantly improve fuel
economy, cause fewer emissions and allow for leaner combustion. Early fuel injec-
tion for homogeneous condition results in charge cooling which certainly allows
provision for higher compression ratio and lower octane rating fuels as comparison
to that of PFI engines.

With the benefits of high thermal efficiency and substantially less HC and NOx

emissions, GDI engines are likely to dominate the powertrains of passenger cars.
Although significant work in research and design is required for tackling the chal-
lenges of high particulatematter (PM) emissions and knocking tendency.Worldwide,
countries have formulated strict legislations towards exhaust emissions from vehi-
cles. In Europe, the target of approaching CO2 emission of 95 g/km by 2020 formajor
light-vehicles has to be achieved. Average annual reductions in CO2 emissions have
to be 3.5 and 5% from 2017 to 2021 and 2022 to 2025 respectively, in the USA. India
has decided to adopt Bharat stage 6 (BS-VI) from April 2020 directly from Bharat
stage 4 (BS-IV) countrywide in order to curb the pollutant level. Euro 6 emission
norms with 0.0045 g/km of particulate matter and the particulate number of 6 ×
1011 particle number per km, are some of the examples showing stringent norms for
emissions globally (China 2016). It requires more advancement in GDI technology,
keeping in view of these regulations. Mazda SKYACTIV sets an example in this
direction.1 In Japan, industry-academia initiative of Research Association of Auto-
motive Internal Combustion Engines aims at achieving the thermal efficiency up to
50% for GDI engine by 2020 (Aubernon 2014).

1Mazda Corporation, Skyactiv Technology. http://www.mazda.com/en/innovation/technology/
skyactiv/.

http://www.mazda.com/en/innovation/technology/skyactiv/
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Thus, examining the developments of GDI technology will be beneficial as the
technology has significantly evolved and it has the potential of improvements in
energy efficiency and emission reductions.

6.1.1 Evolution of Gasoline Induction Technologies

The strategies of mixture formation differentiate PFI from GDI engine as shown
in Fig. 6.1. In PFI, fuel injection takes place over the back face of the inlet valve
when it is in a closed state during exhaust stroke. Thus, it leads to the formation
of liquid film on the back side of the inlet valve and on the walls of the intake
port, causing wall-wetting phenomenon. These are the major concerns of the PFI
engine which creates an error in metering and delay in fuel delivery. Injecting the
fuel directly into the cylinder overcomes the problem of wall-wetting in the port;
thus, much lesser time is required for fuel to transport. Also, better control of fuel
to be injected helps the mixture burn leaner. Although, the port injection has the
advantage of washing out the carbon deposits build up on the back of inlet valve
due to positive crankcase ventilation and EGR. This trouble is mainly faced by
GDI engines. Higher fuel injection pressure (4–15 MPa) in case of GDI enables the
spray to atomize properly compared to PFI, where injection pressure is in range of
0.3–0.6 MPa. Better atomization of fuel results in a higher vaporization rate thus
helps in tackling cold-start problems. Other advantages include fuel cut-off during
deceleration and cooling effect by absorbing enthalpy of vaporization during phase
change of liquid droplets. This increases the volumetric efficiency if fuel is injecting
during the intake stroke (Chincholkar and Suryawanshi 2016).

Fig. 6.1 PFI versus GDI engine configurations (Chincholkar and Suryawanshi 2016)
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6.2 Overview of GDI Engine Technology

GDI technology allows the engine performance to vary according to the driving
requirements. Its capability to operate in different modes according to user demand
makes it efficient powertrain among SI engines. Broadly, there are two operating
modes of GDI engines with three combustion system configurations.

6.2.1 GDI Operating Modes

The engine management system chooses the operating modes which are categorized
by air-fuel ratio. Comparing the air-fuel ratio with the stoichiometric mixture of
14.7:1 for gasoline, the leaner mode can take the air-fuel ratio up to 65:1. Running the
engine on the leaner composition of mixture helps in reduction of fuel consumption
to a greater extent. There are two operating modes in the GDI engine.

(1) Stratified mode—It operates with overall leaner mixture and utilized during low
load and low speed requirements. In this, fuel injection takes place late during the
compression stroke, thus stratified layers of charge of different equivalence ratio
are formed within the combustion chamber with the rich combustible mixture
near the vicinity of spark plug and leaner mixture away from the spark plug.
The toroidal or ovoidal cavity on the piston is used where combustion takes
place as shown in Fig. 6.2. The location of the cavity on piston is according
to the injector position and is used to create the swirl during the injection of
fuel so that mixture having optimal air-fuel ratio gets located near spark plug
when firing occurs. As a result, it can generate the flame and burn the overall
lean mixture, hence gives better fuel economy (Nakashima et al. 2003). To a
large extent, air and residual gases surround the stratified layers of charge, thus

Fig. 6.2 Piston showing
swirl cavity (https://en.
wikipedia.org/wiki/
Gasoline_direct_injection)

https://en.wikipedia.org/wiki/Gasoline_direct_injection
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Fig. 6.3 Injection timing under homogeneous (left) and stratified (right) mode (Chincholkar and
Suryawanshi 2016)

minimizes the heat loss during combustion by keeping the flames away from
the walls and lower emissions due to less combustion temperature.

(2) Homogenous mode—This mode operates on stoichiometric composition at all
loads and speeds. It involves the injection of fuel during suction stroke, thus
gets sufficient time to form a homogeneous mixture and results in complete
combustion and lesser emissions. Early injection cools the charge as the droplet
absorbs heat of vaporisation from the air present inside the cylinder, thereby
increasing the volumetric efficiency of the engine. Cooling of the charge allows
for operating under higher compression ratio with greater knock tolerances.

Figure 6.3 shows the fuel injection timing for achieving homogeneous and strati-
fied composition of air-fuel mixture. GDI engine with mixed operating mode has the
best fuel economy. But mode switching in GDI is a very complex mechanism and a
massive hurdle in the pathway of GDI development.

6.2.2 GDI Combustion Systems

GDI combustion systems are classified into three types as air-guided, wall-guided
and spray-guided. These configurations are used for operating in the homogeneous
and stratified mode as shown in Fig. 6.4. These are differentiated on the basis of
injector position and piston cavity for in-cylinder motion. In air guided and wall
guided systems, injector position is away from the spark plug and mixture formation
is created by well-defined in-cylinder motion or by spray interaction with the cavity.
In spray-guided, the injector is placed near the spark plug so that rich combustible
mixture can be formed in the proximity of the spark plug. Spray-guided system is of



6 Overview, Advancements and Challenges in Gasoline … 117

Fig. 6.4 Combustion systems of GDI (Chincholkar and Suryawanshi 2016)

second-generation type and has advantages of greater combustion efficiency which
leads to improvement of the fuel economy.Wall-guided and spray-guided configura-
tions are used for a stratified mode of mixture formation. Wall-guided system makes
the use of piston bowl to guide the injected fuel to locate around the spark plug at the
time of ignition while spray-guided make the use of its location to locate the spray
near the spark plug.

6.3 Recent Progress in GDI Engine Technology

GDI technology has been evolved to a significant extent for the past two decades.
Automotive engineers and researchers have been continuously improving the areas
such as injection system optimization, mixture preparation, combustion system etc.,
in order to achieve good performance and lower emissions. Various areas of improve-
ment are discussed below, along with the recent progress and work done in the area.

6.3.1 Injector Location

The wall guided configuration has limitations of fuel impingement and emissions of
particulate and THC, thus is at least priority in recent engine production (Park et al.
2012). However, with a combination of air-guided system, the wall-guided system is
still used to cut down cost in some systems (Yu et al. 2009). GDI combustion system
employing a combination of air-guided and spray-guided have shown satisfactorily
outcome in recent studies (Tang et al. 2018; Eichhorn et al. 2012). Spray-guided
motion is used for stratifiedmode operation by incorporating late injections to reduce
fuel impingement and also turbulence caused by in-cylinder air motion is considered
to be significant while designing combustion system (Itabashi et al. 2017). In a spray-
guided combustion system, the engine can be operated at a higher range of load and
speed than that of wall-mounted combustion system as shown in Fig. 6.5.
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Fig. 6.5 Comparison of
performance between
wall-guided (WGDI) and
spray-guided direct injection
(SGDI) system (Zhao 2010)

Inwall-guided and air-guided configurations, injectors are located on the sidewall
while, in spray-guided configuration, the injector is located centrally. Side-mounted
injector results in enhanced tumble factor, reduction in thermal load, greater thermal
efficiency and preignition suppression in comparison to central-mounted injector
(Sevik et al. 2016). However, there are more chances of impingement which has its
own drawbacks. Central injector offers greater flexibility and simplifies the design of
the combustion chamber, while attempting to avoid wall-wetting in order to reduce
emissions of PM/PN. It is situated centrally near the spark plug so as the spray easily
reaches the vicinity of the spark plug in order to operate the engine in stratifiedmode.
Also, piezoelectric injectors (Skogsberg et al. 2007) are centrally mounted for multi-
injection operation in short intervals for obtaining a desired air-fuel composition for
improved performance.

6.3.2 Dual Fuel Injection

Using gasoline blended with ethanol as a single fuel in fixed proportion limits the
potential of ethanol to improve the engine performance under varying operating con-
dition. Formaking flexible and efficient use of ethanol, a system having dual injection
was introduced which covers the advantages of both port and direct injection. The
dual fuel injection system is becoming an important trend in GDI combustion system
by making the use of port fuel injection and direct injection as shown in Fig. 6.6.

Ikoma et al. (2006) initially proposed the use of dual injector which provides the
advantages of achieving highest power output among similar displacement engines,
better fuel economy and lowest emissions. They used dual fan-shaped spray DI
injector to eliminate the limitation of a heterogeneous mixture in the absence of any
devices for creating in-cylinder motion. Port fuel injector improved the homogeneity
of the mixture during high load and low speed conditions.
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Fig. 6.6 Dual-injection
system (PFI and DI) (Liu
et al. 2015)

Many studies have employed the use of dual fuel combinations (mainly alcohol
and gasoline) for port and direct injection application. Feng et al. (2018) evaluated the
combustion performance using n-butanol as direct injection fuel and gasoline as port-
fuel injection fuel. Different injection ratio of these two fuels was used by varying
the mass fraction of gasoline in PFI from 100 to 0%. Dual fuel injection strategy
using n-butanol with optimum spark timing benefitted in extending the engine load
and higher IMEP with early rise in combustion pressure as compared to gasoline
PFI and GDI. However, indicated specific energy consumption decrement showed
better fuel energy conversion efficiency when fuelling with n-butanol dual injection.
In contrast, despite cooling effects, knock propensity for smaller ratios of DI of n-
butanol are increased as compared to butanol direct injection and GDI relatively due
to low RON and increasing engine load. In an experimental study (Zhuang et al.
2017), the author found that ethanol direct injection with gasoline port injection is
more effective than gasoline port injection and GDI in eliminating engine knock with
more spark advance and thereby enhancing the thermal efficiency of small engines.

Authors have also experimented with port injection of alcohol and direct injection
of gasoline. He et al. (2016) studied the combustion performance taking ethanol and
n-butanol as the port injected fuel and gasoline as direct injected fuel. He found
better efficiency and lesser emissions for the dual fuel strategy of port injection of
n-butanol and direct injection of gasoline than gasoline direct injection only. Also,
the highest thermal efficiency was observed for ethanol and gasoline combination as
a port and direct injected fuel respectively.

These results were justified by the work of many researchers in a direct or indirect
way. Qian et al. (2019) found the similar indicated thermal efficiency in the dual
fuel system when 35% of ethanol is port injected and gasoline surrogates (TRF) of
RON of 75 is direct injected, compared with direct injection of TRF of RON 95 under
knock limited spark timing. Thus, the same combustion characteristics and efficiency
can be obtained with fuel having less RON if operated with an optimal amount of
ethanol in port injection, to that of operating solely on fuel having high RON. The
results also accounted for longer flame development duration (about 2°CA) and rapid
combustion duration (about 3°CA) and lesser emissions on increasing the ethanol
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injection ratio with direct injection of fuel of RON 90. Increasing the proportion
of ethanol for the dual-fuel injection strategy (DI of gasoline and port injection of
ethanol) could increase the compression ratio of the engine leading to rise in engine
efficiency and could help in extending the knock-limit effectively (Liu et al. 2014)
while reducing the particulate matter emissions (Liu et al. 2015).

Gasoline/alcohol blended fuels have also been tested for their combustion, per-
formance and emissions characteristics and the results were positive in terms of effi-
ciency and emissions (Turner et al. 2011). However, Storch et al. (2015) found the
presence of diffusion flames during combustion in the gaseous phase and improper
evaporation of droplets for gasoline blended with 20% ethanol by volume as com-
pared to iso-octane. Also, there is more susceptibility of higher unregulated emis-
sions for ethanol-gasoline blended fuels, especially carbonyls (Clairotte et al. 2013).
Qian et al. (2019) investigated the combustion and emissions in a GDI engine for
C3-C5 alcohol blended with TRF, resulting in the mixture of fixed RON of 95.
He found the advancing of knock-limiting spark timing on blending with alcohols
where ethanol/TRF and n-propanol/TRF showed more advancing than remaining
one. Blend of n-butanol/TRF showed the highest ITE among other blends at the
same blending ratio while n-propanol/TRF mixture showed the highest indicated
thermal efficiency for the same oxygen content. Considering the combustion and
emissions results, n-propanol and n-butanol are reported to be more suitable alter-
native fuels than ethanol and n-pentanol. Increasing the ethanol percentage lead to
a significant rise in HC and NOx emissions while the reduction in PM emissions
(Costagliola et al. 2013).

From the previous studies and all the results discussed above, it can be justified
that addition of ethanol as fuel can improve combustion efficiency of SI engine (Balki
et al. 2014). Presence of inherent oxygen molecules can widen flammability limit
which helps in lean burn combustion (Koç et al. 2009) and higher-octane rating
of ethanol can improve the compression ratio. On the other hand, limitations like
lower heating value of ethanol, higher latent heat of vaporization and lower saturated
vapour pressure may result in cold-start issues.

6.3.3 Split Injection Strategy

In split injection strategy, primary injection is done during the intake stroke to give
sufficient time for forming a lean homogeneousmixture; then the secondary injection
is done while compression happens such that stratified mixture is formed. Thus, it is
used for obtaining overall lean homogeneous stratified charge at the start of ignition
(Song et al. 2015; Costa et al. 2016).

Many investigations have been done on split injection of GDI engine. In the
researches carried out by Song et al. (2015), Kim et al. (2015), improvement in mix-
ture quality and combustion characteristics were observed due to split injections, one
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is done at the middle of induction and other at the starting of compression. Retard-
ing the injection timing for the second injection of gasoline results in the greater
turbulence intensity inside the cylinder. This results in shorter combustion duration
with higher in-cylinder pressure since turbulence created due to faster movement of
spray increases the flame propagation speed. However, the local regions of rich-fuel
mixture cause an increase in higher emissions. Clark et al. (2016, 2017) analyzed the
combustion performance under the effect of different split injection timings using the
optical engine. An increase in indicatedmean effective pressure (imep) was observed
on retarding the second gasoline injection or advancing first gasoline injection. The
highest imep was obtained for the primary injection at 300 CAD BTDC (suction
stroke) and secondary injection at 110 CAD BTDC (compression stroke), consider-
ing the starting of power stroke at 0 CAD at TDC. The eccentricity of flame bound-
ary tends to increase on retarding second injection timing because of the decrease in
homogeneity with regions having variable laminar burning speed. On the other hand,
greater particle emissions, fuel film formation due to spray impact and incomplete
evaporation were still to be the areas of study for GDI engines (2016).

Ji et al. (2018) performed the investigation for varying second gasoline direct
injection timings in hydrogen-blended gasoline direct injection engine. Hydrogen is
blended by hydrogen port injection system during intake. The blending of hydrogen
results in minimizing the variations in the performance of engine caused by param-
eters affected by different second injection timing, when compared to operate with
pure gasoline. Hydrogen blended mode leads to higher brake thermal efficiency and
maximum pressure rise due to rapid combustion. Hydrogen addition had resulted in
a significant reduction in HC, CO2 emissions and particulate number while greater
NOx percentage was observed.

6.3.4 Fuel Injection Parameters

Fuel injection pressure and fuel injection timing are considered to be among the most
influential parameters affecting the combustion performance of the engine. Huang
et al. (2016) analyzed the impact of injection timing on the mixture formation and
combustion results for a dual fuelled engine having direct injection of ethanol and
port injection of gasoline. They justified the results with the help of CFD simulation
studies. Retarding direct injection timing of ethanol proved effective in producing
a greater cooling effect and mitigating knock tendency, however, combustion and
emissions results of late injection were very degenerated. The results found that late
direct injection of ethanol leads to form richer composition opposite spark plug and
leaner mixture near spark plug which retards the combustion speed. Severe problem
of fuel impingement on piston occurs due to reduced volume of the combustion
chamber at the time of compression stroke and this causes slower in-cylinder motion
and incomplete evaporation. Thus, higher HC and CO emissions resulting from
incomplete combustion are major concerns though NOx was in less percentage due
to reduced volume of the combustion chamber.
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Song et al. (2018) investigated the effect of injection pressure and coolant tem-
perature for two fuel injection timings on THC and particle emissions. As higher
injection pressure gives better atomization and reduces particulate emissions, while
the increasing temperature of coolant during cold-start could effectively improve
engine efficiency and reduce emissions. His results stated that for wall wetting con-
dition (injection at 330° CAD bTDC), increasing injection pressure up to 50 MPa
from 10 MPa can lead to the reduction of particulate emissions by 90% due to the
formation of a thinner film. For non-wall wetting condition (injection at BTDC 270),
an increase in injection pressure didn’t have much effect on particulate emission.
Also, minute reduction in THC was observed on increasing fuel injection pressure.
However, the increment in coolant temperature from 40 to 80 °C during cold start
reduced the soot and THC substantially along with better thermal efficiency.

6.3.5 Injector Design

Typical designs of different kind of injectors, namely, swirl, outward opening and
multi-hole injectors are shown in Fig. 6.7.Multi-hole nozzle is more popular because
jet orientation control can be easily achieved with this. Toyota made use of the slit

Fig. 6.7 a Swirl injector b outward opening injector c multi-hole injectors (Zhao 2010)
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nozzle due to its fan-shaped spray which results in wider dispersion and proper
atomization (Matsumura et al. 2013). Features like fast response time with better
accuracy and control put the piezo-driven injector on the upper side as compared
to solenoid-driven injectors (Dahlander et al. 2015), however, their applications are
restricted due to high cost.

Recently, the utilization of outward-opening piezo driven injectors in stratified
mode has been increased as it produces a spray of relatively shorter penetration
length which eliminates the trouble of wall-wetting (Dahlander and Hemdal 2015;
Stiehl et al. 2013). Additionally, it results in more ignition stability because of slower
flow velocity in vortex than mainstream spray.

6.3.6 Application of Turbo-Boost, VCR and EGR in GDI
Engine

For achieving higher thermal efficiency while developing GDI combustion system,
larger compression ratio (CR) and minimal heat losses play a vital role in fulfilling
the requirements. For natural aspirated GDI engine, the value of CR can lie in the
range of 11–13 (Lee et al. 2017; Hwang et al. 2016) while for turbo boost engine,
CR reduces to 9.5–11 (Wada et al. 2016; Yamazaki et al. 2018) as it is limited by
knocking phenomenon. The highest CR of 15 is achieved in the development stage
(Lee et al. 2017). Thus, naturally aspirated engines enjoy the advantage of better
thermal efficiencies. But boosting helps in attaining higher mean effective pressure
and higher power output with downsized engines.

Incorporating variable compression ratio (VCR) (Kojima et al. 2018) or variable
valve timing (VVT) (Lee et al. 2017; Yamazaki et al. 2018) resulted in attaining CR
above 13. Asthana et al. (2016) designed seven different configurations for VCR,
but mostly lacking the adaptability for high speed, robustness and cost. The Nissan
developed the world’s first production-ready VCR turbo engine in 2017 (Kojima
et al. 2018). It covers the range of CR 8.0 to 14.0 with the help of multi-link rod
crank and servo motor for continuous variation. Different design models have been
adopted for VCR adaptability by AVL and FEV, where the variation of rod length
was done (Wolfgang et al. 2017; Kleeberg et al. 2013). Honda utilizes dual piston
system (Kadota et al. 2009). Studies suggested that the VCR system resulted in a
rise in fuel economy by 8% (Wolfgang et al. 2017).

Applying exhaust gas recirculation (EGR) helps in minimizing combustion tem-
perature by increasing the specific heat of gaseous mixture, thus reduces NOx and
also improves fuel economy. EGR contribution in improving thermal efficiency can
be understood by the effect of two factors. Firstly, EGR minimizes the pumping loss
due to availability of less oxygen in the cylinder; throttle needs to be openedmore and
second, it reduces the heat loss from the engine because of less combustion tempera-
ture. Thus, at higher loads, knock suppression and less heat loss due to EGR improves
the thermal efficiency (Cairns et al. 2006; Potteau et al. 2007). As shown in Fig. 6.8,
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Fig. 6.8 Different operating
modes with EGR (Sharma
et al. 2018)

stratified mode and lean homogeneous mode are applied for low load-rpm and part
load-rpm conditions respectively, but the lean mixture combustion leads to high NOx

emissions. Thus, EGR addition is done to limit NOx levels in the exhaust. In high load
and low rpm conditions, stratification results in high soot formation due to availabil-
ity of highly rich-mixture. And in high load and high rpm conditions, stratification of
the charge cannot bemaintained due to high turbulence. Thus, it is limited to low load
and low rpm conditions, while homogeneous mode with the stoichiometric mixture
is used for high load and rpm conditions. The double injection is used during accel-
erating conditions while taking the transition from stratified to homogeneous mode
at low rpm conditions. It results in forming stratified with the overall lean homoge-
neous mixture. In high load and low rpm conditions, large combustion duration and
high in-cylinder temperature increase the chances of knocking. It can be inhibited
by the application of double injection strategy. However, applying high EGR rates
worsen the combustion stability of the engine (Yu and Shahed 1981). Hydrogen can
be used as an additive for gasoline fuel as it improves the combustion stability due to
faster flame speed, brings homogeneity in mixture due to larger diffusion coefficient
and reduces the chances of knocking due to higher ignition temperature (Kim et al.
2015). Hence, hydrogen can be used to enhance combustion stability at high EGR
rates. In the study done by Kim et al. (2017), it was found that hydrogen exhibited
an important role in improving the combustion and emission characteristics of turbo
GDI engine with EGR. They found that the addition of hydrogen results in faster
combustion with less cycle-to-cycle variations and provides stability in combustion
performance. Thus, the engine can be operated under high EGR rates with improved
thermal efficiency. Reduction in HC and CO emissions were observed, but NOx was
higher due to higher adiabatic flame temperature.
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But these desired requirements can only be fulfilled by cooled EGR which not
only reduces NOx but also help in knock suppression, especially at higher loads.
On the other hand, hot EGR reduces the volumetric efficiency of the engine but
decreases HC emissions during cold-start and low load. The study suggested that
hot EGR can greatly affect the combustion duration and efficiency of the engine as
compared to cooled EGR (Toulson et al. 2007). It is reported (Wei et al. 2012) that,
with cooled EGR there was a reduction up to 90% in NOx and 50% in CO, and also
lowers the brake specific fuel consumption by 11%. But the THC emissions shoot
up significantly. Hot EGR can result in four times NOx emissions than cooled EGR,
while cooled EGR can produce 1.5 times THC emissions than hot EGR.

6.3.7 Lean-Burn Strategy

Several pieces of research have been done for lean combustion in GDI engine oper-
ating under stratified mode. Though the results proved effective in increasing fuel
economy, high engine NOx emissions and low exhaust temperature have always been
an obstacle in emission control and after-treatment devices. Earlier, Toyota, Nissan
and Volkswagen have proposed for first-generation lean-burn engines which were
based on wall-guided combustion type having side mounted injector. Spray utilizes
the shape of the piston cavity to deflect its movement such that spark plug get sur-
rounded by the rich mixture. The mixture development is easier but depends on the
in-cylinder flow which gets influenced by various operating conditions (Kim et al.
2009; Lee and Lee 2006). Thus, combustion of the stratified mixture is limited by
a particular range of operating conditions, and also wall-wetting conditions lead to
emissions of higher unburnt hydrocarbons. BMW and Daimler-Benz have manu-
factured commercial lean-burn GDI engine with spray-guided combustion system.
Although, the high cost of injection system and after treatment devices has demol-
ished the wider utilization of these engines. However, with an increase in cost of fuel
and burden of CO2 emission regulation, the lean-burn engine may find applications
to a greater extent.

Park et al. (2014) evaluated the combustion and emissions characteristics along
with visualization studies of ultra-lean gasoline DI engine operating under stratified
mode. With spray-guided configuration, they were able to improve fuel economy
up to 23% for excess air-ratio of 4. They optimized the event timing for injection
delay and ignition advance taking the stoichiometric conditions as reference. Flame
visualization was also carried out along with in-cylinder measurements. Under lean
operating conditions, combustion phasing occurred earlier till BTDC 41 CAD with
maximumpressure in the cylinder was attained at ATDC2CAD as shown in Figs. 6.9
and 6.10. Despite stable combustion at an excess ratio of 4, there were an increased
amount of NOx and HC emissions due to the presence of over-rich mixture near the
spark plug and more fuel impingement on piston respectively. As shown in Figs. 6.9
and 6.10, the blue flame can be realized as a result of premixed combustion and are
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Fig. 6.9 Pressure and heat release curves with flame images for stoichiometric conditions having
injection at BTDC 330 CAD and spark advance timing at BTDC 50 CAD (Park et al. 2014)

of less intensity. On the other hand, diffusion combustion near spark plug can result
in higher luminosity due to residual fuel on electrodes while operating in stratified
mode.

In many studies (Park et al. 2014; Matthias et al. 2014), it is reported that lean
burn combustion can minimize BSFC to a great extent along with minimizing the
coefficient of variance and knocking. Iida (2017) achieved the burning of the super
lean mixture (λ = 1.92) by utilizing highly energized ignition system and comply-
ing large tumble ratio of 2.5, thereby getting an indicated thermal efficiency up-to
46% in single cylinder engine. However, large PM/PN emissions are the disadvan-
tages of the stratified mode operation. It has been found that particle concentration
from lean stratified combustion is much higher than the conventional stoichiometric
and lean homogeneous combustion, whereas lean homogeneous condition produced
minimum particulate number and soot (Bock et al. 2018). Figure 6.11 reports the
similar results of higher PM emissions for the lean-burn case.
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Fig. 6.10 Pressure and heat release curveswith flame images for lean combustion conditions having
injection at BTDC 31 CAD and spark advance timing at BTDC 35 CAD. (Park et al. 2014)

Fig. 6.11 Effects of engine load and combustion strategy on particulate matter (PM) mass con-
centration having excess air ratio of 3.6 and 2.1 for 0.2 MPa and 0.4 MPa respectively (Park et al.
2016)
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6.4 Challenges in GDI Engine Technology

Despite having several best-in technology features, GDI engines are facing major
challenges of high particulates emissions, injector fouling due to deposits and deto-
knock. Injector deposits ultimately hinder the proper mixture formation, as a result,
large PM emissions can be observed in the exhaust. Deto-knock occurs due to pre-
ignition of charge and causes large pressure oscillation during combustion. It has a
very damaging effect on engine components and performance. The factors respon-
sible for these limitations of GDI engines along with the preventive measures are
explained elaborately in the subsequent sections.

6.4.1 Particulates and Soot Formation in GDI Engine

6.4.1.1 Causes and Sources

Although GDI engines are very popular due to various advantages such as high
thermal efficiency and lower BSFC, however large soot and particulate emissions is
one of their major limitations. The process of soot formation is initiated by the soot
precursors like C2H2 (ethylene) and PAH (polyaromatics hydrocarbons), then the
growth of nucleates takes place by agglomerating particles and their coalescence,
and finally followed by their oxidation (Tree and Svensson 2007). The gaseous
and semi-volatile hydrocarbons from engine exhaust get adsorbed on these solid
particles and coagulate into larger particles. Formation of soot in GDI engines can
be attributed to mainly three sources, namely, pool fire due to fuel impingement
(Velji et al. 2010), improper mixing in stratified combustion of the charge (Lucchini
et al. 2014) and the diffusion combustion of fuel jet near injector (Berndorfer et al.
2013). In homogeneousmode, pool fire anddiffusion combustion are dominant,while
the presence of rich-mixture locally and pool fire are the major factors in stratified
mode. The exhaust particles are classified based on their sizes and also divided into
nucleation and accumulation mode as shown in Fig. 6.12 (Kittelson 1998).

In a report published in June 2014, the World Health Organisation (WHO) offi-
cially classified engine soot particles as carcinogenic. Research has established that
material found in PM 2.5 is water soluble and can form droplets under certain con-
ditions. PM 2.5 can penetrate the cardiovascular system of the human body which
results in pulmonary diseases and can affect DNA (Short et al. 2015). Thus, institu-
tional bodies across theworld have set stringent emissions norms to curb the ill-effects
of emissions on the environment. As per application of Euro 6 standards in Europe,
particulate mass emission is restricted to 4.5 mg/km and particulate number emis-
sions are limited to 6.0× 1011 particles/km from 2017 (Euro 6c). The limiting values
for particulate mass and number are shown in Fig. 6.13 for PFI and GDI engines
with their current emission levels.
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Fig. 6.12 Size distribution of engine exhaust particles on mass and number basis (Kittelson 1998)

Fig. 6.13 Euro 6 standard for PM and PN emissions (Qian et al. 2019)

6.4.1.2 Responsible Operating Parameters and Controlling Measures

Researchers have been studying particle emissions under different combustionmodes
of an IC engine. Their formation, size and number distribution are largely dependent
on the fuel composition, mixture preparation, ignition mechanisms and operating
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conditions of the engine. Many studies have been conducted to improve the atom-
ization of fuel spray for proper mixing by increasing the injection pressure, which
can greatly inhibit the formation of soot. Injection pressures up to 35 MPa have been
used for refining the spray. Hoffmann et al. (2014) reported a decrease in Sauter
mean diameter (SMD) i.e., D32 of spray droplets with increase in injection pressure.
However, atomization can be largely influenced by injector design parameters; thus
in-depth research is needed in this aspect.

It is stated that the New European Driving Cycle results in approximately ten
times higher concentration of particle number for GDI engine than that of PFI, while
particle mass emissions lie between that for PFI and diesel engines. Hence, it is
very crucial for the GDI engine to limit their particulates emissions to meet the pre-
scribed emissions standard. It can be done in twoways, either by using after-treatment
systems like gasoline particulate filter (GPF) and three-way catalyst (TWC) or by
reducing in-cylinder particle emission. Aftertreatment devices generate exhaust back
pressure. Hence, optimizing the different factors responsible for in-cylinder parti-
cle generation will certainly limit the emission. For this, multiple injection strategy,
injection parameters, fuel type and combustion mode are some of the factors to
be optimized. Also, understanding soot particles characteristics, structure and mor-
phology will help to get better insight for its controlling actions. Particles from GDI
engine mostly contain soot as compared to organic particles than PFI engines as
shown in Fig. 6.14. Figure 6.15 shows the TEM images of soot and organic particle
from gasoline engine illustrates the chain and agglomerates structures of soot with
darker regions of organic particles which are lighter and inhomogeneous (Xing et al.
2017).

Fig. 6.14 Number size distribution of different particles types in PFI and GDI engines (Xing et al.
2017)
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Fig. 6.15 Soot particles images from TEM a Cluster-like soot, b chain-like soot c high-resolution
TEM image of soot (Xing et al. 2017)

It is reported that the injection timing of fuel has a significant effect on par-
ticulate emissions characteristics. Ketterer and Cheng (2014) found that more fuel
impingement occurs when fuel is injected either at the early induction or at the late
compression, which certainly leads to more PM emissions. If injection happens early
in the compression stroke, droplets get more time to evaporate and film formation
occurs in much less quantity. Hence, particle number and size reduce than at late
injections. Moreover, fuel impingement characteristics are found to be directly influ-
enced by injection timing (Beavis et al. 2017). The film formation location has also
been noticed to be different for different fuels by many studies which can be stated
as a probable reason for higher particulates for heavier fuels.

Based on the endoscopy studies done on a single cylinder engine, Berndorfer
et al. (2013) concluded that diffusion combustion of fuel jet near injector is a major
cause of particulate formation. As early injection was done during suction stroke, the
blue flame radiation above piston indicates the well-mixed homogeneous mixture.
However, the diffusion flame resulting from the injector tip can be observed as highly
luminous, indicating rich mixture condition. The results showed a clear correlation
of injector diffusive flame and PN with soot mass emissions.

In a report given by the Japan Petroleum Energy Centre with other agencies,
particulate emissions from different engines with the varying after-treatment system
were collected and analyzed. It can be inferred that particle number size distribution
from DISI engine is unimodal having peak concentration of particle size of around
85 nm. Local availability of rich-fuel mixture in lean-burn DISI engine resulted in
10 times higher emissions compared to stoichiometric DISI engines. Overall the PN
distribution for both cases ofDISI engine liesmuch higher than that ofMPFI gasoline
and diesel particulate filter (DPF) vehicles.

Location of injector also plays a vital role in mixture preparation as there are
fewer chances of spray impingement on the wall for spray-guided arrangement than
wall-guided arrangement. Consequently, diffuse combustion seldom occurs during
combustion. Thus, particulate matter is emitted in less quantity in spray-guided DI
engine than that of wall-guided (Price et al. 2006).
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As port fuel injection systems are believed to emit fewer particulates, thus several
automobile companies turned for dual injection systems (port and direct injection)
(Trimbake and Malkhede 2016). Toyota bought PFI and GDI dual injection system
in 2005, to improve mixture quality and reduce emissions, and similar strategies later
followed by Nissan, Suzuki and Honda. Audi bought the similar strategy recently,
reducing particulate emissions and meeting the standards of Euro 6 without using
gasoline particulate filter. Daniel et al. (2013) investigated the PM emissions using
dual injection strategy. And found to have higher in-cylinder temperature due to dual
injection which enhances the burning of fuel droplets and eliminates soot formation
to a good scale. The PFI also provides more time for mixture preparation than solely
DI, thereby reducing the problem ofwall-wetting. In dual injectionmode, the average
size of PM is comparably smaller than DI mode and the accumulation mode particles
are negligible.

Additionally, two fuels can be used in a dual injection system for better control
of engine performance and emissions by varying the mixture properties. In the study
done by Liu et al. (2015), it was reported that as compared to alcohol-gasoline duel
fuel SI mode, gasoline-alcohol duel fuel SI mode was more efficient in fuel economy
due to the utilization of the higher latent heat of vaporization of alcohol. With the
increase in alcohol percentage, a significant reduction in PN was observed under all
combustion strategies.

Various physical and chemical properties of the fuel like viscosity, boiling point,
surface tension, distillation curve, vapour pressure, molecular structure (length of
carbon chain, branching, unsaturated bonds, rings, etc.) largely affect the particulate
emissions (Chapman et al. 2016). Jiang et al. (2018) discovered that three surrogates
fuels of the same RON have lower particulates number than gasoline due to the
presence of heavier molecules in gasoline.

The engine operating conditions like load, equivalence ratio, injection parame-
ters, charge boosting, EGR, ignition timing etc. certainly influence the particulate
emissions as justified by several studies. Bonatesta et al. (2014) observed higher
soot mass emissions under high load-low speed and medium load-medium speed
condition as a result of high nucleation rates, in the homogeneous stoichiometric
mode of combustion. According to a study (Pei et al. 2014), the air-fuel ratio is
likely to affect the particle number concentration and causes decrement in particle
number on increasing the air-fuel ratio for a rich mixture. It is also believed that
lean burn gasoline DI engines emit a larger amount of ultra-fine particulates than
a conventional engine. Further increase in air ratio beyond 2 leads to increment in
particulate number and PM emissions, which could be likely due to increased air
pressure and a decrease in combustion temperature. High ambient pressure results
in lower penetration of spray, forming local rich-mixture in the cylinder.

High fuel injection pressure leads to finer droplets, high spray velocity i.e., more
penetration length, and shorter duration of injection. All these parameters enhance
proper combustion by restricting the formation of locally rich mixture composition
and wall-wetting trouble (Chung et al. 2016).
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De Boer et al. (2013) varied fuel temperature and studied its effects on mixture
formation and particulate emissions. They operated the engine with injection pres-
sure in the range of 150–300 bar and fuel temperature of 320 °C which is above
the supercritical condition of gasoline (45 bar and 280 °C). The results showed a
significant reduction in particulate number, ranging from 47 to 98%. It dictates the
potential of fuels in the supercritical state for PN reduction than liquid fuels.

Few studies have been done which quantify the EGR on PM emissions from SI
engines. It is believed that EGR can affect the engine combustion and emissions by
(a) heating intake charge (b) increasing heat capacity (c) diluting the charge and (d)
changing chemical aspects (Zhao et al. 2001). Hedge et al. (2011) concluded from
their study on light-duty GDI engine that cooled EGR can bring down the particle
mass by 65% and particle number by 40% in most of the conditions. Wide EGR
range can result in a decrease in combustion temperature and can lead to a higher
number of accumulation mode particles, while nucleation mode particles showed a
decreasing trend (Lattimore et al. 2016).

Turbocharging results in improved performance of the vehicle, higher thermal
efficiency, reduced fuel consumption and exhaust emissions, thus are widely used in
GDI engines. Although Cucchi and Samuel (2015) observed that there was a clear
difference in particle concentration before and after the turbocharger. The centrifugal
motion of the exhaust gas particles enhanced the nucleation of particles and agglom-
eration, which are fragmented into micro-scale particles. Thus, the particles size
was seemed to be larger after the passing through the turbine. Whelan et al. (2013)
studied the particulate emissions from wall-guided turbo-charged DI engine running
in transient conditions of cold-start and warm-up. Total particle count was found to
decrease during cold start transient and was tend to increase with higher coolant and
oil temperature of the engine.

Jiang et al. (2017) studied the variation in spray and emission due to injector
deposits. Deposits on the injector tip increased the penetration length and mean
droplet size of spray, which was mainly responsible for a larger amount of PM emis-
sions. The deposits accumulation on injector can deteriorate the particulate emissions
by these possible sources (a) fuel impingement due to larger penetration length (b)
incomplete combustion due to large size droplets (c) leaking of fuel due to imper-
fect closing and (d) adsorption of fuel on the deposits tends to increase diffusion
combustion.

Pirjola et al. (2015) studied the effect of using different lubricating oil with low
sulphur gasoline on the particulates emissions and found that the results were affected
during cold-start and warm-up phase. The emissions were increased during accel-
eration and steady-state than deceleration condition. Lubricating oil having metal
content are found to emit more PM emissions.

The blended fuel may have different physical and chemical properties, depending
on the amount of blending done. These properties affect the injection characteristics,
mixture composition and overall combustion process, thus cause variation in soot
formation and particulate emissions. Hence, it cannot be directly concluded that
alcohol blended gasoline fuels result in the increase or decrease in PM emissions as
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the parameters for injection strategy of ethanol/gasoline blends are not optimized for
the overall operating range of engine (Storch et al. 2015).

PM emissions are also very sensitive to driving cycle on which vehicle is running.
As tested under the NEDC cycle, particle concentration during cold start was very
high and decreased duringwarm-up conditions (up to 300 s) for PFI engine.However,
particulate concentration for GDI engine was high in warm-up conditions too and
during the transition from one operating condition to other (Chen et al. 2017).

Hence, the gasoline particulate filter optimization is of uttermost need due to large
particulate emissions fromGDI and strict emission limit ofWLTCcycle. Considering
after-treatment technologies for PM reduction in GDI engines for meeting the limit
of exhaust particles in Euro 6, gasoline particulate filter (GPF) and three-way catalyst
(TWC) are unavoidable. Figure 6.16 shows various arrangements for location of GPF
coupled with TWC or GPF in the underfloor position (AECC Technical Summary
2017). For underfloor position, bare GPFs are used while coated GPFs are usually
placed in close-coupled position after TWC. GPF with the underfloor position was
found to have 15% more filtration efficiency than that when placed in close-coupled
position, due to reduced exhaust gas temperature resulting in the decrease in the
volumetric flow rate of gas.

GPF with coating positioned at the under-floor location is capable of converting
the exhaust gases by catalytic activity along with increased filtration efficiency of
particulate number (Inoda et al. 2017). A system of coated GPF (CGPF) with TWC
was demonstrated using two GDI vehicles and found to have improved tailpipe
emissions, particularly the NOx emissions (Richter et al. 2012). However, CGPF
cannot replace the application of TWC as CGPF requires comparatively more time
to light-off in cold starting than conventional TWC (Opitz et al. 2014).

Fig. 6.16 Possible layouts
of a GPF and TWC (AECC
Technical Summary 2017)
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6.4.2 Injector Deposits

6.4.2.1 Causes of Formation

The deposits on injector were considered to be majorly dependent upon the tempera-
ture of the nozzle tip and the rate of deposits build-up increasedwhen the temperature
of the tip goes beyond 150 °C (Kinoshita et al. 1999). In the study, the mechanism
behind the rapid accumulation of deposits after reaching150 °Cwasdescribed as ther-
mal condensation and cracking reaction kinetics of gasoline. Although this growth
was only limited to a range of temperature, as on exceeding a specific higher temper-
ature (dependent on fuel and deposit composition), the self-cleaning phenomenon
started (Stępień 2015). Kinoshita et al. (1999) formulated the relation between the
temperature of the injector tip and T90 temperature of the fuel (temperature at 90%
volume distillation) for GDI injector deposition. And concluded that when injec-
tor tip temperature is less than T90 temperature of the fuel, fuel present on the tip
remains in the liquid state and washes away the deposit’s precursors by next injec-
tion. On the other hand, if the tip temperature is more than T90 temperature, liquid
fuel will be in the vapour state, which makes the deposits precursor adhere and will
form agglomeration near the nozzle wall. EGR and intake-air cooling have a certain
influence on injector deposits as they determine the in-cylinder charge tempera-
ture (Zhao et al. 1999). Carbon deposition can be routed from two factors, namely,
high-temperature decomposition of hydrocarbons and generation of poly-aromatic
hydrocarbons (PAHs), which latter nucleate and grow to form carbonaceous deposits.

6.4.2.2 Examining Techniques and Consequences of Deposits

Scanning Electron Microscope (SEM) (Imoehl et al. 2012; Jiang et al. 2017) has
been used as an effective tool by many researchers for investigating the deposits
around GDI injector, as shown in Fig. 6.17. Song et al. (2016) examined the deposits
at the orifice of the choked injector with the help of photographs of SEM. There
were loose deposits at the outer surfaces which were easy to remove, while deposits
formed inside the holes were thick and distributed axially at the aperture with more
density along a particular side of the hole. However, the depositions were radially
distributed at an external aperture. Dearn et al. (2014) conducted the investigation
of deposits distribution and composition at injector tip by mechanically cracking
the injector. The deposits were formed at different levels over the injector with the
proportion of its constituents varying with location. Their elemental study revealed
that C, O, S and Ca were the elements with the largest proportion in the deposit.
Moreover, there was a reduction in the amount of S and Ca, while increment in C in
the deposits as location approaches towards the combustion chamber.

Deposits are most likely to form near the regions of metering of the fuel andwhere
atomization takes place due to the constricted passage of the nozzle. It can distort
the fuel injection spray by altering its shape and penetration length. It also results in
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Fig. 6.17 SEM image of
injector deposits (Jiang et al.
2017)

the reduction of fuel to be injected per pulse width. These modifications can affect
the mixture formation and combustion characteristics adversely. Anbari et al. (2015)
analyzed the spray structure of choked multi-hole injector using high-speed camera
imaging and concluded that spray penetration length of spray plume increased and
cone angle decreased due to choking effect. Also, the effect of choking was not
same on all the plumes emerging from the injector. Similar results were derived from
the work of Yiqiang et al. (2015), due to poor atomization of fuel by the choked
injector. In contrast to this, Song et al. (2016) conducted the study on GDI injec-
tor and stated that penetration length and droplet size decreased while cone angle
of spray increased. Thus, it can be inferred that spray characteristics would behave
differently from different injectors due to deposits. Wang et al. (2014) compared the
performance of fouled injector against that of clean injector in spray-guided DISI
engine and came with results of higher emissions produced by fouled injector con-
tinuously, reaching the peak at maximum engine load condition of 8.5 bar IMEP.
The PM emissions were 200% higher and PN emissions were 58% higher in the
case of fouled injector. Badawy et al. (2018) investigated the effect of choking GDI
injector on spray structures and engine performance of multi-cylinder engine. The
choking process of injector was achieved in a consistent way by undergoing the
fouling cycle. The spray characteristics like penetration length, cone angle, droplet
diameters and velocity distribution were obtained using high-speed imaging and
Phase Doppler Particle Analyser (PDPA). With higher penetration length of spray
from choked injector as compared to the clean injector, the rear plume accounted
for higher penetration as compared to ignition and side plume, and greater pene-
tration observed with higher injection pressure among all plumes. Similarly, among
smaller plume angles of choked injector, rear and side jets reported for maximum
reduction in plume angle. Deposition distribution was studied using SEM and X-ray
3D microtomography as shown in Fig. 6.18. For visual scanning and composition
analysis, Energy Dispersive X-ray Spectroscopy (EDS) was employed. Flame prop-
agation characteristics revealed the occurrence of diffusion flame near the injector
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Fig. 6.18 X-ray
microtomography of a clean
and b choked injector
(Badawy et al. 2018)

Fig. 6.19 Flame development with increasing crank angles, a early flame development of both
clean and coked injectors, b clean injector and c coked injector, using gasoline (Badawy et al. 2018)

tip as shown in Fig. 6.19. In addition, with lower in-cylinder pressure and poorer
combustion stability, choking in injector proved to be a crucial factor in affecting the
engine performance. Inhomogeneity of charge and poor-repeatability of the mixture,
lower load observation, higher unburnt HC emissions and particulates concentration
are the major consequences of injector choking in GDI engine (Badawy et al. 2018).

6.4.2.3 Preventive Measures

The studies involving the methods for minimizing the formation of deposits include:
(1) fuel detergents (Aradi et al. 2000), (2) coating of the injector with lower thermal
conductivitymaterial to reduce the injector tip temperature (Green et al. 2001) and (3)
injection of fuel with high pressure (Von Bacho et al. 2009). These practices reduced
the deposits formation in an efficient manner. Outward opening piezo-driven injector
having a smooth surface, sharp inlet of the nozzle and counterbore design was proved
significant in controlling deposit formation (Xu et al. 2015).
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6.4.3 Pre-ignition and Deto-Knock

6.4.3.1 Causes

Several approaches like downsizing, high intake-boosting and direct injection have
resulted in enhancing the fuel economy and power output of the engine. Although,
higher boosting results in the engine knock condition which leads to an increment
of developed pressure by one order magnitude as compared to the conventional
knocking (Shuai et al. 2018). It is also termed as a super knock, mega knock or low-
speed pre-ignition (LSPI) and is usually triggered at low-speed high-load conditions
with the occurrence of pre-ignition prior to spark in the combustion chamber. The
turbo-boosting in GDI engines is mainly restricted by deto-knock. As pressure and
temperature of the charge attain the values of the deto-curve regime, the pre-ignition
takes place at any hot spot inside the charge. The combustion flame front and wave
propagated due to pre-ignition induce the ignition of the unburnt charge, resulting
in high-pressure pulse with oscillating magnitude. It can cause severe damage to the
liner and piston ring, and lead to the melting of exhaust valves.

Although pre-ignition induces the deto-knock, it is rare that pre-ignition will
always lead to deto-knock as it occurs randomly with natural combustion and extinct
naturally (Dahnz and Spicher 2010). It is measured by the number of its occurrences
during certain completion of cycles, with a typical frequency of less than one in a
thousand (Wanget al. 2017). Thus, investigation for themechanismbecomesdifficult.

In the study, Wang et al. (2015) analysed the process involving the phenomenon
of pre-ignition due to local hot-spot. This causes the rise in pressure and temperature
of the charge, subsequently leading to deflagration of charge. This further induces
the secondary hot spot at near-wall end-charge, causing a substantial increase in
pressure trace with oscillating magnitude as shown in Fig. 6.20. This whole process
is examined by synchronizing with high speed camera along with rapid compression
machine (RCM) for pressure traces. It was concluded that the second hot spot situated
in unburned charge was responsible for the detonation, which was induced by the
deflagration (pre-ignition) due to primary hot spot.

Lubricating oil is considered to be a major source for pre-ignition that can lead
to deto-knock condition due to higher tendency of auto-ignition (Amann and Alger
2012). The Dahnz and Spicher (2010) stated that wall-wetting due to spray and
dilution of charge with oil present on the liner wall cause the oil droplets deposition
in piston crevices. During deceleration of piston while moving towards TDC (top
dead centre), less viscous diluted oil droplets enters the combustion chamber by
virtue of inertia forces. In the optical study done by Lauer et al. (2014), oil droplets
were found to be the initiator of pre-ignition. The pressure oscillations during auto-
ignition release the deposits from the combustion chamber wall into the charge
which act as ignition sources and subsequently leading to deto-knock. The diluted
oil droplets and deposits require considerable time to accumulate, thus causing the
event of deto-knock occasionally.
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Fig. 6.20 Process showing the detonation induced by pre-ignition (Wang et al. 2015) a luminosity
image showing pre-ignition, deflagration and detonation b synchronous pressure traces

6.4.3.2 Preventive Measures

The main approach for eliminating the trouble of deto-knock is to suppress pre-
ignition. Various factors can be considered to diminish the chances of pre-ignition
like oil and fuel properties, design and operational parameters of engines.

It has been established that oils with base stock having less reactivity and longer
ignition delay, have less tendency towards auto-ignition (Welling et al. 2014). The
metal elements used as additives in engine oil also influence the pre-ignition tendency
of the charge. Calcium (Ca) based oil additives are found to enhance the phenomenon
of pre-ignition (Kassai et al. 2016), whereas Zinc (Zn) andMolybdenum (Mo) based
additives are reported to decrease the chances of pre-ignition. Similarly, fuel prop-
erties like lower aromatic content (Amann et al. 2011) and high volatility (Chapman
et al. 2014) have led to decrease the frequency of pre-ignition. Designing and oper-
ating the engine with parameters such that it inhibits the wall-wetting and oil-diluted
fuel deposition in crevices, can limit the chances of pre-ignition. As liner wetting



140 A. Kalwar and A. K. Agarwal

is more prone to pre-ignition than piston wetting (Zahdeh et al. 2011), in-cylinder
motion of mixture can help to reduce the liner wetting issues by limiting the pene-
tration length of spray and washing deposited droplets off the liner (Palaveev et al.
2013). Moreover, split-injection strategy by optimizing the timing has shown an
effective reduction in pre-ignition frequency (Wang et al. 2014). Avoiding the con-
dition of auto-ignition of the mixture by controlling the pressure, temperature and
composition of the charge is a good approach for reducing the reactivity of mixture.
With the aid of EGR, a significant reduction in pre-ignition can be observed because
of lower in-cylinder temperature (Zaccardi andEscudié 2015)without compromising
the BMEP.

Thus, many factors are helpful in reducing the phenomenon of pre-ignition. How-
ever, the phenomenon is specific to the particular engine configuration, and so are
the parameters for controlling it. Thus, these factors should be considered on the
engine-to-engine basis.

6.5 Conclusions

A thorough analysis of the work done in the area of gasoline direct injection tech-
nology reveals that the technology has evolved in large proportions. The automotive
engineers are trying to make it more reliable and efficient, along with solving critical
issues related to DISI engines. We have discussed various works in the direction
of improving the performance and fulfilling the required objectives of this notable
technology.

The fuel injection system is the heart of the GDI technology which prepares the
requiredmixture according to load and rpm conditions. From the research conducted,
it can be concluded that spray-guided combustion system is best suited for running
the engine on ultra-lean charge as well as stoichiometric charge. For this, injection
timing, parameters and in-cylinder motion need to be optimized for avoiding the
spray-impingement problem and obtaining proper mixture preparation and charge
cooling benefits. Utilizing alcohol in port injection and gasoline in direct injection
(dual fuel injection) has resulted in achieving better thermal efficiency and reducing
emissions. Also, it decreases the tendency of knocking with the provision of greater
spark advance timing. This strategy is helpful in utilizing alcohol as alternate fuel
along with performance benefits. The characteristics of different injector designs are
also discussed; out of which piezo-driven outward opening injectors are best suited
for stratified operating mode due to lower spray penetration length. By optimizing
the fuel injection timing for split-injection, successful operation of the overall lean
homogeneous mixture has been observed in GDI engine. Further, higher injection
pressure for better atomization, with lower coolant temperature during cold-start
conditions have efficiently reduced the HC and PM emissions from the GDI engine.
All these strategies are to be considered for optimizing the injection system of the
GDI engine.
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Additionally, with the advantages of downsizing the engine, boosting help in
improving the power output of the engine, though it limits the operating compression
ratio of the engine. Thus, the provision of variable compression ratio accommodates
the engine operation according to the required load and rpm condition. Further,
addition of EGR helps to reduce the NOx emissions, minimize the heat loss and
improve thermal efficiency of the engine.

We also discussed the particulate matter characteristics of GDI engine and its
dependence on various operational factors. Improving atomization and eliminat-
ing fuel-film formation issues by running the engine with optimized fuel injection
parameter helps to reduce high PM emissions. Likewise, supplying cooled EGR has
reported a significant reduction in PM emissions. The issue of injector deposits is
also seen as major concerns in GDI engine operation. Avoiding injector deposits by
adopting the aforementioned measures and using suitable additives with engine oil
can bring down the levels of particulate emission. Furthermore, the role of after-
treatment devices such as TWC and GPF are discussed for limiting the tail-pipe
emissions.

Finally, the occurrence of deto-knock due to pre-ignition of charge is discussed.
The causes of pre-ignition like presence of oil-diluted fuel droplets and operating con-
ditions like temperature, pressure and mixture composition leading to auto-ignition
of charge, should be avoided in order to eliminate the chances of deto-knock. Here
also, inhibiting wall-wetting conditions, utilizing split-injection strategy, enabling
EGR and controlling operational parameters has proved beneficial for reducing the
menace of deto-knock in engines.

Although GDI engines operating on homogeneous mode are available in the mar-
ket, the stratifiedmode is still in the development phase. Studies of optical diagnostics
and CFD simulation have literally helped to optimize the operating parameters for
achieving stratified mode operation to some extents, but not completely. Hence, a
full-fledged GDI system with mode-switching technology remains a promising field
for the research community.
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