Advanced Diesel Combustion Strategies
for

Ultra-Low Emissions

Olivier Laguitton

October 2005

A thesis submitted in partial fulfilment of the tegements of
the University of Brighton for the degree of
Doctor of Philosophy

School of Engineering, University of Brighton
in collaboration with
Ricardo UK



ABSTRACT

The programme of work described in this thesis egegnts an exploration of the
fundamentals of diesel combustion to achieve uitva-engine-out emissions. The
objectives were firstly to establish operating déods and configuration that offer
the potential to meet future emissions legislatiand secondly to develop an
improved understanding of these requirements onbaostion characteristics. The
initial part of the programme demonstrated thedigliof conducting investigations
on a single-cylinder engine and formed a solid lnasdor following studies. The
second part examined the effects of reducing cosspe ratio and modifying the
cylinder head flow capabilities at part load andl fload conditions, whilst
maintaining all the other operating conditions fixd@he main findings were that soot
and NQ emissions reduced, the latter reductions dimingplais injection timing was
retarded. It was concluded that lower pressuretantperature during the injection
event promoted mixing, which suppressed diffusiomloustion at the most retarded
injection timings. Combined with the leaner charties resulting combustion rates
were reduced, with the conclusion that Ni@rmation in premixed combustion was
less sensitive to pressure and temperature. Intiaddicompression ratio offered
increased load capabilities by further advancing ithjection timing. The third part
investigated the impact of injection timing and &wag global oxygen concentration,
which led to large NQreductions. The main effects of lowering oxygencamtration
were to increase the heat capacity and to delayiguoition. The injection timing also
influenced auto-ignition and mixing: early inject® yielded homogeneous-charge
combustion while late injections resulted in preegixcharge combustion. Extreme
timings enabled the mixture to lean out before agmition, however, early injection
was not possible at high loads, as premature caiwbusccurred due to rich regions
in the charge. Premixed-charge combustion operatias applied to higher speeds
and loads to demonstrate N@nd soot emissions benefits but also the tradevioiff
fuel consumption and unburned hydrocarbon emissiisally, a NQ formation
concept is suggested for premixed combustion. Ppecach demonstrates that local
in-cylinder parameters can be assumed from glolb@ents, such as oxygen
concentration and maximum rate of pressure chatiges proposed that the

relationship can be utilised as feedback paramé&terdosed-loop control strategies.
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NOMENCLATURE

UNITS

BSN, BSU: Bosch Smoke Number, Bosch Smoke Unit
dB A: decibel (with filtering method A)

°CA: degree crankangle

FSN: Filter Smoke Number

ppm: part per million

rev, r: revolution

Rs: Ricardo swirl

ABREVIATIONS AND ACRONYMS

AFR: Air-Fuel Ratio
BMEP,GIMEP,NMEP,PMEP:Brake,GrossNet, Pumping MeaikffectivePressure
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dP/dt: rate of pressure change

ECE: Economic Commission for Europe

EEC: European Economic Community

EGR: Exhaust Gas Recirculation

FC: Fuel Consumption

Gyx: Emissions xx mass flow rates
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1 INTRODUCTION

1.1 Background and present objectives

Great challenges lie ahead for the diesel passaagezngine if it is to maintain its
present and successful course. One of the mostatris to meet future emissions
regulations whilst improving performance and fuelbmomy at a minimal cost
penalty. The current and emerging after-treatmechriologies are definite enablers
giving encouraging results in terms of meeting éh@ssions targets. Unfortunately,
their cost and complexity threaten the competitegsnof the diesel engine package.
Conversely, research work carried out over the festyears, aiming to tackle the
emissions at their source, has highlighted an redtere approach for significant
Nitrous Oxide (NQ) and Particulate Matter (PM) emissions reductidie principle
relies on the optimisation of the combustion phgsnelative to the injection
predominantly through the use of increased rate€xifaust Gas Recirculation
(EGR), combined with novel injection systems andategies and combustion
chamber designs (piston-bowl shape and Compredaio, CR). This approach
leads to the next generation in diesel combustom offers potentially, not only
more robust and simpler solutions, but also most effective methods of meeting

future regulations.

The programme of work described in this thesis egegnts an exploration of the
fundamentals of diesel combustion to achieve logirerout emissions. The initial
study examined the impact of reduced compressitim \ndnile the second part of the
programme examined the emissions reduction at sapproach with investigations
of combustion phasing, relative to the injectiore®vand TDC, and charge oxygen
concentration. The first objective was to establitle operating conditions and
configuration necessary to achieve Néhnissions legislation, such as Tier 2 Bin 5 in
the United States and possible Euro 6 requiremeiitis,only evolutionary changes in
the combustion system configuration. The seconceadlve was to develop an
improved understanding of the relationship betwgenoperating conditions on the
combustion characteristics. The purpose of thesdyses was to provide a better
fundamental understanding of the in-cylinder preessand subsequently to facilitate

their implementation and control in future applioas. A conceptual model of the



relationships was identified to form the foundatifum future closed-loop control

strategies.

1.2 Approach of the investigations

In order to allow as wide an exploration as possiblsingle-cylinder diesel research
engine was employed with a configuration basedhan of a current production 2.0
litre, 4-cylinder automotive engine. The test ceths developed so that inlet-air
pressure and temperature, exhaust backpressurefdigerature as well as injection
pressure could be set independently rather thdimited by hardware characteristics
such as those of an engine mounted high pressetgpéump or turbocharger. The
engine and test cell presented levels of flexipiihd control beyond those currently
available on multi-cylinder engines. Some of theimadvantages are outlined as

follows:

. Flexibility of engine: the operating conditionshiges, such as the inlet air and
EGR temperatures, or inlet-manifold and fuel inmttpressures, were all easily
extendable as opposed to the numerous constramtsg the conventional multi-
cylinder engine operation

. Isolation of different parameters: the impact oé@fic parameters on the in-
cylinder and combustion characteristics could balated by undertaking single
variable responses, facilitated by the flexibility

. Isolation of the cylinder: cylinder-to-cylinder vations and result averaging
were avoided making the emissions and fuel consomptirectly representative of
the measured in-cylinder and combustion charatitsjswhich is representative of

future control requirements for accuracy: cylinttecylinder control.



1.3 Structure of the thesis

The thesis is structured into five parts:

. Chapter 2: the passenger-car emissions legislatiolution in Europe and its
predicted future steps are presented, includingoreafor diesel engines maintaining
a strong position in the passenger car market. varview is presented of current
diesel-engine operation, in terms of combustion amissions processes, as well as
the main diesel-engine developments over the pecsdi. A review is given of the
two approaches to advanced combustion operatiopr@gosed in the literature,
focusing on the operating conditions and the immactcombustion and emissions.
These approaches aim to control ,N&hd PM emissions in the cylinder and rely on
the optimisation of the combustion phasing relatoséhe injection

. Chapters 3 and 4: the single-cylinder engine asd@ated systems have been
described and a demonstration of the validity afdtecting investigations on a single-
cylinder engine given. A total of eight part loaddathree full load conditions were
chosen to characterise the engine, which was gloepresentative of the 4-cylinder
engine and identified as Build #1. Prior to transfg operating conditions, the gas
exchange processes of the 4-cylinder engine wetehea for each load condition.
Exhaust backpressure valves settings were establletd an orifice plate defined that
allowed an accurate reproduction of the turboclraage after-treatment on engine
Build #1. For each condition, minor changes to itijection timing (IT) and swirl
control were identified that offered the best mattho NQ and soot (used to
represent PM) emissions from the 4-cylinder engifkis data formed a solid
reference for the research programme

. Chapter 5: analysis of reduced compression ratib ainincreased inlet-port
flow capabilities. Compression ratio was reducemnfrl8.4 to 16.0:1 by changing the
piston bowl volume, with only a slight modificatioilm the combustion chamber
geometry. In addition, the inlet port flow was ieased, which consequently reduced
the minimum level of swirl of the cylinder head.€Be revisions were identified as
Build #2. The effects of these changes are assdsgadpeating measurements at

three of the part load conditions and one full leaddition, whilst fixing all the other



operating conditions. In order to explain the ressutonsideration was given to the
detail of the in-cylinder and combustion charast&s

. Chapter 6: analysis of combustion phasing and lmgeglobal in-cylinder
oxygen concentration, considered as the major eralbdr ultra-low NQ and soot
emissions. This experimental study was the majatigpo of the analysis and was
conducted on Build #2 engine. A light and mediuadi@ondition were chosen as key
test points since they were representative of lagldlsre the advanced combustion
operation had been tested but not always succhssiDktailed investigations
included large ranging injection-timing responseslifferent oxygen concentrations
and loads, with all the other operating conditidied. Results showed early
injections yielded Homogeneous Charge Compresgioition (HCCI) combustion
while the late injections yielded Premixed Chargempression Ignition (PCCI)
combustion. Both extremes enabled the mixture am leut before the combustion,
however, early injections were not possible at Hggds as premature combustion
occurred due to rich regions in the charge. Prethckearge combustion operation was
applied to higher speeds and loads to demonstr&eald soot emissions benefits
but also to demonstrate the trade-off with fuel stonption and unburned
hydrocarbon (HC) and Carbon Monoxide (CO) emissions

. Chapter 7: as a result of the better understandinpe combustion, a NO
formation concept was suggested for low ,N@nd soot emissions combustion
operation. It is demonstrated how N@missions are predominantly determined by
oxygen concentration and rate of pressure changfeeicylinder. This simplification
is made possible in fully-premixed-charge combusstiovhere local in-cylinder
parameters can be assumed from global parametesspioposed that this concept
could form the foundations of closed-loop contrivhtegies for managing ultra-low

engine-out N@emissions.



2 DIESEL ENGINE COMBUSTION — AN OVERVIEW

2.1 Future emissions directives for diesel passengerrsa

Authorities around the world including from the téd States, the European Union,
Japan and Korea are imposing ever more stringemseams legislation for type
approval, which car manufacturers must respectngure the saleability of their
vehicles. In Europe, the United Nations Economiaen@ussion for Europe (ECE),
based in Geneva, and the European Economic Comyn#tC), based in Brussels,
have been establishing emissions legislation sirf3). These gasoline and diesel
passenger car and light-duty vehicle regulationsewsntrolled using a ‘big bag’
approach, collecting emissions over the ECE 15edticle. This was replaced by a
constant volume sampling approach in 1983. In 1988swept-volume based
legislation was created and standards for dieseicpkates were introduced. From
1992, more rigorous test procedures were implerdengasoline and diesel
applications were separated, the testing driveecyds extended, light-commercial
and off-road vehicles were included. Regulationsewalso added such as average
tailpipe emissions, CO emissions at idle and dltglof anti-pollution devices, as
described in the Mira web page (2003). The latesctives have included on board
diagnostic systems and low ambient temperaturs.t€be emissions regulations from
Euro 3 to the proposed consultation level Eurode(@y of Motor Manufacturers and
Traders web page, 2005) are shown in Table 2-givés both gasoline and diesel
(Indirect and Direct Injection, IDI, DI) limits imass per kilometre of CO, HC, NO
and PM emissions for passenger cars. It is evittattthe major challenges raised by
these directives are for N@nd PM emissions since their maximum limits farsail
applications are expected to reduce by 60 and 9fe$pectively from Euro 3 to
proposed Euro 5. These trends are common to alistndlised countries with the
main difference being the dates from which thealives become effective. Similar
limits common to both gasoline and diesel are bentprced even earlier in the
United States with the California emission standdehding the way. For example,
Tier 2 Bin 5 emissions regulation effective from0Zthas lower NQemissions limits

than the proposed Euro 5 and can be referreddagoassible Euro 6 level.



Effective
o CO | HC | NO, | HC+NO, | PM
Level for type | Application X
approval® | (g/km) | (g/km) | (g/km) | (g/km) | (g/km)
%12’/22%%3' Gasoline | 238 | 0.200| 015 NA | NA
283)
Euro 3 01/2000- .
Lo/2004 | Diesel 064| N/A| 050 056 | 0.05D
0&22000085' Gasoline | 1.00| 0100 008 NA| N/A
2)
Euro 4 5 005- o /
52008 Diese 050| N/A| 025 030 | 0.025
B;é’ggd Gasoline | 1.00| 0.075 0.06 N/A|  0.005
‘ 1(5)
Euro 5 Beyond .
08 Diesel 0.05| N/A| 0.20 0.25 | 0.005

(1): For production, directives effective 12 mantater.

(2): For vehicles above 2500 kg, directives efiexti2 months later.

(3): For vehicles above 2000 kg designed to camyenthan 6 passengers, directives
effective from 01/2003.

(4): Increase due to extra urban drive-cycle addettive-cycle in 2000.

(5): Dates and values given as consultation ledesailed in Society of Motor
Manufacturers and Traders web page (2005).

Table 2-1: Emissions legislations from Euro 3 to mposed Euro 5.

In addition to this emissions legislation, a carbdioxide (CQ) average fleet
emissions for new cars has been introduced by tbsodation des Contructeurs
Européens d’Automobiles, which has voluntarily coitted to achieving 140 g/km
CO;, fleet average by 2008 and envisages self-impdsd@gg/km by 2012, as detailed
in the Official Journal of the European CommunitigsBjerregaard (1999). The task
is challenging when considering the fleet averagessions in Europe in 2000 and
2001 were 169 g/km and 164 g/km £f@spectively. Both the Japanese Automobile
Manufacturers Association and the Korean Automobilenufacturers Association
have also adopted this commitment in principle sTiighlights the challenges faced
by the engine and vehicle developers which is naldne more difficult by market

demand for ever more power with comparable or béiet economy.

There are various options available to the car ri@awrers in order to enable them to
comply with these emissions regulations. Electue]-cell and solar vehicles are all
contenders to substitute the internal combustiaginenas a means of getting round

the emissions legislation. These are currently ameroutes (see the Department for



Transport web page, 2003), with existing constgaintterms of infrastructure, range,
performance and comfort. Alternate fuel solutionshsas compressed natural gas,
liquid petroleum gas, hydrogen {i emulsified, bio or wide-cut fuels have been
implemented in dual-fuel engine vehicles (with dles gasoline) but are faced with a
scarcely developed infrastructure, storage and-bagh of fuel issues, and above all,
do not offer the same level of benefits as thermdtie powertrain solutions, as
identified by Armstrong (2002). Therefore, this lisntheir application to contained
fleets such as public-transport, airport or agtigall vehicles, which already benefit
from their own fuelling stations. Another conceptfound in the hybrid vehicles
powered by an electric motor combined with an maércombustion engine. They
offer potentially more powerful powertrains, witluel economy and emissions
benefits from the electrical motor. The engine ¢@noperated where it is most
efficient with the electric motor in generate ortoromode depending on the engine
output relative to the driver requirements. Thetie motor also gives the possibility
to cut the engine temporarily leading to a ‘zeroissmns’ mode. The present
limitation of such vehicles resides in the hightcarsd large weight and size of the
required battery system. An intermediate conceptlzafound with the mild-hybrid
vehicle powered by a smaller electric motor linkedh an internal combustion
engine. This seems the most viable short-term a@ghrand does not rely so much on
large battery systems. Despite the fact that #s$ $olution provides fuel economy
and emissions benefits without the cost implicati@and other limitations of the
alternate solutions (see Laguitton et al., 2002)still relies heavily on the
characteristics of the internal combustion engméutfil high levels of fuel economy

and meet the emissions targets.

From Table 2-1, it is unclear why the internal caistion engine of a mild-hybrid
vehicle should be anything other than gasolinetdube relatively lower cost of such
engines. However, when considering fleet average €filssions commitments, the
current high-efficiency of the diesel engine givean advantage over gasoline, as
long as the tailpipe emissions can be improvedight of the improvements made to
diesel-engine emissions and efficiency over thé gdasade, certainly inconceivable
by diesel-engine developers a decade ago, it isaag that the diesel engine will be
able to make equally impressive improvements inrtet decade. It is with that in

mind that developers continue their efforts to ctynwath the regulations.



2.2 Conventional diesel combustion

2.2.1 Description of conventional diesel combustion

Combustion products are inevitable during the furad air transformation to power.
These and the efficiency of the process are styodgpbendent upon, firstly, the
charge-air, its temperature, pressure, motion amteats, secondly, the combustible
fuel, its type, injection, atomisation, evaporaticand thirdly, their states and
interaction, leading to the auto-ignition and costimn of the charge. In 1995,
Monaghan (1995) suggested a series of essentiaireetents for future High Speed
Direct Injection (HSDI) diesel passenger-car engjime order to provide the best
results. These included turbo-charging, after-caplimodulated EGR, four valves,
levels of swirl up to 2.5 Rs, optimised, deep amemtrant bowls, central and vertical
injectors, high-pressure electronically-controllédjection systems offering the
highest mean effective fuel injection pressures famally, oxidation catalysts. In the
event, the naturally aspirated two-valve engine dgigsn way to a turbocharged and
after-cooled four-valve engine with variable ratéscooled EGR and with variable
geometry turbines starting to appear. The pre-cleartibl engine with an injection
system capable of delivering 200 bar has given twagn efficient DI engine with a
highly flexible injection system capable of delivey up to 1600 bar, whether using a
common rail or unit injectors. In the meantimegetreatment such as close-coupled
diesel oxidation catalysts and diesel particuldter$ has become widespread. The
improved fuel and air management have enabled ldmEsssenger-car engines to
increase their efficiency and performance consldgravhilst reducing emissions to

meet present emissions legislation.

In these modern DI diesel engines, combustion usliys composed of a premixed-
combustion phase, followed by a diffusion-combustphase (Heywood, a, 1988).
During premixed combustion, the levels of mixing drigh and the local Air-Fuel
Ratios (AFR) of the mixture range from above 14.54ding stoichiometric, to beyond
the limit of flammability in the outer boundary ohe spray. This globally lean
mixture is characterised by low temperature combnstOnce the premixed-
combustion flame has propagated to the newly fognfirel-air mixture, this leads to

the diffusion-combustion phase, as can be seen igh-dpeed video during



combustion in a rapid compression machine (Cru@2R0The flame stabilises in a
mixture zone where appropriate conditions in teo&FR, temperature and pressure
are met to allow combustion, which is why the dfitn-combustion phase is also
known as the mixing-controlled combustion. Duringst phase, the in-cylinder
temperatures are high, as a result of the prempadbustion, and the burning
mixtures are characterised by close-to-stoichiometdFRs. This phase continues
until the injection is ended. A schematic of thelfspray and the AFR distribution in
the spray is proposed in Figure 2-1 based on tfeeds. The temperature profile in

the case of combined premixed and diffusion combuss based on data collected

by Tadakazu et al. (1998) using the two-colour métand on results given by Flynn
et al. (2000).
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Figure 2-1: Conventional diesel mixing and combustin characteristics.

Premixed combustion is characterised by a high Rdtéleat Release (ROHR) or
pressure change, which is a consequence of theustiob of the fuel injected during
the auto-ignition delay. Figure 2-2 representsteesmatic of the in-cylinder pressure
obtained during conventional diesel combustion #mel derived rate of pressure
change, which tracks the rate of heat release. iThsérates the presence of the two
phases during the combustion. A light load casels® depicted to illustrate the
profile of the rate of pressure change when thalitgtof the fuel is injected,
evaporated and mixed with the air before auto-ignjtleading to a fully-premixed-
charge combustion. The representation does not noédar the difficulties in
determining whether there is diffusion combustiomat based on the rate of pressure
change. Equally, even when all the fuel has begeted before auto-ignition occurs,
it does not guarantee that the combustion is aflg-premixed nature. Once the fuel
is injected, all of it needs to evaporate and mithhe air to ensure there will be no

diffusion combustion.



Conventional diesel combustion
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Figure 2-2: Summary of conventional diesel combusin.

2.2.2 Description of conventional diesel emissions

HC, CO, NQ and PM emissions shown in Table 2-1 represent rdgulated
emissions. The main mechanisms for their formaéion described by Heywood (b)
(1988) and are related to the mixing and flame &natjpre characteristics described
in Figure 2-1. HC emissions are formed in two passiays in a conventional diesel
engine. The first is when the local fuel-air mixus too lean to ignite or to support a
propagating flame (over-leaning) and the seconghen the fuel-air mixture is too
rich to ignite or support a flame (under-mixingh Igasoline engines where
homogeneous mixtures are prevalent, HC emissions baveral additional sources,
ranging from colder temperatures near the cylindalis quenching the flame, to
crevices trapping the mixture, oil absorbing andadking the mixture during the
compression and expansion strokes. This explamsitther HC emissions observed
with more recent developments of diesel combusta®miailed in Section 2.3. CO
emissions are formed in areas of the combustionrevliee AFR is close to

stoichiometric or below, reflecting a lack of oxygerhis has rarely been an issue
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with conventional diesel engines since even invibest cases, the flame is stabilised

at a mixture with an AFR above stoichiometric.

PM emissions are formed in the fuel-rich regionshia liquid core of the diesel fuel
spray, within the flame region at temperatures betw 1000 and 2800 K. The
pyrolysis of fuel by surrounding hot burned gasasns PM. A large portion of the
PM is then burned with oxygen giving a yellow caldo the flame, however, a
smaller portion grows and agglomerates to form Piissions, which exit the
cylinder as visible smoke. The diffusion-combustgirase is the main contributor to
PM emissions since premixed combustion is charigetgroy high levels of mixing
making it too lean to form PM. However, if the dsion-combustion phase
temperature is high enough, it will promote PM @tidn and reduce the total
emissions. In the following sections, PM emissiwils also be referred to as soot or
smoke emissions, which are both expressions conynseld to describe them. These

are estimated from the filter paper opacity mettiesicribed in a later section.

NOx emissions, grouping both nitrogen dioxide andiqitxide, the latter being
predominant, are formed during the combustion whigh temperatures are reached.
These conditions are achieved during the combusiioa close-to-stoichiometric
mixture in a high pressure and temperature envissninA direct correlation has been
established between the N@ormation rates and the flame temperatures in the
combustion above 700 K. These conditions are emhlkikiring diffusion combustion,
once the flame temperatures have been raised lpyré¢neixed-combustion phase and
when the flame is stabilised in a fuel-air mixtene just lean of stoichiometric.
Premixed combustion will not contribute much to ,N@missions since the
temperatures are too low and the mixture is wekedi The extended Zeldovich
mechanism, described by Heywood (b) (1988), is lyideed in computational fluid
dynamics to model NQemissions. Nakayama et al. (2003) used it totihtis the
impact of oxygen concentration on the calculatibadiabatic flame temperature and
the associated calculated N@missions, as shown in Figure 2-3. It highlightiee

strong dependence between Ngmissions and flame temperature.
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Figure 2-3: Temperatureeffecton NOy emissionsusing the Zeldovich mechanism.

To date, there are two approaches to tacklingip@INQ, and PM emissions, one
using after-treatment for NQ and the other using particulate filters for PM, a
described by Knecht (2000), Lejeune et al. (200@)ensche et al. (2003) or Henein
et al. (2003). The approach is determined by therng@l for a particular engine to be
optimised for low PM or low NQin conjunction with the appropriate after-treatmen
capabilities, taking into consideration cost, tedbgy development and also
durability. Figure 2-4 illustrates the two optidias meeting Euro 4 based on a typical
PM versus NQ emissions trade-off curve of an engine meetingoE&iremissions

regulations. Euro 5 and Tier 2 Bin 5 emissionsdtg@re also indicated in the figure.

The NQ after-treatment approach minimises PM emissiaesting NQ engine-out
emissions with a lean NQrap or a selective catalytic reduction systeme @rethod
of minimising PM emissions is to advance the ingetttiming to obtain a large
portion of diffusion combustion. Despite represegtiideal conditions for PM
formation, these remain in a hot in-cylinder enmim@ent, promoting their oxidation.
Another method consists of increasing the injecpoessure to increase the mixing.
The drawback in both cases is an increase ip fé@nation. This approach is fuel
efficient since advancing injection timing or inasing injection pressure both
contribute to a more rapid combustion, however N@er-treatment is still in its
infancy. The diesel particulate filter approach imises NQ emissions by retarding
the injection timing to reduce combustion flame penatures, as detailed by Gill et al.
(2002) or Kidoguchi et al (2002). These author® albtained reductions in NO

emissions using EGR, which acts as a heat sinlchwiimits the temperature increase
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during the combustion. Engine-out PM emissionsiacecased due to the lower in-
cylinder temperatures limiting the oxidation praeeksiring and after the combustion
process. A diesel particulate filter is insertedha exhaust line to trap and burn PM
emissions. With the current state of developmedtm@nduction, the diesel particulate

filters are an efficient means of reducing PM elpiss.
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Figure 2-4: Approaches for achieving PM and N@Qemissions targets.

As can be seen in Figure 2-4, additional engineemuissions reductions and after-
treatment are required to meet future emissiorgetsy even in the case where mild-
hybrid powertrain applications start making theapearance. Reducing engine-out
NOx and PM emissions has become the priority for thesgine and after-treatment
developers, and especially the priority of the eli@nhgine developers in order to

alleviate the cost of after-treatment and keepltbsel powertrain cost competitive.
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2.2.3 Major influencing parameters on the combustion emissions

Since Monaghan’'s 1995 future light-duty diesel aemegispecification, the key
developments to increase the efficiency, reducesgions and further increase power
have been in terms of compression ratio reductpammitted by the development of
cold start technology, EGR rate increases and lgfv&lirl reductions, both permitted
by injection system strategies developed usindléxaility and capability of modern
injection systems and engine controllers. Care rhegtken when comparing results
from different investigations since the startingnp® may vary. For example, in many
cases, varying a parameter to understand its inipalse combustion process requires
a re-optimisation of another: when investigating tmpact of injection pressure on
emissions, the bowl shape and main-injection tinshguld be optimised for each
injection pressure. Therefore, a study carriedvaith an optimised piston bowl and
injection timing for 1600 bar injection pressurellwiot give the same results as a
study carried out with an optimised set-up for 8 B@r injection pressure. Trends will

always be valuable but may not always be comparable

. Compression ratio reduction:

A recent trend for diesel engines is the reducttbrcompression ratio, which is
achieved by modifying the piston bowl shape andin@. Despite lower compression
ratios leading to lower combustion efficiencie thct that compression is one of the
largest contributors to friction necessitates a pamise between thermal efficiency
and friction, Heywood (c & d) (1988). For the samaximum admissible In-Cylinder
Pressure (ICP), i.e. structural strength, a congpwasratio change from 20 to 14:1
only gives a small drop in efficiency, whereas khwer ratio considerably reduces
engine friction, leakage and torque requirementstarting, as described by Taylor
(1984). Jackson (2000) proposed a compression wdtih5:1 as being the right
balance between the two factors whilst pointingtbat the current HSDI ratios of 18
to 20:1 are necessary to provide sufficient pressand temperatures for cold starts.
If compression ratio is reduced and the inlet-n@difporessure and temperature are
maintained constant, the in-cylinder pressure amperature at TDC decrease,
thereby increasing auto-ignition delay, as desdrimg Laguitton et al. (2002). With a
current application, if compression ratio is redlibelow 18:1, the auto-ignition delay
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becomes such that it does not ignite during thepression or expansion stroke and
the engine fails to start. The cold-start conditisrcurrently the limiting factor in
reducing compression ratio further. Glow plugs@®mon in diesel engines to assist
in cold starts by heating the air before the comsgiomn stroke and this technology is
improving to allow further ratio reductions. In aiifoh, further reductions may be
possible when considering flywheel mounted stagtarerators, capable of adjusting
engine cranking speeds, or electrically assistaabtsystems, capable of increasing
the inlet-manifold pressure without relying on thebine, or even variable valve
timing, enabling a high compression ratio buildkie used for starting and then
capable of decreasing the effective compression.rain additional benefit from
lowering the compression ratio highlighted by Jack§2000) is that higher specific
ratings are achievable for the same maximum imdgi pressure (Ry). At full load,
higher levels of inlet-manifold pressure are pdssibr the same injection timing or
more advanced injection timings are possible, mttending the full load torque
capabilities. Reduction in compression ratio hasnba key parameter for reducing
engine friction, however, its reduction is now ddesed more and more for
emissions purposes. Lower compression ratios e&alier in-cylinder pressures and
temperatures during the injection and combustiohickvincrease the auto-ignition
delay and reduce the rates of combustion, as shxyywmdawano et al. (2005), who
reduced the effective compression ratio by retgrdie intake valve opening. Based
on studies by Kennaird et al. (2002), the peneinadif the fuel spray is also extended
with lower in-cylinder pressures, and combined witle increased auto-ignition
delay, these effects lead to improved fuel-air mgxiThis is expected to reduce PM
emissions and also peak combustion pressures amgetatures, and hence NO

formation as shown by Araki et al. (2005).

. EGR and associated inlet-manifold pressure inceease

A clear trend for diesel engines is the use ofdasmg EGR rates in order to control
NOy formation in the combustion chamber. EGR is maiurdgd at speeds and loads at
which the engine operates during an emissions dsreée. It acts in two ways on the
combustion. Firstly, it increases the auto-ignita@lay, as visible in the results shown
by Henein et al. (2001), which increases the predizombustion phase relative to
the diffusion combustion. This limits the amount dbse-to-stoichiometric, hot
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combustion. Secondly, EGR acts as a heat sinkehlyereducing the peak burned-gas
temperatures, and hence Nformation, Heywood (e) (1988). The drawback of EGR
is its effect on soot emissions since at equalt-imignifold pressure, it substitutes
itself for part of the air. This is compensated ligr developments in turbo-charging
and injection systems as illustrated by Jackso®@R@nd Payri et al. (2003) who
operated engines at higher inlet-manifold pressaneshigher injection pressures. In
order to operate the engine at high EGR rates withrcreasing the inlet-manifold
pressure requirements, it is necessary to cootdtieculating gases to increase their
density and to introduce larger masses for the santuene, but care must be taken to
avoid issues with HC emissions and water condemsati the EGR for durability
reasons (Gatellier and Walter, 2002). The requirgsor higher EGR rates, as well
as for increased specific power outputs, have eaged technology development in
the field of turbo-charging. The aim has been twease the inlet-manifold pressure
in order to maintain AFR targets despite greatlgréasing the EGR rate and to
increase the air mass flow at higher loads, themscing smoke emissions by
supplying more oxygen, and increasing the load lwépes. This offers realistic
engine downsizing opportunities which aim to mamtine same full load torque
(Laguitton et al., 2002), whilst reducing fuel cangption at part load due to reduced
engine weight, pumping losses and friction as \aslloperating more efficiently at
higher loads at similar speeds. The bigger turbagra provide higher inlet-manifold
pressures and full load torque capabilities, batviihicle driveability then becomes a
concern since the bigger turbines suffer from loriggnsient response times and poor
low speed performance. Supercharging does not liaigedrawback since it is
disconnected from the exhaust system but its impactfficiency is negative. Turbo-
charging can increase fuel consumption at lowetldoaven when used with a waste
gate since it increases the backpressure, thusipgrgsses, as detailed by Chi et al.
(2002). They describe the benefits of technologiesh as variable geometry turbines
or variable nozzle turbines in terms of higher Isvef inlet-manifold pressure
achievable and lower pumping losses at lower lo&kher appealing solutions
making their first appearance in vehicles or inelegment are twin turbocharger
applications and electrically driven compressorbese reduce or eliminate the
negative effects of the turbine.
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. Levels of swirl reduction:

Swirl increases the fuel-air interactions and ressid reduced PM emissions. For
applications with variable levels of swirl, a hitgvel is used at low loads and engine
speeds, where the benefits of swirl are greater tihe impact of throttling the engine
and depriving it of air, whereas a lower level gd for higher loads to obtain the
highest air mass flow possible, as described bydsimwma et al. (1998). The main
effect of swirl is to increase the gaseous fuel airdinteractions, as described by
Browne et al. (1986), increasing the portion of|fiirned in the premixed-
combustion, without affecting the auto-ignition agl Unfortunately, current engines
have different levels of swirl requirements durthgir operation, yet they rarely have
variable swirl capabilities. The current practiseéa define a level of swirl giving the
best compromise between full load and part load soussions. At full load, the
highest volumetric efficiency must be achieved foaximum ‘breathing’ of the
engine, whereas at part load, the fuel-air mixingstibe increased through air motion
since the use of EGR causes higher soot emissidiesdrawback of increasing swirl
is that it degrades the volumetric efficiency andreéases the pumping losses, and
hence fuel consumption. Different mechanisms ofrlsgeneration are used, from
inlet-port configuration, helical or tangential (ashima et al., 1998), to port
deactivation by throttling (Henein et al., 2001) various levels of valve lift or flow
guiding blades (Shenghua et al., 1999). The remargs for increased levels of swirl
become less with conventional diesel combustioatesgies as the injection systems

take a larger role in the mixing process, as detnatesl by Whelan (2001).

. Injection system development, control and strategie

The injection-system improvements represent perltapsmost significant step in
diesel engine evolution and have taken place omrakvevels. The driving force
behind these improvements is that a better injectio terms of atomisation,
evaporation and fuel-air mixing, leads to a moratcmled combustion, reducing
emissions and fuel consumption. In an attemptdcese the fuel-air interactions, the
injector-nozzle hole diameters have been steadiéguced, following the

manufacturing and durability limitations, as smialle®les are known to generate
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smaller droplets, which tend to evaporate and raster. In order to compensate for
the flow restriction imposed by the diameter reguct the number of holes has
increased leading to a compromise between holeasidenumber of holes. Injection
pressure is also in constant increase since itiadctsee ways. The first compensates
for the smaller holes to maintain the fuel-injenticates. The second increases the
level of fuelling before auto-ignition so fuel-ameractions are maximised leading to
low soot emissions (NC(emissions increase but in a much smaller propothan the
soot emissions reduction, Chi et al., 2002). Thiedtteads to much higher air
entrainment and hence mixing, which reduces so@stoms. To counter the potential
cavitation in injector nozzles associated with ligher injection pressures, conical-
hole profiles with rounded inlets are used, as ilesd by Mahr (2002) and illustrated
by Blessing et al. (2002). These trends can be w&@m comparing injector nozzles
used by Bae and Kang (2000) in research work cdadugefore 2000 and injector
nozzles used by the same team a few years latey. ddd Kang (2000) were
investigating five-hole injector nozzles with halemeters of 0.142 mm, whereas two
years later they were studying six-hole injectozzies with hole diameters down to
0.126 mm and with various conical hole profiles B al., 2002). Other emissions
and fuel consumption reductions are to be expewaiithl the appearance of faster
responding injectors such as fast-acting solendiigsy-pressure unit injectors, piezo-
electric injectors as illustrated by Takeuchi armydo (2002). These developments
increase the ability to control the injection ahidwa the use of multiple injections to
control the combustion. During one cycle, seve@hbinations are now possible:
pilot, early-pilot, main, split-main, post and faost injections or simply several

identical successive injections.

In order to control the fuel injection system arties engine systems, such as the
EGR and variable nozzle turbine mentioned earliee, control systems and their

capabilities have been in constant progress. Mostral systems are open loop,

which means that the various systems around thiemrge set based on predefined
models, as functions of different requirements.réntty, some advanced controllers

are closed-loop controlled, which means that therang conditions are set and

varied based on the response to the setting. Nekaga al. (2003) focused their work

on the control of oxygen concentration, and usdd itontrol NQ emissions during

engine transient responses. Olsson et al. (20@&D ciesed-loop control of the angle
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of 50 % burn of combustion as a means of contlliinel consumption. More
recently, Neunteufl et al. (2004) established arobistrategy based on both the angle
of 50 % burn and the maximum rate of pressure amaimpe application example
focused on the phasing of the combustion relabv€RC, however, no reasons were
given for the selection of the maximum rate of puge change. Gartner et al. (2002)
based a control strategy concept on the angle dfo3furn and a representation of
oxygen contents in the cylinder based on the assnflaw. The angle of 50 % burn
was chosen as it is widely accepted as a measwembustion efficiency and which
offered a good correlation with NGemissions. The progress in injection system

control has also enabled more complex strategibs ttsed as described below.

Pilot injections are used to reduce combustion eyol®wever, they can lead to
increased soot emissions, as described by Lejeuake @000). Noise is suppressed
by injecting a small amount of fuel during the casgsion stroke, which burns before
the main-injection, thereby increasing the in-og&n pressure and temperature. This
reduces the auto-ignition delay, and hence the igezghcombustion. By burning the
main-injection fuel as it enters the combustionnehar limits the rapid increase in
rate of pressure change, hence noise. Apart fronm@ease in soot emissions, the
pilot injection has limited adverse effects due the small quantity of fuel it
represents. Chi et al. (2002) observed an increastC emissions due to the over-
leaning of the pilot injection but that this incseacould be minimised by optimising
the pilot-injection timing. Trueba et al. (2002)sdabed how the correct timing of the
pilot and main injections were essential in cregatime appropriate conditions for the
main combustion. If the main injection occurs whies pilot-injection fuel has started
burning or has fully burned, the higher in-cylindemperature and pressure lead to an
instantaneous combustion of the fuel during thennigjiection. This suppresses the
rapid pressure increase during premixed combusti@hconsequently reduces noise
and NQ formation. If the pilot injection occurs too earliybecomes too lean to burn
and results in an increase in fuel consumption ld@demissions. The unburned fuel
also increases the premixed-combustion phase anelages NQemissions. Badami
et al. (2002) investigated the impact of two pilgections, which usually resulted in
similar trends but more pronouncedly. The secordt pnjection assisted in the

combustion of the earlier first pilot injection.
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Post injections, occurring after the main injectiare used to reduce PM emissions,
whilst having limited effects on NQemissions, as detailed by Badami et al. (2002),
Beatrice et al. (2002) and Lejeune et al. (2000 main role of these late injections

Is to re-activate the combustion which proves heraffor further oxidation of PM

and for improved fuel consumption.

Concerning the main injection, Gill et al. (2003)owed that if its timing was
retarded, NQ emissions and noise decreased whereas fuel cotisampM and HC
emissions increased. The lower in-cylinder pressum@ temperature obtained with
retarded injections reduce N@®missions, but limit the post-combustion PM oxialat
processes. The increased premixed-combustion phasdo the lower in-cylinder
pressure and temperature conditions also resuttganleaning of the outer-boundary
of the fuel spray and an associated increase inedfssions. The reduced PM
emissions associated with the increased premixatbastion were not sufficient to
offset the reduced oxidation processes, therefsalting in an overall increase. The
increase in fuel consumption is related to theaased lost energy at exhaust valve
opening. Beatrice et al. (2002) compared a combipidot injection and main
injection with a combined pilot injection and sptiain injection. The split injection
approach showed benefits in terms of NfDd PM emissions for no apparent increase
in fuel consumption. The split injection was though enhance the utilisation of air
and delay part of the combustion acting in the sa@g as post injection, promoting
soot oxidation. The separation between injecticgierred to as dwell, was varied and
showed that increased dwell led to increased sodtraduced NQemissions. The
larger dwell led to a more retarded second patti@imain injection, which resulted in
lower combustion temperatures hence reduced ogidati PM. However, Brooks et
al. (2004) found that a pilot injection and a sphidin injection led to potential NO
and soot emissions reductions but that these wmr@ngpanied by fuel consumption
increases linked with the longer aspect of theciipe and the later phasing relative to
TDC of both the injection and the combustion. Tlemke temperature of split-
injection combustion studied by Chmela and Ried{@®&00) showed higher average

temperatures than for normal injection, which eijad the increased soot oxidation.

A summary of the effects of different strategies, pilot and main, pre injection

(close pilot) and main, two pre injections and maivo pre injections, main and post
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injections has been given by Ricaud and Lavoig@02). The last strategy resulted in
a slight reduction in noise and fuel consumptiod ameduction of more than 50 % in
soot, HC and CO emissions for fixed Némissions. Groenendijk and Miiller (2002)
published the first multiple-injection results, mgisuccessive identical injections to
achieve homogeneous charge combustion. The redsonsvestigating multiple
injections were to increase the fuel-air interawsi@nd to reduce the wall wetting.
This illustrates the new approach to diesel engiombustion made possible by
accurate control of the injection.

2.3 Stepping away from conventional diesel combustion

2.3.1 Background and concept

Research in diesel combustion over the past debgdEakeda et al. (1996), Aoyama
et al. (1996), Yanagihara (1997), Suzuki et al.9{9 Yokota et al. (1997),
Kawashima et al. (1998), Iwabuchi et al. (1999)Gattellier and Walter (2002), can
be considered as a revolutionary step towards adiesel-cycle engine. It represents
a just-as-fundamental a switch as that from homeges to stratified mode in a
gasoline engine, except that it is going in theasie direction: the conventional
stratified diesel compression-ignition combustioneg way to homogeneous charge
combustion. It demonstrates the capability of raaycNO, and PM emissions
simultaneously, thus potentially offering an extetdise of diesel engines without (or
with greatly reduced) after-treatment requiremeiitsis is all the more appealing
since the technologies required for this step dmeady proven. The concept was
initially investigated for gasoline applicationsarder to increase combustion stability
(Onishi et al., 1979), to reduce the rapidity o ttnergy release (Najt and Foster,
1983), and later to suppress throttling at lighd aredium loads to increase efficiency
(Thring, 1989). Thermodynamically, homogeneous ghartombustion is closest to
that ideal, i.e. the most efficient, constant-vodu@itto cycle, as observed by Beatrice
(2002). This is achieved by a very rapid combussimte in theory it is supposed to
be global with no propagation. Hultgvist et al. @29 agreed with this but found its
application limited to the highly diluted mixturés limit the maximum pressure rise

and Heat Release (HR) during the bulk combustion.
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The application of homogeneous charge combustidmaged on a combination of
gasoline and diesel engine operating charactegishic gasoline applications, early
injection with no throttling to limit pumping losserovided a lean, homogeneous
mixture. Oakley et al. (2001) operated controllagoagnition or homogeneous
charge combustion with gasoline for AFRs reachiidl8The high level of mixing
guaranteed the homogeneity, hence the very low emigsions, and the high AFRs
guaranteed a diluted charge, far from stoichiomethjch resulted in low combustion
temperatures, hence low N®missions. The premixed charge was not sparkednit
but ignition was triggered by compression as witbsdl engines and resulted in a
global combustion of the charge with minimal flaprepagation. This auto-ignition
was facilitated either with elevated inlet-manifdieinperatures of 320 °C or with
specific valve timing to increase the amount of hesiduals or to increase the
compression ratio. In diesel applications, the |éemogeneous mixture was also the

main objective to guarantee low N@nd soot emissions.

Homogeneous charge combustion operation has loren ®nsidered as an
appropriate operating mode for gasoline or natgaal applications due to the lower
boiling points and higher critical compression@atof gasoline or natural gas. These
characteristics make more possible the formatiora dfomogeneous mixture with
fewer knock and wall-wetting issues, as detailedHeywood (f) (1988). The long-
chain nature of diesel fuel and its boiling poigitca 100 °C higher than gasoline,
make it more difficult to evaporate but more susibdp to premature combustion.
Many studies have been undertaken to identify thastrmappropriate fuel for
homogeneous charge combustion, from Thring (1989)nbre recently Ryan Il
(2000), Ryan Il and Matheaus (2002) and Shudo @md (2002). The general
conclusions were that the most appropriate fuestasse with high Research Octane
Numbers (RON) and low Cetane Numbers (CN), highrbelgdn-over-Carbon (H/C)
ratios (including hydrogen added to fuel), low bwltemperatures and high elevated
pressure auto-ignition temperatures. The only rentif diesel concerns the engines
in which the research was carried out, since thégred the required high
compression ratios, as illustrated by Olsson et28l01), Morimoto et al. (2001) and
Kong et al. (2001). Diesel fuel has only recentgeb considered. Ryan Il tested
blends of diesel and gasoline, which was of pddricinterest since these fuels are

widely available. The advantages of these blendglat the gasoline part increases
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the fuel's resistance to knock, retarding autotigni and increasing the mixing and
evaporation processes, whereas the diesel palitadtes auto-ignition. This cancels
the need for higher compression ratios and inletifolal temperatures generally used
to trigger homogeneous charge combustion with gassol

Diesel-fuelled homogeneous charge combustion redaiasearchers’ interest due to
the ever more stringent emissions legislation dredvarious steps made in diesel-
engine technology. These steps were such as thefusgh rates of cooled EGR,
flexible, high-pressure capable injection systeussijable levels of swirl and cold-
start technology permitting lower compression atibhese steps are key to solving
the initial problems encountered with diesel fuedsociated with poor evaporation
and premature auto-ignition, and thus to the appbo of homogeneous charge
combustion in diesel-fuelled engines. There are pussible approaches to the
achievement of ultra-low combustion emissions, baithing to obtain a lean and
highly mixed charge. The first relies on early otjens to achieve the mixture
characteristics prior to ignition, best describedH&CI combustion. The second relies
on late injections and the charge-air charactessth enhance the fuel-air mixing to a
level of fully-premixed state before the auto-igmit best described as PCCI
combustion. Weissback et al. (2003) described these potential approaches to
enable HSDI diesel engines to meet future emissiegsalations, in terms of their

local excess air and flame temperature, as cardein Figure 2-5.
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Figure 2-5: Combustion types for ultra-low NQ, and soot emissions.
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Dilution Controlled Combustion Strategy (DCCS) gphed with high EGR rates
(80 %) but results in very poor combustion effides and is therefore not a viable
option. PCCI combustion incorporates what Weissblaak named Homogeneous
Charge Late Injection (HCLI) and Highly Premixed tealnjection (HPLI),
differentiating the levels of homogeneity of themixed charge, which is dependant

on the load.

2.3.2 HCCI operation

2.3.2.1 Description and challenges

The HCCI combustion was the first type of homogersecharge combustion to
appear in diesel engines and is a direct tran$fiiG&C1 operation in gasoline engines.
It relies on a chemically and physically homogerseonixture and ignition is
triggered by compression. There is no diffusion baostion but a global near-
instantaneous combustion, offering the same ubna-NO, and soot emissions
characteristics as for the gasoline applicatiore [Ban nature of the mixture results in
negligible soot emissions and ultra-low N@missions due to the low flame
temperatures. Whilst this type of combustion offdesarly the best results in terms of
NOy and soot emissions, it also has drawbacks in tefrikC and CO emissions. The
injection timing and the AFR become limited to vemarrow operating ranges,
especially as the load increases. A fuel-rich limitset to avoid knock (excessive
stress for the cylinder-head group) and increase@ Nemissions (when
stoichiometric) whereas a lean limit is set to dvoiisfire. Typically, two distinct
stages are present in the combustion with the H@gHration, as described by
Hultgvist et al. (2001), Kong et al. (2001), Groedgk and Mduller (2002). The first
stage is associated with the initial rupture of liveg chains, often referred to as a
cool combustion or low temperature oxidation (Siowest al., 2003), which consists
of a low temperature kinetics process. This irgsathe active radicals, which trigger
the main combustion, also referred to as the haghperature oxidation. The cool
combustion does not occur with iso-octane fueliyiresent under certain conditions
with gasoline, (Kaneko et al., 2001), reinforcirge tlong chain theory. For high
AFRs, it seems the cool combustion serves to iserdlae in-cylinder temperature in

order to trigger the main combustion, i.e. the sdadistinct peak of the heat release,
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and avoids misfire. EGR is used to reduce the axygacentration and to control the
rate of combustion, especially for the higher loadsere closer-to-stoichiometric

mixtures are present.

There are two main difficulties associated with HGfperation. The first is the
control of start of combustion. In a conventionadsel engine, Start Of Combustion
or Reaction (SOC or SOR) is generally a functiothef in-cylinder temperature and
pressure and local AFR (Heywood, g, 1988) and tloseupled with the injection.
The mixture varies from infinitely rich to infinite lean from the centre to the
periphery of a stratified-diesel fuel spray, thusviding systematically at least one
zone with the appropriate AFR for auto-ignition. e other hand, the homogeneity
in HCCI combustion means that there is theoregcaflly a single value of AFR
throughout the combustion chamber and this is Usuatry lean, 45:1 (see
Groenendijk and Miller, 2002, Yanagihara, 2002, rRgad Matheaus2002), and
even 55:1 (see Takeda et al., 1996). This occurause HCCI operation is limited to
lean mixtures to avoid high temperature combustimy in-homogeneities of the
charge would trigger premature combustion, sinceeslmcal zones would have lower
fuel concentration and others higher, the latterremfavourable to ignition, as
explained by Heywood (g) (1988) and as can be seamulation results such as
those obtained by Noda and Foster (2001). Shimaataddi (1999) found that any in-
homogeneities in the mixture resulting from earjection of gaseous fuel have a
large impact on the ignition timing and the ratecombustion. Premature combustion
is accompanied by negative work during compressiod additional mechanical
stress. Equally, the increased fuel concentratead to hotter combustion which
offsets any NQ reduction. For these reasons, accurate contrébazl and hence
global AFR is required since it determines thetstéircombustion. Sufficient time
must be allowed to ensure the homogeneity of theture at auto-ignition, thus
requiring very early injection timing, which hastkffect of decoupling the injection

and the combustion.

The second main challenge for HCCI operation ispibtential increase in noise, HC
and CO emissions. The early injection causes @aatihg of the fuel-air mixture as
well as flame quenching due to the proximity of tdoenbustion to the colder cylinder

walls, which can also lead to oil dilution. Thedteets are sources of HC emissions
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traditionally found in gasoline applications, whetee charge occupies the entire
combustion chamber. The rapid reaction rate of HQgdration has thermodynamic
benefits but also has highly undesirable effectshsas increased noise. This is
especially problematic as HCCI operation is limitedight load operating conditions

when high levels of fuel dilution are possible.

2.3.2.2 Examples of HCCI combustion application

PREDIC:

Takeda et al. (1996) have applied HCCI combustion diesel-fuelled single-cylinder
engine with a swept volume of 2004 cc, a compressaio of 16.5:1 and a level of
swirl 0.5 Rs. They examined the impact of injectibming, CN and AFR on
emissions, fuel consumption and heat release fterent injector set-ups, including
one with two diametrically opposed injectors capait 1500 bar injection pressure
(twice 2 holes of 0.17 mm in diameter). The doub]ectors were positioned so that
the fuel sprays would collide in the middle of #teamber to limit wall-wetting with
very early injection. Results obtained with diffiereCN fuels indicated that with an
injection timing of -140 °CA ATDC, higher CN valuésd to two-stage combustion
as can be seen in Figure 2-6, taken from Takedh €1996). This was not the case
with lower CN fuels. Earlier injection timings wep®ssible with the higher CN fuel
and resulted in further NOand smoke emissions reductions. However, this was
accompanied by a rapid increase in fuel consumptim examination of the
instantaneous heat release curves indicated tlatlolver NQ emissions were
achieved when the gradient of the curves was refjusdlecting reduced rates of
combustion. Photographs showed a luminous combudlzone obtained with an
injection timing of 3 °CA ATDC, whereas the flameasvnon-luminous in the case of
an injection timing of -140 °CA ATDC. This non-lunous flame characterises the
combustion of a lean mixture, representative of HE&@nbustion and indicative of

low PM formation and oxidation.

Most testing was done with CN 19 fuel not requirihgph EGR rates or low

compression ratios to retard the start of combunstibests showed that as load
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increased, the operating window for the injectianinng reduced, constrained by

knock and misfiring limits, as can be seen in Feg+7, also taken from Takeda et al.
(1996). The lower loads resulted in more dilutectomes, which benefited from a

wider injection-timing window whilst still able tachieve very low NQemissions. It

is thought that the higher levels of fuel dilutiertarded the auto-ignition. Significant

increases in HC and CO emissions (respectivelyougO00 and 5000 ppm) were

attributed to the over-leaning of the mixture. Saess were carried out using a 30-
hole central injector leading to slightly lower fumnsumption and smoke, HC and
CO emissions compared with the conventional infeatich may be associated with
the finer atomisation and more localised mixture tuthe reduced penetration of the

fuel spray.

Conventional
finj= 3° ATDC
S/R=0.5
A=2.7
CN=62(JIS#2)

40 50 60

(CA) -137° -130°

PREDIC (Side Injection)

@inj= -140° ATDC
S/R=0.5

A=2.7
CN=62(JIS#2)

ROHR
eedle Lift (Side)

-80 -40 0 40
Crank Angle 6 deg ATDC

-160 -120

Figure 2-6: Instantaneous heat release and photogeas of HCCI operation.
Reprinted with permission from SAE 961163 © 1996 SR International.
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Figure 2-7: Example of effect of injection timing ad load on HCCI operation.
Reprinted with permission from SAE 961163 © 1996 SR International.

In an attempt to solve the problem of high HC am@ €missions during HCCI
operation, Akagawa et al. (1999) investigated fiects of EGR rate and oxygenated
fuels on fuel consumption and the effects of thelemd crevice volume on HC and
CO emissions and on adhesion of fuel on the wal®y also investigated double
injections, the first early injection to form a hogeneous and lean mixture and the
second later one for conventional combustion. Mhigher loads were found possible
whilst achieving low NQ@ emissions but this was accompanied by an increafes|
consumption. Multiple injections were also inveataed by Morita et al. (2000) and
further developed by Nishijima et al. (2002), invgsting the effects of split
injections and water injection. Split injectiongddueed HC and CO emissions but

unfortunately increased N@missions.

UNIBUS:

Yanagihara et al. (1997) has also applied HCCI awstibn with diesel fuel. They

transferred the experience gained by Aoyama et(1896) on gasoline HCCI
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operation to a diesel fuelled application. The ltssshowed NQemissions halved in
a 915 cc single-cylinder engine as well as in a02@9 engine both with 18:1
compression ratio. Yanagihara (2001) used piezaoa#mt injectors with pintle-type
injector nozzles to reduce the spray penetratiamiattempt to limit the over-leaning
of the charge. The investigations examined the ahpathe injection timing, level of
fuelling, EGR rate and double injections on emissjotorque, instantaneous heat
release and load. These results were comparedt@istional diesel combustion with
the same injector. The engine was operated at d@@Min with an injection pressure
of 400 bar. Low levels of fuelling and low injeatipressures were thought to be most
appropriate to limit wall wetting and knock withighparticular injector nozzle. For an
injection timing of 60 °CA BTDC, low temperature id&tion occurred at 23 °CA
BTDC and high temperature oxidation at 10 °CA BTDCluminous flame was not
observed due to the negligible PM available fordation, confirmed by low PM

emissions.

The effect of advancing the injection timing witHized level of fuelling (15 mrf)
from TDC to 150 °CA BTDC is presented in Figure 2t&ken from Yanagihara
(2001). From TDC to 30 °CA BTDC, NCGemissions increased up to 1500 ppm, as a
result of increased rates of combustion and flasmaperatures. The latter also
increased soot oxidation, reducing soot emissiarg lanited HC formation and
emissions. For a fixed level of fuelling, the loattreased from 1.5 to 2.5 bar
Indicated Mean Effective Pressure (IMEP) indicatiagmuch better combustion
efficiency and phasing relative to TDC. From 306@°CA BTDC, NQ emissions
were returned to their initial low level and soaotissions also reached very low levels
whereas HC emissions started increasing, due telearing. These trends highlight
the effect the increased levels of mixing have exfucing the flame temperature, and
hence the NQemissions. It is expected that the negligible samissions are no
longer due to high levels of oxidation but to losvéls of formation. Load decreased
to 2 bar and is probably a result of negative warlier injection timings confirm
the trends with low NQand soot emissions and high HC emissions as &t i&su
HCCI combustion. Unfortunately, the load dropped® bar which is unacceptable.
Double injections were then used and EGR rate asg@ to the maximum level
achievable. This doubled the load whilst N&nissions remained ultra-low (10 ppm)

but highlighted a very high fuel consumption pepnalkurther studies were then
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carried out looking at the possibility of using @cend injection closer to TDC to
trigger the combustion (Hasegawa and Yanagihar@3)2@vhich reduced the NO
benefits but also the fuel consumption penalty.

Compression Raio= 18 Engine $peed = 1000rpm
Fud Quartity =15 nm®/ st: cyl. Inection Pressure = 40 MPa

10

710

IME.P. KPa
n
Soot BSU

HC ppm

T

Irjection Timing ° BTDC

Figure 2-8: Example of effect of injection timing e HCCI operation.

Reprinted with permission from the author.

2.3.3 PCCI operation

2.3.3.1 Description and challenges

The PCCI operation aims to achieve the same ledrhamogeneous mixture as that
obtained with HCCI operation and the associated Bi@ soot emissions reductions.
The main difference with HCCI operation is in thaythe mixture is prepared. Late
injections, rather than early, combined with higlsHE rates enable the start of
combustion to be delayed thereby allowing all thel fto be injected before auto-
ignition. The increased fuel-air interactions foanfully-premixed charge prior to

combustion rather than the combined premixed affdsitbn combustion, as can be
seen by the rate of pressure change in Figure Th&.reduction in NQand soot

emissions is a function of the level of premixta time of combustion, which is itself
a function of the delay between the end of injecaad start of combustion. This type
of combustion is also more flexible in operatingRAIFanges and does not require
precise control of the local AFR to control staftcombustion since this is mainly

achieved through injection timing. Typically, a giestage combustion process
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occurs with PCCI combustion, which resembles mdre tonventional diesel
premixed combustion, compared with the low and heghperature oxidation phases

seen with HCCI combustion (Kimura et al., 1999).

The PCCI combustion does not offer the same lesfedsnissions reduction nor does
it have the same challenges. It is an approachrainenore adapted to diesel-fuelled
applications as it does not rely on early injectiomngs and is therefore less prone to
wall wetting and high increases in HC and CO erorssi Furthermore, the
combustion is not fully decoupled from the injeatias in HCCI operation due to the
late injections used, making the control of thertstd combustion easier. PCCI
operation can be used as a target across the esyggael and load, not meeting the
target does not result in excessive cylinder hésasses and ultimately engine failure
as would be the case with HCCI operation, but $ults in higher N@ and soot
emissions. EGR is used to delay the start of cotithysas detailed by Kimura et al.
(1999). This reduces the constant-volume Otto cgsleect but serves to give even
further reductions in NQemissions.

2.3.3.2 Example of PCCI combustion application

MK:

Kawashima et al. (1998) were one of the first tetonsresent an application of PCCI
operation, which was achieved by employing higtelgwof swirl. The levels of swirl
investigated were between 3.5 and 10 Rs, much highe in conventional DI diesel
engines. Kimura et al. (1999) conducted more dmtaihvestigations on a single-
cylinder engine with a swept volume of 488 cc armbmpression ratio of 18:1, with
EGR capabilities at light load and injection pressuup to 700 bar. This approach
relies on the combustion phasing relative to thection. Its essence is the completion
of injection before auto-ignition. This increashks fair entrainment in the spray before
combustion and thereby reduces the amount of stoneric mixture and also
suppresses diffusion combustion. In contrast withGH operation, the injection is
retarded as much as possible past TDC to injeatlower in-cylinder pressures and
temperatures in order to delay auto-ignition anckaase fuel-air interactions. The
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typical instantaneous heat release shows a singésep Kimura et al. (1999)
demonstrated low PM emissions backed-up by an dedible flame in an optical
set-up and a tenfold reduction in N@&missions at 2000 rev/min 5 bar Brake Mean
Effective Pressure (BMEP). This may seem like added engine calibration process,
but in reality it is a step towards a new type ambustion. Furthermore, the authors
explained the underlying processes, which provey weeful in understanding the

engine optimisation requirements.

The impact of the three measures used to suppifssiah combustion are shown in
Figure 2-9, (taken from Kimura et al., 2001). Loimgrthe oxygen concentration
from 21 to 15 % was the first, which had as effactrastic reduction in NO
emissions. This measure increased the auto-igndelay and limited the hot and
close-to-stoichiometric diffusion combustion, arehbe NQ emissions. This also led
to the over-leaning of the fuel-air mixture in theter boundary of the spray, thereby
increasing HC emissions. The lower oxygen concgatrdimited the PM oxidation
processes and led to incomplete combustion, anaib@ice of HC emissions. The
thermal efficiency was slightly improved from 40 44 %, which was close to the
measurement accuracy, but may result from a fastenbustion despite being
retarded. Retarding the injection timing from 3-#% °CA ATDC was the second
measure, which led to a further decrease in Hissions due to a further reduction,
and maybe total suppression, of diffusion combustidhe increased fuel-air
interactions, resulting from the lower in-cylinderessures and temperatures during
the injection and combustion, as well as the irgdalelay in auto-ignition, were also
beneficial for PM emissions. A further over-leaniofgthe fuel-air mixture increased
HC emissions. Despite the faster combustion, thEaonhof retarding the combustion
relative to TDC reduced thermal efficiency. Finatlye third measure was an increase
in level of swirl. This limited the over-leaning tie fuel spray by limiting radial
penetration in favour of tangential motion. It alseduced smoke emissions by
increasing the air entrainment. This was accomplahie an increase in the rate of
combustion as demonstrated by the increases of M@hemissions and thermal

efficiency.
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Figure 2-9: Example of requirements for PCCI operaion and their impact.
Reprinted with permission from SAE 2001-01-0200 ©@1 SAE International.

Further work (Kimura et al., 2001) was carried oata four-cylinder engine with a
swept volume of 2488 cc, mainly extending the ranf§®CCI operation. Injection
pressure was increased to shorten the injecticatidnrand the compression ratio was
reduced to 16:1 in order to reduce the pressurdeangerature in the cylinder during
the compression, thereby delaying auto-ignitiothferr. EGR used in the first instance
was cooled in order to increase the rates achieydlis retarding the auto-ignition
further and serving as a thermal capacitance. Mecent work by Kawamoto et al.
(2004) proposed the use of higher CN fuel, whicmivagainst other HCCI operating
requirements, but was recommended to reduce HC semss under cold-start
conditions. The major advantage of PCCI combugsalustrated here by its ease of
implementation since it does not require additiaadlifferent hardware. Equally, its
operation with conventional hardware did not affiaet engine specific power output

negatively.
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2.3.4 Other related investigations

The research carried out to date has investigatathsof realising the full benefits of
HCCI and PCCI combustion. There are many compamssaments amongst different
operating conditions, including the heat releassmstantaneous heat release, BMEP,
IMEP and Gross IMEP (GIMEP), combustion efficien&GR rate, AFR, Brake
Specific Fuel Consumption (BSFC), auto-ignitionajednd emissions characteristics.
These are directly monitored or calculated from itilet-manifold, exhaust and in-
cylinder pressures and temperatures, torque, ems$HC, NQ, PM, CO, CQ), air
and fuel flows... These have been investigated fanyn@perating conditions and a
wide range of hardware, in order to understandr timgpact on combustion and to
provide an understanding of the requirements tarobnhe mixture, the start of
combustion or start of reaction and the rate ofctrea during HCCI or PCCI

combustion. The main operating conditions variedagsess their impact are listed

below:

. Engine hardware: piston-bowl geometry, compressatin, port geometries
. Engine operation: speed and load range, valve ¢imin

. Fuel: pump, bio, single-component fuel, pure ondkeor with additives

. Injection system: injector and nozzle charactexssti

. Injection operation: timing, pressure, number ¢éations, quantity

. Inlet: temperature, pressure, EGR rate

. Mixture: motion, turbulence, AFR.

Table 2-2 lists key diesel-fuelled research andwshihhe main parameters investigated
and the results. Only recently has the researchgudiesel fuel taken off, which

explains the increase in the number of publicatiartbe last five years.
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Authors, affiliation &
year of publication

Areas studied and results

Ryan lll,
2000,

Investigating: impact of fuel characteristion compression ignitiof

in a single-cylinder engine and six multi-cylingeptotype engines.
Varying: CN from 42 to 53, density from 830 to 86§/n7, mono-

aromatics from 10 to 25 %, poly-aromatics from .30 %, looking

Southwest Research at the impact on weighted N@missions and on the impact of EGIR.
Institute Conclusions: NQ emissions increased with fuel density and
aromatic content, remained constant for varying &M decrease(
for higher hydrogen contents. Fuel type did noeefthe impact of
EGR.
Investigating: impact of operating conditioms1 HCCI operatior
Kong et al., using experimental and modelling results in a dje2é40 cc, CR
2001, 16.1:1, single-cylinder engine (caterpillar 3406ee SCOTE).
Engine Research Center, « Varying: injector type, IP form 500 to 900 bar, glim or split
University of Wisconsin- injection, AFR from 50 to 60:1, IT from 131 to 4&8A BTDC, speed
Madison and Division of from 700 to 1500 rev/min, looking at the impact i@P, ROHR,
Combustion Engines, combustion duration, ignition delay.
Lund Institute of Conclusions: not all variables reported. ROHR stbiweo phases

Technology Little impact was obtained from engine speed on lmgstion
duration and ignition delay.

Investigating: impact of multiple injectioren compression ignition
in a diesel, CR 18:1, 2147 cc, single-cylinder aagéquipped with
900 bar IP capable injection system.

Varying: number of holes from 6 to 30, cone angaf 55 to 155 °,
IT from 5 to -20 °CA BTDC with different strategideoking at the

Yokota et al., impact on NQ and HC emissions, Bosch Smoke Unit (BSU), BSFC,

1997, ROHR and combustion flame.

Hino Motors Conclusions: multiple injections (Homogeneous Chahgtelligent
Multiple Injection Combustion System) were worsarthpilot and
main injections with traditional IT. Multiple injéions were bettef
for NO, emissions, FC, BSU with worse HC and CO emissans

retarded ITs. Early multiple injections led to lawBROHR and

benefited from the 30-hole injector nozzle.

35



Authors, affiliation &
year of publication

Areas studied and results

Iwabuchi et al.,
1999,
Mitsubishi Motors

Corporation

Investigating: impact of injector-nozzle hole capfiationon spray

and combustion characteristics for Premixed Congiwadgnition in
a 4-valve, diesel, CR 12:1, 2000 cc, single-cylimeiegine equippe
with 800 bar IP-capable injection system, 80 ° cangle, level of
swirl 2.2 Rs.

Varying: EGR/AFR of 0 % / 59:1 to 58 % / 20:1, Ifofm 80 °CA
BTDC to 10°CA ATDC, injector-nozzle type and hd
configuration, looking at BSFC, ROHR and NQHC and smoke
emissions, flame Iuminescence, spray penetratiod angle,
simulated cone angle effect and adhered fuel th wal
Conclusions: Premixed Compression Ignition resultgith
conventional injector nozzle worsened in most caé@soptimised
injector nozzle reducing penetration and enhanttiegmixing gave §
tenfold reduction in NQand smoke emissions below conventio
levels. HC emissions improved but remained elevéteda BSFC
penalty of circa 10 %. Impinged spray injector nezimked with
lower CR led to lower ROHR. Combustion occurringliea than
TDC decreased the efficiency. If EGR increased, S&Rrded and
ROHR decreased in amplitude and duration leadirantoncrease in

efficiency.

le

nal

Ryan Il and Matheaus,
2002,
Southwest Research

Institute

Investigating: impact of fuel typen compression ignition in
combustion bomb and in a 702 cc, Port-Fuel Inje¢kf), single-
cylinder engine with CR from 14 to 16:1.

Varying: fuel from Fisher Tropsch Naphtha to dieséh up to 80 %
gasoline content, inlet-manifold temperature frob® 1o 170 °C, CN
from 20 to 100, RON from -600 to 100, looking aé ttmpact on
Bosch Smoke Number (BSN), SOR, HR, ICP, elevatezbqure
auto-ignition temperatures and ignition delay.

Conclusions: for inlet-manifold temperatures upl&) °C, both the
lower temperatures and gasoline contents led thehi@SN. Higher,

CRs advanced SOR. Higher gasoline contents reqbiggter inlet-

manifold temperatures to react and led to high&sl@nd cumulative

heat released. Higher CNs lowered the elevatedspresauto-

ignition temperatures and the opposite was sednhigther RONSs.
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Authors, affiliation &
year of publication

Areas studied and results

Shimazaki et al.,
2003,
Isuzu Advanced

Engineering Center

Investigating: impact of near-TDC injectiofor premixed diese

combustion using a 125 ° cone angle with a largel o a 4-valve,
diesel, CR 16.5:1, 1298 cc, single-cylinder engétgiipped with
1200 bar IP-capable injection system, level of kit Rs.

Varying: IP from 30 to 1200 bar, IT from 40 to -6& BTDC, CN
from 19 to 61 looking at ROHR, ICP, BMEP, BSCO, BESBSNQ,

BSHC and smoke.

Conclusions: with CN 19, BSNQ BSCO, BSHC and smoke

emissions were lowest at 25 °CA BTDC. Earlier I&d to a general

increase in emissions for the same BSFC. When BPvaded from
900 to 1200 bar, emissions decreased for a stdd [but friction
losses from pump resulted in increased BSFC. WOtWGEGR and
AFR of 58:1, CN 61 gave lower N@missions than with CN 19 b
higher smoke emissions for ITs near TDC. Late injes at 4 °CA
ATDC showed benefits for smoke and N@missions but larg

penalties in terms of BSFC.

ut

D

Su et al,,
2003,
State Key Lab of Engines

Tianjin University

Investigating: impact of multiple injections andrbp combustion

chamberon premixed and lean diffusion combustion in aaB,
diesel, CR 15:1, 1620 cc single-cylinder engine igued with
800 bar IP-capable injection system, level of swvi@ Rs.

Varying: piston bowl with or without inner ring, A5 from 20 to
30:1 by increasing inlet-manifold pressure, numbérinjections
from 1 to 4 early injections plus one main injentitevel of fuelling,
IT from 150 to -3 °CA BTDC, looking at ICP, ROHRMP NO, and
HC emissions.

Conclusions: Early injections led to a two-phasathrelease, th
peak typically towards 20 °CA BTDC, and the secoedrer TDC.
The earlier the injections, the later the secondsphof HR. Earlie
injections led to lower N@ higher HC and smoke emissio
whereas when adding a main injection, ,N&d smoke emission
trends inversed. The bump impact seemed to be ibaedlso in
conventional mode for smoke emissions by avoidingwlb
impingement. When using 4+1 pulses, the first feeemed to work

against the engine as the combustion occurred dafoc.

ns

n
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Authors, affiliation &
year of publication

Areas studied and results

Simescu et al.,
2003,
Southwest Research

Institute

Investigating: impact of simultaneous PFI and Datstgieson PCCI

operation and emissions in a diesel, CR 16.6:16 14.6-cylinder
engine equipped with electronic unit injectors.

Varying: for a fixed load, fuel injected in porbfn 0 to 70 %, IT of
PFI from 310 to 370 °CA ATDC, main IT from 10 to ®6A BTDC,
looking at ROHR, ICP, BSFC, mass fraction burned B©,, CO
and smoke emissions.

Conclusions: Varying PFI timing did not affect tb@mbustion. With
the main IT unchanged, the higher portions of R¥d to lower
ROHR in main combustion, but higher ICPs at lowdloat low
loads, PFI seemed beneficial for N®missions whereas at high
loads, DI seemed more appropriate. HC emissionsBSIC both
increased with increasing portion of PFI. With majection at TDC
or later, a low and a high temperature oxidatioruoed and
finished before the main injection started. Thisaeled the increas
in CO emissions previously obtained with the insesain BSFC an
smoke emissions reduced. N®missions were reduced by up

35 %. Large cylinder-to-cylinder variations weresebved.

(1]

Gatellier and Walter,
2002,
Ranini et al,
2004,
Institut Francais

du Pétrole

Investigating: _Narrow nozzle cone angle and adappiston

geometry operating conditioris a diesel, 416 cc, single-cylind
engine equipped with 1350 bar IP capable injecsyatem and
multiple injections and 100 ° cone angle

Varying: CR 18.0 to 14.0:1, speed 1500 and 2500mev load from
2 to 8 bar IMEP, looking at PM, NOCO, HC emissions, BSFC.
Conclusions: Typical two-stage HCCI combustion ooed. EGR
was not cooled below 90 °C to avoid condensatiguds. At
1500 rev/min, high CR with advanced ITs led to pigna BSFC
due to premature ignition, hence negative work. €&0EGR rates
were required to delay the combustion with lower. CBwer CR led
to lower NQ and PM emissions but also lower HC and
emissions. Results at 2500 rev/min showed thatritreased spee
was beneficial for early injection timings becatissge to TDC was
shorter reduced the auto-ignition delay in crankartgrms. The
trends for HC and CO emissions were clearer. Caoiscéor diesel
redueadhaust

oxidation catalysts were raised due to the

temperatures. Electrically assisted boost, multipjlections, variable

valve actuation were seen as extremely valuablel€@C€I| operation.

Table 2-2: Key research in diesel-fuelled HCCI andPCCI operation.
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Table 2-3 lists the main actors in the diesel-hikeeptane fuelled fundamental HCCI
and PCCI combustion research work and shows the psaameters investigated and
the results. This type of fuel is clearly much mat&active and has been extensively
used since it offers the same auto-ignition properas diesel fuel but has a much
lower boiling temperature of circa 100 °C (similargasoline). The main advantage is
that it permits easy evaporation with very earlgation timing, especially in HCCI
combustion, without the usual wall-wetting issueslower molecular weight, density
and its higher calorific value must be kept in mimden making comparisons with
diesel-fuel results. This allows an improved unterding of the mixing
requirements, without needing to address the peaparation problems. It seems to
be an acceptable approach when considering the lgegas forward being made in
injection systems technology. Indeed, engine d@exk are now able to rely on
multiple-injection capable injection systems witicro-hole injector nozzles and high
injection pressures, thus leading to extremelydapjection and evaporation, which

explains the value of the diesel-like n-heptanesbassearch.

Authors, affiliation &

year of publication Areas studied and results

» Investigating: impact of in-cylinder conditiomsm HCCI combustion

characteristics in a rapid compression machine wiittilarities to a
small diesel engine at 1100 rev/min, n-heptane, I880IP-capable
injection system. (Concept also demonstrated osetliielled, CR

Tanaka et al., ) )
15:1, 4249 cc, 4-cylinder engine).

2001,

) o » Varying: AFRs from 8 to 60:1, oxygen concentrativaom 15 to
Mitsubishi Heavy

21 %, CR from 6 to 8:1, looking at ICP, ROHR, flato@ninosity,

ignition delay, PM and NQemissions concentrations.

Industries and Mitsubishi

Motors Corporation
» Conclusions: despite injecting 5 minutes before thenpression

results indicate that higher CRs and oxygen comagohs led to

earlier ignition, faster combustion and higher puess. The ignition

delay increased slightly for increased AFRs.
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Authors, affiliation &
year of publication

Areas studied and results

Suzuki et al.,
1997,
Traffic Safety and
Nuisance Research

Institute

Investigating: impact of_in-cylinder conditionsn HCCI diesel

combustion characteristics in a 4-valve, PFl and OR 20.4:1,
522 cc, single-cylinder engine equipped with 18@0 HP-capable
injection system and with iso-octane and n-heptan®FI-premixed
and light oil for DI, running at 1500 rev/min and bf 15 °CA
BTDC.

Varying: port injected to total injected ratio frodnto 1 (1 being al
PFI), EGR from 0 to 30 %, RON from 50 to 100, AFRsm 30 to
80:1, load from low to maximum acceptable in cori@ral mode
(smoke limited), looking at ICP, ROHR, ignition dg] mass fraction
burned, Indicated Specific Fuel Consumption (ISF@gximum
load, NQ, CO, HC and smoke emissions

Conclusions: Varying premixed ratio had little incpan ISFC. NQ
and smoke emissions decreased with increased natieseas HC
and CO emissions increased. For loads between &07ardo full
load and RONs between 75 and 100, ,Né&nissions with the
increased ratios reached the level of the loweddoand RONSg
tested. This was achieved with little impact on kex@missions
Increasing EGR reduced N@missions to the detriment of smo

emissions.

ke

Groenendijk and Mller,
2002,
Institute for Internal
Combustion Engines,
Technical University of

Braunschweig

Investigating: impact of homogeneitgn compression ignition vi
simulation and experimental results using n-heptaene CN ag
diesel), ina CR 14.7:1, 3+1-valve, 1800 cc, siroylinder engine.
Varying: IT from 11 to 95 °CA BTDC, 8 injections &6f mg or oneg
injection of 40 mg of fuel, EGR/AFR of 0 % / 45:4 50 % / 28:1,
IPs from 800 to 1400 bar, looking at the impactM@, and CO
emissions, Filter Smoke Number (FSN), BSFC and awmtibn
flame.

Conclusions: higher EGR rates retarded auto-igmitimd lowered
HR and NQ emissions while increasing CO emissions. Advand
IT delayed auto-ignition, lowered HR, NOCO and smoke

emissions and BSFC.

ng
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Authors, affiliation &
year of publication

Areas studied and results

Christensen and
Johansson,
2002,
Division of Combustion
Engines, Lund Institute of

Technology

Investigating: impact of_swirl and turbulencen combustion

characteristics in a 2-valve, PFI, 50 % iso-octé&®,% n-heptane

(RON 50), CR 11.1:1, 1600 cc single-cylinder endivielvo TD100
HDD).

Varying: level of swirl from 2 to 2.8 Rs, combustichamber from
disc to square bowl, looking at the impact on tiebhoe, ROHR and
its peak timing, ICP, combustion duration, HC, Q@@), emissions,
mean temperature, combustion efficiency.

Conclusions: square combustion chamber geometnyirest) lower
inlet-manifold temperatures since it got hotter.also increase
combustion duration and lowered ROHR. Swirl did infiuence the

combustion duration.

Peng et al.,

2003,
Department of Mechanica
Engineering, Brunel

University

Investigating: impact of AFR and EGR raie HCCI operation in al

n-heptane, PFI, CR 18:1, 500 cc, single-cylindegima with an
inlet-manifold temperature of 30 °C.

Varying: lambda from 1.5 to 15, EGR from 0 to 70 % mass,
avoiding the misfiring and knock areas and loolabh¢MEP, level of
fuelling, coefficient of variation of IMEP, starnd duration of low
temperature reaction, length of the negative teatpez coefficient,
start and duration of the main combustion, ,N®IC and CO
emissions and BSFC and the maximum combustion texnpes.
Conclusions: maximum IMEP was achieved for the Ewambdas
where the coefficient of variation of IMEP, mainndoustion delay
and duration, and CO emissions were most sens@i#GR, and the
NO, and HC emissions were highest. The low temperataetion
was controlled by EGR whereas the AFR controllegl duration.
The start and duration of the main combustion wemetrolled by
lambda and EGR for the higher loads.

]

Table 2-3: Key research in n-heptane-fuelled HCCIl ad PCCI operation.

2.4 Objectives for present work

As illustrated by the above described research wovk NO, and PM emissions have

been demonstrated on research and production engind have given some

indications as to how these types of combustionbeanbtained. It is clear that PCCI

combustion does not offer the same low ,Né&missions as HCCI| combustion,
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however, it is characterised by much lower HC afl énissions. This can be seen
by comparing results shown in Figure 2-7 with thosé&igure 2-9, despite the fact
that they are taken at different speeds and loadsoa different engines. Although
injection is complete before auto-ignition, the R€Gmbustion mixture is not as lean
as in HCCI combustion and therefore results in &éidlO, emissions. An advantage
PCCI operation has over HCCI operation is its edsenplementation as well as its

simpler control requirements.

The present work proposes to extend investigauothér to ultra-low NQ and soot
emissions using PCCI operation by further increasimxing and reducing flame
temperatures with the objective of meeting Tier i B and possible Euro 6 NO
emissions targets. It is believed that by achievittga-low NQ, emissions using
PCCI operation and by extending its operating bnwill reduce the need for HCCI
operation and limit the associated increase in HE @O emissions. Beyond aiming
for these NQ emissions targets, the programme focuses on daugloanderstanding
of the impact that evolutionary hardware and adedreombustion operation have on
the combustion characteristics, notably on the mara rate of in-cylinder pressure
change. This is in order to improve control of tgeration and hence combustion,
and in time, can offer further emissions reductiaith the potential to improve fuel

economy.

It is necessary to rely on available fuels, suctpasip grade diesel fuel. Its poor
evaporation and good auto-ignition characteristizke it a relatively difficult and
challenging fuel to use. Gasoline blends in diesmild be envisaged as possible
candidates in the longer term, as these providettarbevaporation process remaining
resistant to auto-ignition. A blending injector &bbe used, as described by Takasaki
et al. (2002), injecting diesel or water througle same injector nozzle. A similar
approach has been tested and reported by Olssaln (@001), using one injector to
deliver the charge and another to trigger its costibn. These options would provide
considerable benefit, giving the possibility to rmmdiesel or gasoline or a mixture of
both. However, despite this appealing and challemgperating mode, the present
work will focus on the use of one injector and didsel.
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In addition to the previous consideration, PCCI rafien is investigated in an
evolutionary but conventional combustion systemthwiurrent technology as the
starting point of the work but moving on to includariants based on the expected
near term hardware developments. This allows thtdi of PCCI operation in a
conventional engine to be identified. The techn@s@nd features considered include
multiple-injection systems, lower compression mgtieariable levels of swirl, higher
and highly-cooled EGR rates. As a result, modiftceg or improvements on the

single-cylinder engine used for the investigatioas include:

. Lower compression ratios to reduce in-cylinder puess and temperatures
. Injection system capable of multiple injections pegine cycle

. Injection system capable of high pressures fromtlmWigh engine speeds
. Air system capable of advanced turbo-charging systdet pressures

. EGR system capable of high rates and levels ofirmgol

43



3 EXPERIMENTAL APPARATUS

3.1 Description of test cell and associated systems

3.1.1 Choice of experimental set-up

There are many ways of characterising operatinglitions and their influence on
combustion. Pressurised and heated air could beedsdl into a test chamber to
investigate combustion related phenomena, sudheasnpact of injection pressure on
soot emissions, and would present invaluable in&ion for fundamental
understanding. However, this approach would nawble to investigate real world
requirements like fuel injection timing and asstedamixing effects. In the present
case, where the effect of air management and iaojecttrategies needed to be
investigated, the hesitation was between condut¢hagprogramme in a ‘real’ multi-
cylinder engine or in a ‘research’ single-cylindangine. Since the focus was on
combustion development, the single-cylinder engias selected for its increased
operating flexibility. This enabled the analysesctmcentrate on the events in one
cylinder rather than the average of four cylindevkich will be beneficial when
working near the combustion limits. A view of thagle-cylinder engine and facility

is shown in Figure 3-1. Novel functionalities inrrtes of control were added to

increase the flexibility of operations.

Smoke meter

Inlet plenum & heater
Fuel meter
Lambda sensor & transducers amplifiers

EGR circuit and temperature control

Motor/generator dynamometer

EGR rate and swirl control system
Test bed control system
Fuel conditioning system

Single-cylinder engine crankcase

High-pressure fuel pump

Figure 3-1: General view of test cell, engine andjaipment.
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3.1.2 Schematics of test cell and instrumentation

The test cell can be divided into several systemeh &s for air handling, fuel control
or general thermal management. Some systems contonengine test cells were
carried over from previous programmes, such as diheand coolant, the fuel
conditioning and part of the instrumentation, whotbers needed upgrading, such as
the inlet conditioning and dynamometer, since tleapabilities would not meet the
testing requirements. Finally, systems were addedomplete the installation and
control of the diesel engine, such as the EGR itiréduch effort went into its
specification and design to provide advanced anelInfunctionalities especially in
terms of flexibility and range of control. The geadayout is shown in the schematic
in Figure 3-2. The emissions lines and analysbeshitgh-speed data acquisition unit,

the injection system and control computers araemesented within this diagram.

Air heater 1 /J

X

Bypass valve
(electronic)

Emissions and

smoke line & Exhaustexit
s Air meter
< 10L inlet
L
> Backpressure plenum
Backpressure valve 1 —p valve 2 ot
Insulated air heater 2

ey EGR coolers
\md (engine coolant+extra cooling) z & Throttle
EGR temperature co ﬂ

valves (PWM) — EGR rate
Ambient air g control valve
intake valve Towards other Orifice plate g (PWM)
(Man) systems Fuel pump
L Compressor Exhaust Swirl |
contro
Engine coolant circuit t&: Bypass valve
‘ v o00¢cC (Manual)

Airreservoir:@ Pump (X Hydra
Heater Cooler \ Flexi
|| \{ Dyno pipe

= EGR line
Pu
Fuelﬂ Enai m"&:%—l Cooll
) ngine oil ater oler
Boost fine control valves meter v

(PID) Water mains in < circuit I_l H _yWater mains out

Figure 3-2: Schematic of layout of test-cell systesn
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Air heater 1 /J
X

Pressure drop =

Noise meter =

Absolute pressure =

Load cell =

Fuel flow meter =
Encoder or tachometer =
Camshaft speed sensor =
HC, CO, CO2, NOx, smoke sampling =
Fitting for sensor with out sensor =
Humidity and temperature sensor =

Wide range lambda sensor =

EGR CO2 sampling fitting =

®  Dynamic pressure KISTLER 6125 =
Cooled dynamic pressure KISTLER 4045
Slow pressure DRUCK =

K type thermocouple =

Dynamic pressure KISTLER 4067 =
Production pressure sensor =

=

Air reservoir :@

10L inlet

oA plenum
+

air heater 2

compeeoano koo NOEEA

Figure 3-3: Schematic of layout of test-cell instrmentation.

Figure 3-3 shows the different sensors and thesitipns on and around the engine.
They served two purposes: one being for the cordral monitoring of engine
operation and the other being for test data adiuisiA flush-mounted in-cylinder
pressure transducer was selected for its abilifyréwide suitable data for heat release
calculations, which were considered as the keyaaeristics for the analysis of the
combustion. The general instrumentation was cdkbrat six monthly intervals, to
maintain quality assurance, while the in-cylindezgsure sensor was calibrated every

100 hours of engine operation.

3.1.3 Detailed description of test-cell systems

DYNAMOMETER:

The dynamometer was replaced with a Lawrence $&@8 unit as its specifications

were considered appropriate to contain future engiower and torque targeted for
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this programme. It was capable of generating 50at\W000 rev/min and absorbing in
excess of 100 Nm from 1000 to 4000 rev/min. Dynami@m temperature was
monitored (type K thermocouple) and maintained Wweb® °C in order to maximise
its life and hence minimise potential test-cell ddwe. A tachometer gave the
dynamometer speed, which was compared with thenergpeed to check the drive-
shaft integrity, while a load cell was used to nueasthe engine torque. This was
zeroed and checked on a daily basis by applyingliarated weight equivalent to
24 Nm torque to verify the stability and accura¢yhe torque measurement.

OIL AND COOLANT SYSTEMS:

The oil and coolant systems were carried over fpyavious programmes. Both oll
and coolant engine-in temperatures were set at®@vith flows kept constant,

including the flow passing through the EGR cooleffie coolant engine-out
temperature was also measured (type K thermocoupte)he early stages of the
engine-commissioning phase, the coolant flow wgasteld to obtain a temperature
increase of 7 °C across the cylinder head simdaralue obtained on the 4-cylinder
engine when operating at 4000 rev/min full loadisThmited the thermal stress
across the cylinder head. The flow was then fixedughout the investigations. This
approach offers a constant through the researchrarone, but could lead to
excessive cooling at lower engine speeds when cadpa a multi-cylinder engine,

since the flow would be proportional to engine spee the latter engine.

INLET SYSTEM:

In terms of inlet-manifold pressure, a closed-l@omtrol system was used with the
feedback pressure measured in the inlet manifolRUDK, 0-5 bar gauge). An
additional fast-response pressure transducer (@ableamic KISTLER 4045A5, 0-5
bar absolute) was used to measure the dynamic ypees¥wo air compressors
supplied pressurised air up to 9 bar in a largervesr and a series of valves
controlled the pressure to the required level. & malet-manifold pressure control
valve was necessary to control the pressure up.Gdb@ gauge required for this
programme. In terms of inlet-manifold temperat@ejosed-loop control system was

also used with feedback temperature measured inirtlee manifold (type K
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thermocouple). Trials with only air heater 1 (seguFe 3-2) resulted in overheating
before the target temperature was achieved dudedodistance from in the inlet
manifold and the inevitable very slow response. these reasons, air heater 2 was
added in the inlet plenum, which helped to decrehseresponse time during the
heating or cooling phase and increased testingeiefity. Air heater 2 was
significantly smaller than the air heater 1 buffisefl thanks its proximity and to the
increase in temperature that the EGR system cowldde, detailed later. The inlet
plenum containing the air heater 2 also acted @enging volume in order to reduce
the impact of pulsating EGR on the engine operafltis was not an issue on the 4-
cylinder engine since the EGR flowed much more icoously from all cylinders. In
addition, the inlet system comprised of a viscolasvfair meter, a slow-response
pressure transducer (DRUCK, 0-2 bar gauge), a kygeermocouple and a 0-100 %

hygrometer to allow air mass flow and other coioectactor calculations.

EXHAUST AND EGR SYSTEMS:

The exhaust and EGR systems were complex since hithdythe difficult task of
replicating the 4-cylinder engine systems by pringdhe same functionalities as well
as characteristics. Beyond its primary role, théagst system was designed to
provide a stable gas supply for the EGR. In anreftoreduce the effect of pulsating
gas flows previously mentioned, an exhaust chamiaarinserted upstream from the
EGR supply point. The drawback of this was thatvisue of the increased volume
the EGR path was extended, therefore increasindhéla¢ exchange area. For very
light load cases, this would result in excessivaliog of the EGR. In order to resolve
this issue, an EGR temperature control was devdlopkis consisted of two routes,
one insulated supplying hot EGR and one equippéud twio coolers supplying colder
EGR. This allowed EGR temperature to range fromecurEuro 4 operation levels to
much colder levels. The routes were both equippéu electrically actuated valves at
the inlet-manifold junction, as can be seen in FBg&+2, to control the mix of gases to
obtain the targeted temperature monitored usiype K thermocouple. For the single
to 4-cylinder engine matching, the target tempeeatwould be the one measured on
the 4-cylinder engine. Another issue raised bydbmplexity of this flexible EGR
system was that the path for the EGR was moreictst. By inserting backpressure

valves 1 and 2 at the exit of the exhaust chantherexhaust gas flow restriction
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could be varied thus forcing EGR to the inlet malcif The valves had some effect on
the pumping losses and combined with an orificaepfdayed a major role in the
simulation of the impact of after-treatment andioe on the pumping losses of the
engine. The valves enabled the accuracy of the pigriipop effect to be extended to
all speeds and loads. This made the impact of tingppng loop on the gas exchange
processes more realistic and will be discusseddrerdetail in the following chapter.
The exhaust and EGR systems clearly underline fflogte made to create a set-up
comparable with the 4-cylinder engine. Although tiverall size of the EGR circuit
has been increased on the single-cylinder endieetyio heat exchangers, the bypass,
the two temperature control valves and the rateevahve the advantage of providing
a level of functionality rare in present engine laggions. Equally, although the
configuration of the installation is not considergdble for future production, it will

direct the requirements for future multi-cylindeggne EGR systems.

A fast-response pressure transducer (cooled dyn&i8dLER 4045A5, 0-5 bar
absolute), a slow-response pressure transducer @BRUO-2 bar gauge) and a type K
thermocouple were placed in the exhaust manifolee fEmperature measurement is
critical since it should not exceed 760 °C, whistdeemed a safe operating limit on
the 4-cylinder engine. A lambda sensor (wide raBfé&S lambda sensor) was also
added as a comparative check with the lambda edionl from the emissions
analyser. This verification of the emissions analyisehaviour was preferred to the
usual check with lambda derived from the fuel amdnaass flow meters since the
viscous flow air meter proved to be unreliableery low air mass flows and could

only serve as an indicator. The emissions sampliaglescribed separately.

EMISSIONS SYSTEM:

The emissions system comprised of a smoke meteammkhaust gas analyser, with
the sample point located far enough from the exhawanifold to ensure the
measurement was representative of the entire fldhw@. smoke meter was of the type
AVL 415 Variable Sampling Smoke Meter, which words the principle of filtering.
The darkness of the filter paper is analysed bygisi reflective photometer, which
translates to outputs in FSN (filter smoke numb&njs number is then converted into

soot or PM emissions produced. An average of twasmements was acquired for
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accuracy and reliability. If the exhaust gas did mark the paper then the number
was 0.0 FSN while 3.0 FSN would be on the upperitliai acceptability for

production passenger-car engines. The accuracyivds 0.2 FSN.

The exhaust gas analyser was initially a HORIBA MEX100DEGR analyser used
for the investigations in Chapter 4 and then a HEFRMEXA 7100DEGR analyser.
A back-to-back test was performed and showed rerdifices in the measurements.
Both systems used the same measurement princijlesamw accuracy of 3 % over a
maximum of 8 hours and a linearity of the signdistb 1 %. They could provide
concentrations of five types of emissions in thbaasst: total hydrocarbon, oxygen,

carbon dioxide (exhaust and inlet for the EGR)boarmonoxide and nitrous oxides:

. The HC emissions analyser is based on the flamsation detection method.
The gas to be analysed is introduced into a hydrdgene passing between two
electrodes. The constant voltage applied createsraflow, which is proportional to
the number of carbon atoms

. The oxygen (@ emissions analyser is based on the magneto-priguma
condenser microphone detection method. By applsgimgineven magnetic field to a
gas by exciting an electromagnet, it will draw gasgth paramagnetic susceptibility
towards the strongest part of the field, thus iasheg the pressure at that location. By
exciting alternately two electromagnets, the pressiscillations can be converted to
electrical signals via a condenser microphone. dhiput increases linearly with,O
concentration

. Both the CQ and CO emissions analysers are based on the spargive
infrared absorptiometry detection method. A moledokmed of different atoms will
absorb infrared energy at a specific wavelength @nd degree proportional to its
concentration. The difference in infrared intersitbetween an infrared beam passing
through a reference gas and passing through theodas analysed is measured. Two
metallic membrane detectors output electrical dgynmr each gas molecule
concentration to be measured. The signals aredheverted to the concentrations of
CO; and CO in the gas to be analysed

. The NQ. emissions analyser is based on the chemiluminesdbetection

method. A Silicon photo-diode adjacent to the reactchamber senses the
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chemiluminescent emitting photons. Once the nitnodexide (NQ) fraction of the
gas to be analysed is dissociated to form nitril@XNO), the gas is mixed with
ozone (Q) thus resulting in light emitting reactions propanal to the concentration

of NO, which encompasses the concentration of NDaimNO, emissions.

In terms of layout, there were four main emissimss: one transporting the exhaust
gas to the HC emissions analysers, which was hesttd®1 °C since these were
measured wet; another transporting the exhaustogal the other analysers, which
did not need heating since they were measured aryrther line from the inlet
manifold to a separate additional €@missions analyser for the calculation of the
EGR rate; finally, a line connecting some knowngantration gases to the sampling
point in order to check for leaks. A daily test feaks was carried out to check for
inconsistencies, which consisted of sending theegjagith known concentrations
directly to the sampling point while the gas anaigswere in measurement. A daily
zero and span check of the analysers were caraed bis was done by sending pure
nitrogen gas and then gases with known fractionthifwthe expected measurement
range) of HC/QCO,/CO/NG; to the different analysers. An oven was addechéo t
set-up to control the gas temperature at 191 °Qr poi entering the heated line. This
was to protect for the test conditions with very lexhaust-gas temperatures and high
levels of unburned fuel. These conditions wouldiltes absorption and desorbtion
phenomena of HC emissions in the first part oftteated line, where the temperature
of the gas would be lower than 191 °C, which waaffdetting the results and leading

to erroneous conclusions.

FUEL SYSTEM:

The fuel system was divided into two parts. The-lmessure side consisted of a fuel
tank, low-pressure pumps, a filter, a temperatweaditioning system and a fuel
meter. The conditioning consisted of cooling andtaaling the fuel temperature to
40 °C once it had been through the high-pressute and before it returned to the
high-pressure pump again. The fuel meter was oftype AVL 733 Dynamic Fuel
Meter, which determines fuel consumption by gravimaebalance method. The fuel

was weighed over one minute and the accuracy was G0 %.
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The high-pressure side was controlled by a prowtfgelphi injection control
consisting of a Delphi production high-pressure pudriven by an electrical motor at
a constant speed of 1500 rev/min and a single tofjeche pump speed was
equivalent to an engine speed of 3000 rev/min wheran deliver injection pressures
over the range of 300 to 1600 bar. Running the -pigissure fuel pump separately
made the injection-pressure range as wide as timp mould deliver and independent
of engine speed. This increased the capabilitieth®finjection system relative to a
conventional multi-cylinder engine mounting, allowithe investigations to define
future injection-pressure requirements. In produgti the injection pressure is
controlled via an inlet-metering valve allowing fuke required amount of fuel to be
pressurised. The pressure would be adjusted bwtanguspill valves in the injectors
themselves using a high-frequency signal. This irequa 16-bit controller and
sufficient spill flow, neither of which were avdilke, therefore the fuel pressure was
controlled using an additional high-pressure vditted on the rail. A production
injection-pressure sensor was fitted on the réovahg the control and monitoring of
fuel pressure. A fast-response pressure transddgeamic KISTLER 4067A2000, O-
2000 bar absolute) was also mounted in the fuelbietween the rail and the injector
to provide high-time-resolution pressure data. iHjection hardware is mentioned in
the engine description. The fuel used throughoet ittvestigations was ultra-low
sulphur diesel BP Ford reference fuel, the maiperies are shown in Appendix A.

CONTROLLERS AND DATA-ACQUISITION SYSTEMS:

An operations, injection-system and high-speed-datpiisition computers were used
to control the operations and log the data. Theratjmas-control computer and
systems were initially developed for previous pemgmes. A series of modifications
were made on the initial version to accommodatetitBtional test-cell systems, such
as the EGR and its numerous valves, and to inctbasesults analysis efficiency, by
displaying real time calculations of emissions m#sws. The operations-control
computer managed the activation of pumps (engidefael coolant, oil and low and
high-pressure fuel pumps), the activation of thenasgometer and the injection
system power supply, the setting of inlet-manifptdssures and temperatures, engine
speed, rate and temperature of EGR, level of samd also served to trigger the data

storage, including the smoke emissions and fueswmption measurements.
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The operations-control computer also served to tootie various temperatures and
pressures mentioned earlier as well as severalsemssrelated calculations (AFR,
EGR rate, mass flows and total emissions). Thetefdamed the first group of low-

time-resolution data recorded for each test polt. average taken over a 30 s

acquisition period formed the stored value. Thepeters stored are listed below:

. Temperatures (°C): coolant engine-in and engine-oilitengine-in and out,
ambient, fuel high-pressure-pump-in and out, dynmaeter air-out, viscous
flow air meter -in, inlet plenum and manifold, E@Rand out, EGR coolant in
and out, exhaust manifold and sampling point

. Absolute and relative pressures (mbar): ambiestous flow air meter in and
out, inlet manifold, throttled inlet manifold (swsystem), exhaust manifold

. Emissions (ppm or % or g/h) and fuel consumptiagiik HC, CO, C@, O,,
NOy, Inlet CQ, smoke (FSN), FC, Lambda and emissions analysgesa

. Other: dynamometer and engine speeds (rev/minyevaéttings and swirl
throttle position feedback (%), humidity (%), toeg(Nm), inputted load (bar
GIMEP), net load (bar NIMEP) and pumping losses RIMEP).

The injection-system control computer and systeragevdeveloped by Delphi. They
had the same injector current driver as in the lthdgr engine’s injection system
control but allowed multiple injections with muclhegter flexibility in terms of the

injection timing. This system controlled the numbéiinjections, which could be as
many as 8, the fuel injection pressure, start aagtd duration of the injection drive
current. A comparison of the drive current fromraduction unit and from the one
used in this programme is shown in Figure 3-4.t8ldifferences were visible during
the initial peak-current phase but were consida®dsignificant in this programme
since these would only be likely to affect the feexpening phase during cold starts.
For each test point, the injection pressure averamyer 10 s, the start of injection
angles and durations were recorded, forming therskegroup of low-time-resolution

data recorded for each test point, which servadamily as reference data.
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Figure 3-4: Injection drive currents from single ard 4-cylinder engines.

Left: with 4-cylinder engine, right: with single-cylinder engine injection system control.
Vertical scale: 5 A/division, horizontal scale: 10@s/division.

The high-speed-data acquisition-control system &kadbhpt-CAS’ software were
developed by MTS. The CAS computer could record é8ine cycles of up to 16
inputs at the shaft encoder resolution of 0.5 °C&,720 times per engine revolution.
Average traces of the 100 cycles could be obtafoednost traces. In addition, raw
and calculated data were displayed, which wereuligaf setting the engine operating
conditions. This formed a third group of high-timesolution data recorded for each
test point. This acquisition system was ideal &stfresponse sensors but also proved
useful for slow-response sensors. Eight channele used for this programme, which

were as follows:

. Fast-response in-cylinder pressure transducer

. Fast-response inlet-manifold pressure transducer

. Fast-response exhaust pressure transducer

. Fast-response injector fuel-line pressure transduce

. Fast-response injector driver current

. Fast-response injector pulses

. Slow-response combustion noise meter (AVL 450 Castibn Noise Meter)
. Slow-response inlet-manifold pressure transducer.

The in-cylinder pressure was the most importantetipn since the gross, net and
pumping loads, as well as the maximum in-cylindeespure and location were
derived from it, and were essential for controllitg test points and for monitoring
the engine performance. Pressure variation and gstioim information, such as the

instantaneous heat release and the angles of ®55@ fuel mass fraction burned
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were derived from the pressure traces using the €Ai8are. In addition, this system
served to monitor injection pressure, start and @nthe injection drive current and

the coefficient of variation of the IMEP.

In terms of combustion analysis, the gasoline nsgof the CAS software led to
concerns as to the suitability of the heat releealeulations for diesel engines
compared to that of more diesel-oriented heat selealculations software. However,
comparisons were undertaken in order to identifyjeBnces. These showed that
calculations led to a very close match in termprofile, which was closely linked to
the pressure variation during the engine cycle. Didy discrepancy between
calculations was in the amplitude. It is believhdttthe fewer inputs used by CAS,
such as the fuel calorific value and the surface$éat exchange, lead to an offset in
the results. An additional observation highlightd® need to use representative
single-cycle pressure traces as a base for thailaaém whenever the pressure
variability on a cycle-by-cycle basis was high. &mble averaging of the pressure
traces was shown to lead to non-representativeuimdately misleading results. In
those cases, single pressure traces would be rapresentative despite leading to
more irregular traces due to measurement noisethiése reasons, it was found that
CAS instantaneous heat release calculations orlgithe rate of pressure change of
single cycles would provide a sound basis forhalanalyses.

3.2 Key acquired data and associated post-processinglcalations

At part load, the investigations mainly focus orelficonsumption, noise and
emissions for particular operating conditions giaaticular speed and load. At full
load, the focus is more on peak in-cylinder pressexhaust temperature and smoke
emissions. In order to understand why such air, EBBR fuel-injection strategies
offer the best compromise between fuel consumpéiod emissions or AFR and
smoke, an in-depth analysis of the combustion citariatics is required. The main
data were acquired from two separate sources (opesecontrol and CAS
computers). They provided data for two separateiggoof calculations. The first
included the emissions levels and the associatullations: these were recorded

over 30 s, averaged and expressed in percent voamparts per million in the
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exhaust flow. In order to compare results, theseewransformed into emissions flow
rates in grams per hour or per kilowatt-hour, AlIRd EGR rates using the emissions
equations described below. The second includedhtloglinder pressure data and the
associated calculations: 100 engine-cycles of miffe pressures, drive current and
signals were recorded and averaged. The combustjoations were used in order to
compare these results. The data were expressedrrms tof average in-cylinder
pressure traces, combustion characteristics, iteticavalues and cycle-to-cycle
variability. The calculations are described byfitllowing equations:

EMISSIONS EQUATIONS:

The intake humidity ratio was used in the calcolagi of the wet to dry conversion
factor. Its calculation is shown in Equation 3-lisl calculated using the barometric
pressure, the relative humidity of the air, the ewab air molar mass ratio and a
calculation of the barometric vapour pressure at hlamidity measurement point
shown in Equation 3-2:

P

H=H,_, vep 3-1
ratio Pb P ( )

aro vap

[2.7857:& (7.502Tas) ]

P =RHIO (237:3+Tmp)

vap

(3-2)

Where P, is the barometric vapour pressure at the hummdggsurement point (Pa),

vap
RH is the ambient (intake) air relative humidity (%),

T, IS the ambient (intake) air temperature (°C),

P

baro

Is the barometric pressure at the humidity measeng point (Pa),

H .. is the water to air molar mass ratio (-).

ratio

The emissions wet to dry conversion factor was twisesbnvert wet to dry volumetric

concentrations for exhaust gas components. Itesobrthe first calculations presented
since it was used directly or indirectly in all tedlowing calculations and is shown in
Equation 3-3. It is calculated using volumetric cemtrations of molecules containing
oxygen, the humidity ratio and the fuel H/C ratio:
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1

kWRCE2:
n H EIMair
. n({co,] +[001)+(([c021 +[CO])Eﬁ1+2j +(co,]+ zmozl)J 10,1, Mois
2+{1+1D H M ]Eém[co]
2 [Oz]air MHZO K [Coz] (3'3)

Where M, is the molar mass of xx (kg/mol),

[O,],; is the dry volumetric concentration of oxygen in(g),
K is the water-gas reaction equilibrium constant (-)
n is the fuel H/C ratio (-),

[xX] is the dry volumetric concentration of the xx gpeq-),

H is the intake humidity ratio (-).

The total emissions check was the first main caloomh. It was used to check the
analysers were functioning correctly and that sgbest calculations based on the
emissions analysers were correct and is shown uvatian 3-4. It is calculated using
the dry volumetric concentrations of seven comptsand should equal unity:
TotEms=[CO,] +[CQO] +[O,] +[H,] +[HC] +[NO,] +[N,] (3-4)
Where [xx ]is the dry volumetric concentration of the xx gped-),
[H,] and[N,] are calculated using the chemical reaction, fuk Iratio,

water-gas reaction equilibrium equation and wetrioconversion factor.

The dry AFR Spindt was the first of two calculaspmwhich were used to characterise
the operating conditions. It was preferred to tHeRAcalculated from the air mass
flow and fuel mass flow measurements since tharaiss flow can be difficult to
measure on a single-cylinder engines, due to patsand low overall air mass flow.
The AFR was compared with the Lambda sensor tokchliee emissions analysers
were functioning correctly. It is reverse calcuthfeom the emissions measurements,
when based on dry emissions; it is referred torgA&R. The calculation is shown in
Equation 3-5. It is calculated using the dry voltimeeconcentrations and the fuel H/C

ratio and gives the air to fuel mass ratio:

R
1+—+Q
AFR=F, O M 2 " |,ng K (3-5)
2 1air |\/lfuel 1+R 4 K+R)
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[CO,] +[CO]

Where F, = ,
[CO,] +[CO] +[HC]
_ICOl o= IO]

[CO,] [CO,]’

M, is the molar mass of xx (kg/mol),

[O,],; is the dry volumetric concentration of oxygen in(g),

air

K is the water-gas reaction equilibrium constant (-)

The EGR rate was the second of two calculationg;iwivere used to characterise the
operating conditions. When based on dry emissioeasorements, it is referred to as
dry EGR and is shown in Equation 3-6. It is caltedausing the ambient, exhaust and
inlet-manifold dry volumetric concentrations of €&nd is given in percent (%):

[Coz]inlet - [Coz]ambiem (3_6)
[Coz]exhaust_ [COZ]

EGR=

ambient

Where[CGO,],, is the dry volumetric concentration of €@ locations xx (-).

The dry molar exhaust flow was used to convert mauractions in the exhaust in
emissions mass flows. It is shown in Equation 8ATere it is calculated using the dry
AFR Spindt, the fuel meter measurement, the molasshof air and the wet to dry

conversion factor and is given in mol/s:

1+ AFR
qrnExh,,y = QM é;) (3_7)

M

Where M, is the molar mass of air (kg/mol),

gm.,, is the measured fuel mass flow (kg/s),

AFF is the dry AFR Spindt (-).

The soot emissions concentration in kijiras used to estimate soot emissions mass
flow and shown in Equation 3-8. It is calculatethgghe filter smoke number:

495 1
Soot,, = 040E % [FSN[e @3N (3-8)

Where FSN is the filter smoke number (FSN).
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The emissions mass flows in kg/s were used for evimg the impact of operating
conditions on emissions. Their calculations arenshm Equations 3-9 to 3-15, based

on the dry volumetric (molar) concentrations andancate of dry exhaust:

Geo, = Mo, ICO, | oM, (3-9)

Geo =M ICOI LM, (3-10)
Gye =My QHC]lgmMy,,, (3-11)
Gyo, =Myo, INO, I LEM,,, (3-12)
Gho, o = Ko, (B, (3-13)
Gyo = Myo INOJLgmMy,,, (3-14)
Gro =Ky, Byo (3-15)

corr

Where Mk, is the dry molar exhaust flow (mol/s),
[xX] is the dry volumetric concentration of the xx Ipeq-),
M, is the molar mass of the xx species (kg/mol),
Ko, 1S @ humidity correction (-) calculated using themidity ratio, the

intake-air temperature and the dry AFR Spindt.
COMBUSTION EQUATIONS:

Start and End Of Injection (SOI and EOI) were measients defined by the injection

drive current trace. The start of injection was #mgle at which the current trace
raised above 1 A and the end of injection was tigdeaat which the current decreased
below 1 A once the start of injection had been méed. These values are generally
given in °CA ATDC.

PMEP represented the work produced during the pogngirokes of the engine and
GIMEP represented the work produced during the ecesgion and expansion strokes
only, enabled the comparison of different operatoanditions to focus on the
combustion, subtracting the effects of engine isictand pumping losses. NIMEP is
the sum of GIMEP and PMEP. The calculations for GMand PMEP in Pa are
shown in Equations 3-16 and 3-17, based on theylineer volume and the

corresponding pressures, with 0 °CA ATDC referertoeithe firing TDC:
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180

j PdV

GIMEP=-180___ (3-16)
di
540
j PdV
PMEP=180___ (3-17)
v

di
WhereV is the in-cylinder volume (),
P is the in-cylinder pressure (Pa),

V, is the displacement volume {m

The heat release and the instantaneous heat ret@dselations were used to
characterise the pressure variations during thebostion. Their calculations are
shown in Equations 3-18 and 3-19. They are caledlasing the polytropic exponent
derived for each cycle, the in-cylinder pressurad molumes at the current and
previous crankangle and are given in Joules (J) dodles per second (J/s)
respectively:

ARV -V )+ (R -P,))

A-1

HR = (3-18)

ROHR :dstR (3-19)

Where A is the polytropic exponent at crankanglé),

P is the in-cylinder pressure at crankangl@Pa),

V. is the in-cylinder volume at crankanglém?).

The different angles of percent burn were basedhenheat release calculations.
When 5 % of the integrated instantaneous heatselead occurred, the angle was
identified and recorded. Angles of 5, 50, 95 % nfesstion burned are available and
give and idea of the rapidity of the combustion.

3.3 Ensemble averaged or single-cycle measurements acalculations

The investigations focused on building correlatidietween emissions and fuel

consumption and the actual in-cylinder pressurétians during the engine cycle as
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well as related calculations such as the instapianédieat release or the rate of
pressure change. Both qualitative and quantitatif@mation were sought as means
of analysing and explaining the various effectseobasd on the combustion during the
investigations. The qualitative data were the rafepressure change and the
instantaneous heat release, focusing on theirlerdifiring the initial part of the
combustion, the portion of the premixed combustidefined by a peak shape, and
diffusion combustion, defined by a lower rate obheslease or pressure variation.
The quantitative data were the start and end ofbetion, the maximum rate of
pressure change and the phasing of the heat rebegs®ssure variation relative to
TDC.

Early in the course of the investigations, it wasirfd that single-cycle profiles of
rates of pressure change or instantaneous heateetéfered the most representative
data, as described earlier. This was due to thdaHat, despite an apparent stability in
the operation of the engine, as indicated by afiooert of variation of 2.1 % of gross
load and of 3.7 % for the angle of 5 % burn at 158@min 6.6 bar GIMEP, the
variations in start of combustion would lead to exies of in-cylinder pressure
profiles. In such a case, if ensemble averaginguwsasl to process the hundred cycles
of pressure data acquired, it would lead to a shexhtunrepresentative profile of the
instantaneous heat release and rate of pressungeshaith longer duration and lower
rates as depicted in Figure 3-5. As a consequédxedete the analysis could progress,
a single, representative engine cycle was seldoteghch test point from the hundred
cycles of pressure data. The selection was basedodiering a good representation
of the combustion, in terms of start of combustasd angle of 50 % burn. In the
illustration shown in Figure 3-5, the selectiontlodé pressure trace 2 would have been
made. A remark can be added concerning the maximaien of pressure change.
Although the timing of the combustion showed soragations, the maximum rate of
pressure change was stable, indicated by a camfficof variation of 2.7 %.
Therefore, all cycle derived results shown in tleetrchapters are based on single-

cycle values.
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Figure 3-5: Effect of ensemble averaging on combush characteristics.

3.4 Accuracy of measurements and calculations

The accuracies of the pressure, emissions, fuewroption and smoke measurements
have already been detailed. These were considesedceurate and repeatable,
offering little variability from one measurement &mother, as monitored through
daily check points. However, caution must be také&en comparing HC emissions
due to possible absorption and desorbtion procedsspite all the precautions taken.

Error bars were not added to the emissions ordoiesumption values for clarity.
All the in-cylinder data is known with a crankanggsolution of 0.5 °CA leading to

an accuracy of +/- 0.5 °CA on angles of portionfuel burned. The error on duration

calculations such as the angle from 5 to 95 % mutherefore +/- 1.0 °CA.
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3.5 Description of the diesel single-cylinder researcbngine

The single-cylinder research engine was built fresent one cylinder of an HSDI
diesel engine with a 2.0 L swept volume. This sweagtime was chosen as being
representative of the most important share of theell passenger-car engine market
in Europe in the foreseeable future. In terms afdput comprised a crankcase and
crankshaft which were common to both gasoline amesell research engine
applications, with the flywheel, piston and conrdeeing the only distinctions. The
cylinder head, valves and camshafts were from dymtion 4-cylinder engine. The
head was mounted on the cylinder barrel, which pitsgided support, coolant and oil

flow, and sealed the unused ports, valves and mp@assages. Figure 3-6 shows the

single-cylinder engine before its installation e test cell.

Camshafts cover

Common rall

Variable swirl twin
plenum and thrott
Cylinder head and
redundant intake ports

Breather pipe

Cylinder barrel, support
and sealing block

Hall effect speed sensor

Flywheel
Oil dipstick

Single-cylinder crankcase

Immerged oil heaters

Figure 3-6: View of single-cylinder engine beforenistallation.
Two builds were available. Build #1 was the dingatbmparable single-cylinder

version of the 4-cylinder engine, which was usediefine appropriate and realistic
settings based on existing multi-cylinder engingt ®@ata. Build #2 was the build
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configuration to be used through the advanced castitu investigations. The
hardware came from two sources: it was either aapction (Build #1 piston, conrod,
injection system, cylinder head, Build #2 conrod amection system) or approaching
production (Build #2 cylinder head, piston). A 2.016-valve FORD production
cylinder head with a production piston and conmectiod were used for the testing
during the single to 4-cylinder engine matchinge ompression ratio was initially
of 18.4:1 and then reduced to 16.0:1 in Build #8ie®, once the matching phase was
complete (Chapter 4). In order to achieve this e¢dda whilst maintaining the
necessary squish volume (the volume comprised leetwe top of the piston and the
cylinder head at TDC, which is important for fuél4aixing), the piston bowl! volume
was increased, resulting in a deeper bowl shage areduced pip. Cross-sections of
both pistons are shown in Figure 3-7. The cylirftsad had a tangential or directional
port and a helical port. Combined with a variabhgrlssystem, which consisted of a
twin plenum with a throttle on the helical port plen, the levels of swirl could be
varied from 1.5 to 4.5 Rs. The maximum level ofrbwias obtained when the helical
port was completely shut. In Build #2 engine, tlugt geometry was optimised for
higher flow capabilities. The level of swirl rangs slightly lowered to 1.0 to 3.5 Rs,
with a complimentary reduction in gulp factor. Thiscreased the volumetric
efficiency reflecting the trends of reducing levetswirl as the injection system takes
a larger role in the fuel and air interactions.Uf&g 3-8 shows the level of swirl and

gulp factor for different levels of port de-actiiat using the variable swirl throttle on

both the multi and the single-cylinder engines.

Figure 3-7: Build #1 and #2 engine piston-bowl cr@ssections (red: increased
volume).
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Figure 3-8: Build #1 and Build #2 cylinder heads glp and swirl characteristic.

The injection system was production equipment dgead by Delphi. The injector

and injector nozzle used for the matching phasewarNPO DFI 1.3 injector with a
7-hole, 154 ° cone angle, 680 cc/min flow injeamzzle. The injector nozzles are
characterised by the number of holes, the anglevdsst the holes axis of two
diametrically opposed holes, referred to as thee@nyle, and the flow of the injector
when a fuel pressure of 100 bar is applied anahéeelle in its high position. The hole
size can be part of the specification but thisssally determined from the coefficient
of discharge, which was of 0.76 for all injectorzates used in this programme. The
protrusion of the injector nozzle in the combustiomamber was initially kept

constant and was defined from the production engsiieg a 1.6 mm copper washer.
Beyond its injector-nozzle-positioning role, thissher provides the sealing of the
injector body on the bottom of the injector pockethe cylinder head. The engine
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specifications of the baseline Build #1 and of Bweld #2 and the injector nozzles

used are summarised in Table 3-1. A fast-respomsyylinder pressure transducer

(KISTLER 6125, 0-250 bar absolute) was positionedrrthe injector to measure the

in-cylinder pressure. Since there were no requirgstr cold-start investigations, it

was positioned in the cylinder head where the gbiwg was fitted. An adaptor was

made to obtain a flush-mounted face therefore imipgpthe quality of the pressure

trace for post-processing and heat release calwogat

Build #1 Build #2
Swept volume 500 cc
Bore x stroke 86 mm x 86 mm
Inlet valves arrangement One tangential and onediefalve
o Speed range 750 to 4500 rev/min
£ Maximum in-cviinder pressure 1000 rev/min: 110 bar - 1250 rev/min: 130 bar
5 Y P I 1500 rev/min and higher: 150 bar
Maximum exhaust temperature 760 °C
Compression ratio 18.4:1 16.0:1
Piston bowl volume 22.0 cc 26.3 cc
Level of swirl range 1.5t04.5Rs 1.0t0 3.5Rs
Fuel type Diesel BP FORD reference fuel
S High-pressure pump Delphi DFP 1.2
% Fuel pressure range 300 to 1600 bar
7 Injector Delphi NPO DFI 1.3
S 7-hole, 680 cc/min +
° 7-hole, 680 cc/min, | 8-hole, 777 cc/min,
-qé Injector nozzle 154 °, 0.76 coefficien 154 °, 0.76
- of discharge coefficient of
discharge

Table 3-1: Specification summary of Build #1 and Bild #2 engines.
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4  SINGLE TO 4-CYLINDER ENGINE MATCHING

4.1 Introduction

There were two main purposes for the work preseintéiois chapter. The first was to
demonstrate the transferability of multi-cylindengene operating conditions and
characteristics to a research single-cylinder engereby making any research on
the single-cylinder engine meaningful. The secoras wo recreate the 4-cylinder
baseline operating characteristics on the singliedsr engine in terms of noise,
emissions and fuel consumption or combustion efficy, to serve as reference for

the future planned investigations.

The operating conditions and characteristics usetha@ching targets were based on
data available from the 4-cylinder version of theiee. In the original 4-cylinder
engine, calibration tests had been conducted tammea NQ, emissions (one of the
operating characteristics) as much as possiblestvhilaintaining acceptable fuel
economy. The main 4-cylinder engine operating domt were the swirl throttle
position, AFR, EGR rate and its temperature, impgctiming and pressure. As has
been seen in work by Henein et al (2001) or Gitkhle{2002), the optimisation led to
a retarded injection timing approach and high rafesooled EGR since these would
lower the combustion temperatures, and hence 8i@issions. Increased injection
pressure and high levels of swirl were employenirove the mixing and limit soot
emissions. The higher injection pressure incredsetl conversion efficiency and
helped maintain fuel consumption within 10 % of thitial Euro 4 measured values.

This resulted in NQemissions close to the Euro 5 targets.

The task of successfully transferring operatingditions from one engine to the other
was complicated by the fact that many of the engime-systems were different, as
described in Chapter 3. The present chapter cdwassthis was done for a series of
key operating points by making the inlet and exhaystems behave as much as
possible like those of a multi-cylinder engine.gltes on to present the resulting
characteristics of the transfer of the 4-cylindegiae operating conditions onto the
Build #1 single-cylinder engine. The operating dtinds together with the measured

values of emissions, load and fuel consumptioneskas a baseline for all subsequent
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phases of the programme. Detailed examinations netylinder pressure and
instantaneous heat release traces were also ceddatcsome key operating points in

order to illustrate the impact of injection timifgr different testing approaches.

4.2 Matching process

In order to confirm that the single-cylinder res#arengine offered a robust
experimental set-up for the planned investigatiangpod match between it and the 4-
cylinder engine was needed. A number of key opgggipints to represent the engine
behaviour across its speed and load operating samge chosen. Before attempting a
transfer of the operating conditions and charagties, the 4-cylinder exhaust and
intake strokes were analysed at each key pointrderoto identify how best to

replicate them. The pumping loop was identified amde it was matched at each
point by selecting the appropriate orifice platel aajusting the backpressure valves
settings, the 4-cylinder engine operating condgiarere transferred. Most operating
conditions and characteristics during the 4-cylnédagine test programme were
known and could be set just as accurately on thglesicylinder engine, such as the
injection pressure or the EGR rate. However, thection timing and the level of

swirl were operating conditions not directly traersible due to differences in the
system. To transfer these, injection-timing andriswagsponses were conducted in

order to redefine their settings and ensure a goaidh.

4.3 Selection of key operating points

Ideally, in order to optimise engine-operating dtinds for a particular vehicle
(weight and transmission) over a particular emissidrive-cycle, the calibration at
each point of the drive cycle should be optimidéowever, a more efficient approach
Is to use a simulation model or data from a simiahicle over the drive cycle to
identify a series of representative operating speed loads. These become the key
points and permit more focused testing. By attriiguappropriate weighting factors
to each point, drive-cycle emissions and fuel camsion predictions can be obtained
based on actual test results. An appropriate comigebetween accuracy and testing
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time determines the number of test points consilere the present work, a drive-
cycle simulation was not carried out but a selectbkey points was made to cover
the ‘regulated’ operating zone, as shown in Figlifie This region plays an important
role in the emissions and fuel consumption of acgip2.0 L diesel passenger-car. 4-
cylinder engine operating data were available esehpoints enabling comparisons to
be made with the single-cylinder engine. These Ipart points were divided into two
groups. The primary group comprised five points ahwere used throughout the
investigations, noted Primary 1 to 5 (P1 to P5) dhgke points made up the
secondary group, noted Secondary 1 to 3 (S1 to \#3gh covered the part load
testing area from idle to 2000 rev/min at very tiggads. Three full load points, noted
Full 1 to 3 (F1 to F3), were added to represent fteload torque curve from
1000 rev/min to maximum torque at 2000 rev/minaied power at 4000 rev/min.

25.0
F2
20.0 -
& P54 F3
Ll
S 15.0 -
O]
g P4 ¢
< 10.0 - Fl
S P3
3 P2y P3@
5.0
2l Pl S3I
s1
0.0 - : ‘
0 1000 2000 3000 4000 5000

Engine speed (rev/min)

Figure 4-1: Part load and full load key operating pints selected.

4.4 Gas exchange processes matching

The single-cylinder engine was identical to the y#inder in terms of build

characteristics but the associated inlet and exhsystems were very different, as
described in Chapter 3. Not only did the 4-cylindegine have higher charge-air and
EGR flows, it also had a turbine driving the congsiee and after-treatment systems
opposing the natural exhaust flow, all affecting titas dynamics in the combustion
chamber. Whilst these details of the gas behawoutd not be reproduced on the

single-cylinder engine, the pumping losses werel iseharacterise the behaviour on
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the 4-cylinder engine and served as target inithglescylinder engine. This allowed
more realistic intake and exhaust events to beirsddda The result was comparable
volumetric efficiencies, in-cylinder pressures d@achperatures during the intake and
exhaust strokes, hence similar trapped residuadk imitial conditions during the
compression stroke and the combustion. A combinaifdackpressure valves and an
orifice plate was used to achieve this. The pla#s wmserted at a similar distance to
that from the exhaust port to the turbine inletlom 4-cylinder engine. The aim was to
maintain an appropriate level of backpressure encijlinder when the exhaust valves
opened. Additional backpressure valves (1 and r®erted in parallel beyond the
exhaust chamber, allowed a fine control on the ayerlevel of backpressure to
improve the pumping loop match. These valves wése aseful to provide some
flexibility in the level of backpressure at the ethspeeds and loads, rather than
relying on a unique setting. This resulted in adyowatch of the pumping losses. The
backpressure valve 2 was fully open for the rateagr key point and fully shut for

all the other key operating points.

The orifice plate sizing took place at 4000 rev/nfinl load. The rated power
condition is used to size the orifice plate sinteoffers the highest level of
backpressure linked to the highest gas flow. Thwyldder engine data showed that
the backpressure in the exhaust was dominantlyedinio the flow and not to the
turbine work. This was confirmed by the observatioat exhaust pressures increased
with speeds above the rated torque point despite ittret-manifold pressures
decreasing and the turbine recuperating less Wiarlestablish the orifice diameter, a
series of tests was conducted with different cgifitameters and backpressure valves
settings at 4000 rev/min full load. The pumpingsks and the in-cylinder pressure
data were compared with those from the 4-cylindegiree. The influence of
parameters such as injection timing had a mininfiEdce on the pumping losses
compared with those of inlet-manifold and exhauatifold pressures. The resulting
in-cylinder pressure traces and pumping losses hef tests carried out with
backpressure valve 1 20 half turns shut (out ofa2fg) valve 2 fully open are shown
in Figure 4-2. The impact of increasing the oriftiameters from 24 to 27 mm was
less visible. However, not imposing any additioftadv restrictions other than those
of a straight pipe 50 mm in diameter resulted imdpin-cylinder pressures during the

exhaust stroke, as can be seen in Figure 4-3. ficeoplate of 27 mm in diameter
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and backpressure valve 1 20 half turns shut amngevalfully open were selected as
they provided a good match in terms of pumpingdesand would therefore result in
comparable combustion chamber filling and emptyrgnts. Figure 4-3 also shows
the different in-cylinder pressure traces from #iegle and 4-cylinder engines at
4000 rev/min, the single-cylinder engine results aith and without a 27 mm in
diameter orifice plate, at the same backpressuvesaettings. The 4-cylinder engine
pumping losses of -1.20 bar PMEP were closely neatdby the optimised settings
which resulted in losses of -1.18 bar PMEP for shgle-cylinder engine. For the
same valves settings but without the orifice pl#te, pumping losses were -0.41 bar
PMEP, which was much lower than the 4-cylinder pagind would have resulted in
very little residual gas and unrealistic combustmramber filling and emptying
events. Some differences were visible in in-cylmpleessures between the single and

4-cylinder engines during the intake and exhauskes but these were considered as

negligible.
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Figure 4-2: Impact of orifice plate on in-cylinderintake and exhaust pressures.
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Figure 4-3: Singleand 4-cylinder enginesn-cylinder intake and exhaustpressures.

Code Type Speed / load Backpressure valves settings
F1 Full load 1000 / Full load 1: 23.5 half turnsis& 2: shut
F2 Full load 2000 / Full load 1. 19.5 half turnsis& 2: shut
F3 Full load 4000 / Full load 1: 20 half turns &dpen

P1 Primary 1500 / 2 bar BMEF 1: 24 half turns sh@t shut

P2 Primary | 1500 /5 bar BMEF 1: 24 half turns @t shut

P3 Primary | 2000/ 6 bar BMEF 1: 23.5 half turnstéh@: shut

D

D

D
P4 Primary | 2000/ 10 bar BMEP 1: 23 half turns shut & 2: shut
P5 Primary | 2000/ 16 bar BMEP 1: 22.5 half turns shut & 2: shut

S1 | Secondary 750 / idle 1: 24.5 half turns shut &t
S2 | Secondary 1000/ 3 bar BMEP 1: 24.5 half tums & 2: shut
S3 | Secondary 2000/ 2 bar BMEP 1: 24 half turns &1 shut

Table 4-1: Exhaust backpressure valves settings féey operating points.

Once the orifice plate size was fixed, the backqresvalves were adjusted to match
the 4-cylinder engine pumping losses at each kewtpdhis was achieved by
operating the engine at each key point with thgeti@d inlet-manifold temperature,
swirl throttle position, AFR, EGR rate and injectipressure, and an injection timing
and duration, hence fuelling and load, similariie #-cylinder engine and adjusting
the backpressure valves settings to obtain comfgmpalmping losses. Good matches
were achieved as shown in the comparative tabl&eation 4.5. One exception was
at P5, where the valves needed shutting more te fhre required EGR back to the
inlet, thereby increasing pumping losses aboveldhiels found with the 4-cylinder
engine. The resulting settings of the backpressahees, in multiples of half turns,
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are summarised in Table 4-1 for all the key poigteuped by type in order of speed

and load.

4.5 Matching of the 4-cylinder engine

4.5.1 Transfer of operating conditions and charactesstic

Once representative intake and exhaust strokesachieved at each key point, the 4-
cylinder engine operating conditions were appliedthie Build #1 single-cylinder
engine in order to characterise it at the differegy points and compare the results
with those from the 4-cylinder engine. Figure 4egresents a schematic of the engine
with the operating conditions on one side and therating characteristics on the
other. The approach consisted firstly in matchihg bperating conditions, which
were believed to be directly transferable to thegle-cylinder engine, such as EGR
rate, AFR, inlet-manifold temperature and injectpressure, shown in blue in Figure
4-4. In green are shown the operating conditiongdimg redefining. The
backpressure valves settings were one of thesdtmog] discussed earlier to match
the pumping losses, the pilot-injection timing a®gharation were the other operating
conditions, for the key points S1 to S3 and P13oa#h pilot injections. The pilot
and main injection settings of the 4-cylinder eegiormed a starting point, from
which the pilot-injection quantity was adjusteddiotain similar level of noise as on
the 4-cylinder engine, and the separation readjusieminimise HC, N@Q and soot
emissions. This was done to verify similar pilgetion settings could be used on the
single-cylinder engine. Finally, two operating ctimhs shown in red Figure 4-4
were varied in an aim to investigate their impad eedefine their settings. The main
injection timing was investigated in order to iliete that comparable N@nd soot
emissions to the 4-cylinder engine could be acliieme the single-cylinder engine.
The injection-timing responses went from the mesanded injection timing possible
before the engine misfired to advanced injectiomrtgs making sure the 4-cylinder
engine injection timing was included. At the injeattiming where a good match was
obtained, swirl investigations were carried out fbose points at which the swirl
throttle had been used to modify the levels of kanrthe 4-cylinder engine. This was

done since the swirl system was unlikely to opeeatactly as on the 4-cylinder
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engine for the same reasons the exhaust systenedeel@pting. This redefined the

setting and gave a clear understanding of its itngasmoke or soot emissions.

Matched RedefinedInvestigatedCompared

Key point:

Speed
Load (main duration

VYVY

Operating conditions: Operating characteristics:

Rate of EGR Fuel consumption
AFR » B Combustion noise
Inlet-manifold te mperature HC
Injection pressure g > (6(0]
Pumping losseghackpressure setting$) NO,
Pilot separation i > Soot
Pilot-injection duration Smoke
Level of swirl (Swirl throttle) [ g p_.atfull load
Main-injection timing (SOI) . N Angle of P, at full load
Hardware:

Compression ratiq
Piston-bowl volume
Injector nozzle
Protrusion washe

Figure 4-4: Major operating conditions used duringmatching phase.

1%

As the brake torque on a single-cylinder engineds comparable to that of the 4-
cylinder engine due to the different friction lossthe load needed redefining on the
single-cylinder engine. There are several potentiays of doing so but two were
chosen in the present investigations. The firstwas to fix the fuel consumption to
the value recorded on the 4-cylinder engine andatty the injection timing. Each
injection timing would result in a particular groemd. The second approach was to
match the level of fuelling at the centre pointnigea similar injection timing to the 4-
cylinder engine, to identify the gross load andvéoy the injection timing whilst
maintaining the load constant. During both appreaglthe injection timing resulting
in comparable NQ and soot emissions would be selected, thus creaimew
reference in operating conditions, gross load, éoelsumption and emissions. At part
load, the first approach was used for the lightlloanditions at key points S1 to S3
and P1, but it was found difficult to apply dueduft in injections with time, which

meant fixing fuel consumption was not a simple ta3ke second approach turned out
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to be more practical since the load was calculatgdal time by the data acquisition
system and was therefore easier to use as a tdrget.approach was therefore
applied to the medium and higher load key pointsdPR5. At full load, the AFR and

fuel consumption were matched and the injectionninwas adjusted to achieve the
same maximum in-cylinder pressure. A possible édtive approach consisted in
matching the gross load and AFR of the 4-cylindegime by adjusting the level of
fuelling and the inlet-manifold pressure. Howewviie variability in the gross load

from one cylinder to another in the 4-cylinder ergand the fact that a 1 °CA TDC

offset results in a 10 % change in load meantttiiatapproach was questionable.

4.5.2 Part load key point matching

The following tables present a comparison betwden Euro 5 4-cylinder engine
operating characteristics and those achieved ositigge-cylinder engine for the part
load key points. Table 4-2 shows key points S1 3¢ vghich were three very light
load secondary key points. Table 4-3 shows keytpddl and P2, which were light
and medium load primary key points at 1500 rev/rrinally, Table 4-4 shows key
points P3 to P5, which were medium to high loadhary key points at 2000 rev/min.
In each case the graphs present M@d soot emissions, fuel consumption and gross
load during the injection-timing response. The bwivestigations are also presented
where relevant with green arrows indicating inciegslevels of swirl. The red
squares represent the equivalent result for th@idder engine (or 25 % of the total
values for emissions and fuel consumption) andldnger points on the response
curves present the selected reference point fdr kag point on the single-cylinder
engine. The emissions are shown in g/h, which cancdnverted to g/km by a
weighting factor if the time spent at each key pasnknown, making comparisons
with the legislative values possible. In each cdbe,comparison tables detail the
operating conditions and characteristics for theylhder engine and the finally
selected conditions and characteristics on thdesiteyginder engine. Table 4-2 shows
the secondary key point results obtained duringecitipn-timing investigations
conducted with fixed swirl throttle position, AFRhéh EGR rate, pilot-injection
separation and quantity. These responses wereedaout with a fixed level of

fuelling.
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S1: 750 rev/min idle Part load Singldulti
Fixed fuel consumption = (]_Fuel consumption (kg/h) 0.09 0.09
015 5 Wet EGR rate (%) 52.9 52.3
1010 3 o Dry AFR (-) 59.9 56.2
1 008 P % 1 et temperature (°C) 58 51
= I £ B Pump. losses (bar PMEP) -0.1 -
3 1.50 000 5 || Injection pressure (bar) 311 317
2 100 \ ° Swirl throttle (% shut) 70 N/A
@ 050 4 'y = &£ Pilot separation (°CA) 19.0 19.0
g ' Eﬂ % < SOI (°CA ATDC) 2.0 2.1
% 000 0157 Pilot duration (is) 300 ~300
z O R R 1010 2 4 Load (bar GIMEP) 0.4 0.4
1oo0s E Combustion noise (dB A) 74.0 72.9
_ 2 3 HC (g/h) 1.67 0.30
b 06 0008 8 CO (g/h) 6.1 3.16
204 z E NO, (g/h) 058 0.79
5 oo e Soot (g/h) 0.00 0.01
s o Smoke (FSN) 0.00 0.61
00 ‘ ‘ ‘ ‘ ‘ g Inlet pressure (bar) 1.009 0.996
80 60 40 20 00 20 40 '§ Exhaust temperature (°C 116 112
Start of injection (deg CA ATDC) = Exhaust pressure (bar) 1.081 1.10
S2: 1000 rev/min 3 bar BMEP Part load SingMulti
Fixed fuel consumption = (|_Fuel consumption (kg/h) 0.31 0.33
LT 045 5 Wet EGR rate (%) 45.0 445
\ 1030 3 o Dry AFR () 23.8 24.1
1 o1s P % A Inlet temperature (°C) 72 69
- g = Pump. losses (bar PMEP 0.1 -0.2
S 150 0.00 5 || Injection pressure (bar) 475 482
3 1.00 - @ ks Swirl throttle (% shut) 74 74
P = £ Pilot separation (°CA) 20.0 14.0
g 0507 R A — s 3< SOl (°CA ATDC) 3.0 2.3
& 0.00 0.45 f & Pilot duration (is) 300 ~300
z — e . — 1030 %_ | Load (bar GIMEP) 3.5 4.2
1lo1s E (| Combustion noise (dB A) 83.4 79.5
. 2 3 HC (g/h) N/A 0.40
& 50 000 2 8 CO (g/h) 8.83 4.65
= 40 ] g E NO, (g/h) 0.46 0.75
& 50 —_— T o Soot (g/h) 0.45 0.44
s 3 Smoke (FSN) 2.35 2.07
§ 2.0 ‘ ‘ ‘ ‘ ‘ 8 Inlet pressure (bar) 1.125 1.024
80 60 40 20 00 20 40 = Exhaust temperature (°C 230 240
Start of injection (deg CA ATDC) = Exhaust pressure (bar) 1.178 1.17
S3: 2000 rev/min 2 bar BMEP Part load SingMulti
Fixed fuel consumption < Fuel consumption (kg/h) 0.56 0.58
045 3 Wet EGR rate (%) 41.7 41.2
10303 o Dry AFR () 32.7 325
1015 3 % A Tniet temperature (°C) 92 92
= -— E ® Pump. losses (bar PMEP| -0.6 -0.4
3 6.00 0.00 § Injection pressure (bar) 801 810
3 4.00 1 ® = (]__Swirl throttle (% shuf) 59 60
E 200 4 \‘\‘\‘ £ Pilot separation (°CA) 28.0 26.0
s . S ©- SOl (°CA ATDC) 3.0 0.8
5 0.00 075 = Pilot duration (is) 270 ~270
= e e, . to60E \{ Load (bar GIMEP) 3.2 3.6
1 o045 € Combustion noise (dB A) 86.7 86.5
~ - HC (g/h) N/A 1.70
% 4.0 . 030 S 5 CO (g/h) 18.92 22.63
530 T ———+— 7 E NO, (g/h) 1.71 1.50
g 201 ) Soot (g/h) 0.06 0.11
s 3 Smoke (FSN) 0.26 0.45
3 1.0 ‘ ‘ ‘ ‘ ‘ S Inlet pressure (bar) 1.234 1.162
60 40 20 00 20 40 60 S Exhaust temperature (°C 288 290
Start of injection (deg CA ATDC)) = Exhaust pressure (bar) 1.604 1.47

Table 4-2: Secondary part load key point results.
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Soot emissions had profiles that reflected charsties observed on the 4-cylinder
engine and also trends observed by Chi et al. (20B®m advanced injection
timings, retardation usually results in decreas€y Bmissions while soot emissions
increase as described by Gill et al. (2002). Thesially explains why a diesel
particulate filter is used in the exhaust line anjinction with a low N emissions
strategy. However, further retardation led to aersa&l in soot emission trends in all
these light load conditions thereby offering sirankous low NQand soot emissions.
It is conjectured that the explanation for this has components. The first is that
retarding the injection timing beyond TDC led toiajection occurring in a reduced
in-cylinder pressure environment, enhancing thel fgpray penetration and
distribution. The second factor was linked to taet that the auto-ignition delay was
increased, also due to the lower in-cylinder pressand temperature during the
injection, which gave more time for the fuel to pate and mix with air. Both
factors are expected to reduce soot emissions.delieved that these areas were not
exploited a few years ago due to the lower injecpcessures available with the result
that the fuel could not be injected fast enoughit@ sufficient time for the fuel and
air to mix. Retarded injection timings would thenef have lead to misfire or
unacceptable levels of fuel consumption. In termBl©y emissions, in all cases, the
more advanced the injection timing, the higher #missions. The combustion
associated with earlier injection timings resulted higher pressures and flame
temperatures, which explain the higher Né@nissions. While these investigations
were carried out with fixed fuel consumption, thhess loads did not vary during the
injection timing responses and were all lower thihe values recorded on the 4-
cylinder engine. The rapid combustion associate thiese light load conditions and
occurring near TDC means that timing has little &ipon the energy loss when the
exhaust valves open, in comparison with higher doadhere the tail end of the

combustion affects the in-cylinder pressures je$pite exhaust valves opening.

The final reference points were selected to mateh 4-cylinder engine soot
emissions. They corresponded to similar injectionirtgs as recorded on the 4-
cylinder engine. NQemissions were lower compared with the 4-cylinrelggine apart
from key point S3 but these deviations were smathgared with the possible orders
of magnitude changes over the speed and load raagessible in the NQversus

soot emissions summary in Figure 4-11.
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Table 4-3 shows the 1500 rev/min primary key pdit and P2 results obtained

during injection-timing investigations conductedttwifixed swirl throttle position,

AFR and EGR rate, pilot-injection separation andrdgily. These responses were

carried out with a fixed level of fuelling for kgyoint P1 and with fixed load for key

point P2. Once reference points were determinent] swestigations were conducted

at those injection timings.

P1: 1500 rev/min 2 bar BMEP Part load SingMulti
Fixed fuel consumption 045 S Fuel consumption (kg/h) 0.39 0.38
Swirl response e Wet EGR rate (%) 454 458
7030 5 Dry AFR (-) 29.3 30.2
0% |u 2 29 Inlet temperature (°
,_/—iy\ L0158 5 perature (°C) 88 89
= 100 % E Pump. losses (bar PMEP -0.2 -0.2
5 150 0.00 5 Injection pressure (bar) 545 550
8 100 | ’\‘\‘\’ @ 5 (|__Swirl throttle (% shut) 46 48
2 050 4 = ~ &£ Pilot separation (°CA) 26.0 26.0
£ 5 B8 SOl (°CA ATDC) 0.0 2.3
§ 0.00 I W— 0.45 = & Pilot duration (is) 300 ~300
+0.30 & > Load (bar GIMEP) 3.0 3.2
1Lo1s % Combustion noise (dB A) 84.3 83.6
_ 5 3 HC (g/h) 1.57 1.38
% 4.0 0005 g { CO (g/h) 16.81 14.33
3 3.0 ——— " T E NOx (g/h) 0.78 0.63
B0 o Soot (g/h) 0.16 0.21
= 3 Smoke (FSN) 0.91 1.04
50 ‘ ‘ ‘ ‘ 5 Inlet pressure (bar) 1.153 1.044
6.0 4.0 20 0.0 20 4.0 '§ Exhaust temperature (°C 245 250
Start of injection (deg CA ATDC) S Exhaust pressure (bar) 1.236) 1.2017
P2: 1500 rev/min 5 bar BMEP Part load SingMulti
Fixed |and 045 £ (] Wet EGR rate (%) 28.1 27.3
Swirl | 100 % v T2 g Dry AFR () 22.0 22.8
response 1 ‘ 65 % T 030 § € < Inlet temperature (°C) 53 54
° i g & Pump. losses (bar PMEP| -0.7 -0.5
015 2 =
= u € Injection pressure (bar) 900 907
5 600 0.00 5 o Fuel consumption (kg/h) 0.85 0.78
E 4.00 1 @ _°<:_" Swirl throttle (% shut) 65 68
% 200 \‘.\‘\ = % { [_Pilot separation (‘CA) 26.0 25.0
£ 5 SOI (°CA ATDC) 5.0 3.8
é 0.00 1.05 g Pilot duration fis) 260 ~260
\_.—/r—’“*/‘ +0.90 £ Load (bar GIMEP) 6.6 7.8
" 175 § Combustion noise (dB A) 88.2 87.3
- £ 3 HC (g/h) N/A 0.75
m 8.0 . 080 & g J CO (g/h) 10.33 9.83
570 g E NO, (g/h) 2.61 2.06
Seol 8 Soot (g/h) 0.17 0.08
= 3 Smoke (FSN) 0.64 0.34
550 ‘ ‘ ‘ ‘ 5 Inlet pressure (bar) 1.255 1.207
0.0 2.0 4.0 6.0 8.0 10.0 '§ Exhaust temperature (°C 429 370
Start of injection (deg CA ATDC) > Exhaust pressure (bar) 1.754 1.528

Table 4-3: Primary part load key point results at 500 rev/min.

Soot emissions at key point P1 had the same pradilebserved at the secondary key

points S1 to S3, and the same remarks could be n@mdexplain the results.

Concerning the soot emission profile at key poigf P showed a similar pattern as
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the profile described by Gill et al. (2002). Soatigsion increased as the injection
timings were retarded, which was opposite to thedrobserved at key point P1 or at
the secondary key points. It is believed that tieedased level of fuelling to maintain
the load and the higher in-cylinder pressures frmereasing the inlet-manifold
pressure to maintain the AFR caused this. ConcgriN@, emissions, a typical
response was obtained, with reducing emissionseagjection timing is retarded. In
terms of gross load, the values obtained at keytgil were all within 10 % of the 4-
cylinder engine value for a similar fuel consumpticHowever, at key point P2,
despite a higher fuel consumption value, the gload was significantly lower than

on the 4-cylinder engine.

At key point P1, the reference point was selectechbse it matched the 4-cylinder
engine soot emissions and offered a close mattérins of gross load. There was a
difference in NQ emissions but this was small relative to the raofgaossible values,
which is visible in the summary in Figure 4-11. iy point P2, where the load was
fixed rather than the fuel consumption, higher semissions were observed across
the injection-timing response. An injection timir§ 5 °CA ATDC was selected
despite a better NOemissions match being possible with more retaidgzttion
timings. This was to limit fuel consumption, whighas noticeably higher than the
level recorded on the 4-cylinder engine whilst hesg in a lower gross load. It was
unclear why the single-cylinder engine produced enNO, emissions than the 4-
cylinder engine. Despite a more retarded injectiaring, slightly lower AFR and

higher EGR rate, emissions were higher.

The results of the swirl investigation carried atitkey point P1 showed that soot
emissions were constant for positions of the tleotalve between fully open and
60 % shut and that they rapidly decreased from pbattion to fully shut, when the
level of swirl went from 1.6 to 4.5 Rs. This indied that the additional air motion
was beneficial to the mixing thereby reducing semissions. However, at key point
P2, soot emissions decreased for closing swirltlerpositions between fully open
and 65 % shut and then started increasing agaiht@tswirl throttle was fully shut.
It is supposed that at this higher load and heangdr injection period, gaseous fuel
plume-to-plume interactions reduce the level of imgx with air. During the

investigations, the impact on NCemissions, fuel consumption and load was
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negligible. For the reference points, swirl th@tpositions were similar to those
recorded on the 4-cylinder engine. However, theaighe swirl throttle is expected
to have a negative impact on the pumping losseshlgeaequiring a higher gross load
to compensate the net load, hence higher fuel copson. Since these two key
points formed the starting point of the next phakéhe programme, a more detailed
analysis of the in-cylinder pressure traces conbiméth the instantaneous heat

release was undertaken.
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Figure 4-5: Key point P1 instantaneous heat releasnd pressure traces.

Figure 4-5 illustrates the results in terms of yfirder pressure and instantaneous
heat release of an injection-timing response ferkay point P1. The instantaneous
heat release is plotted as the heat release pezedetankangle and integration over
the complete curve amounts to the total heat retkdss profile follows closely that
of the rate of in-cylinder pressure change. The tla&t the injection-timing response
was carried out with a fixed level of fuelling wasible in the instantaneous heat

release traces since the area beneath the tracesppaoximately constant for all
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injection timings, indicating a fixed level of eggrreleased associated with the fixed
level of fuel injected. On the other hand the inddign of the area beneath the in-
cylinder pressure traces would reveal a decredsie of gross load as the injection
timing was retarded. However, the small differeneeorded in gross load make this

difficult to visualise.

Figure 4-6 follows the same pattern as key pointd? P2 during the injection-timing
response. Only the instantaneous heat releases tfacethe most advanced and
retarded injection timings tested are shown. Tliiemdince in the approach taken to
carry out the injection-timing response was expkttebe visible: an integration of
the area beneath the instantaneous heat releass sfaould reveal an increased level
of heat released as more fuel was injected to euairthe load when the injection
timing was retarded, however, the accuracy of tmisthod would make small
differences in fuel consumption difficult to deteEgually, an integration of the area
beneath the in-cylinder pressure traces shouldatewveonstant level of gross load,
also difficult to detect. In terms of instantanetest release, for the most advanced
injection timing, evidence of a premixed-combustrase followed by a diffusion-
combustion phase was visible. This could explainy 8ot emissions increased
slightly when the injection timing was advancednir8@ to 1 °CA ATDC. The reason
for this is that as the fuel is injected earlied @aherefore into a hotter and higher-
pressure environment, it results in earlier autotign, occurring before the injection
and mixing process are finished. The resultingudifin-combustion phase forms
more PM and the emissions reflect an equilibriuntwben the formed and oxidised
PM. At the most retarded injection timing, the arganeous heat release trace gives
evidence that the nature of the combustion has frone a combined premixed and
diffusion combustion to a fully-premixed-charge dmmtion. It is interesting to note
that the maximum level of the instantaneous hdatse increased as the injection
timing was retarded, which would correspond witle timcreased extent of the
premixed-combustion phase proportional to the mmee level of fuelling. However
this did not lead to higher N@missions. It is believed that N®missions are more
dependant on the initial and maximum gradients h&f tates of heat release or
pressure gradient, which reduce as the injectimmg is retarded, as shown in more
detail in Figure 4-7.

81



80.0

o
o
o

40.0

20.0 ~

In-cylinder pressure (bar)

0.0 A

1.2 4

Premixed
combustio

y
Diffusion

Premixed
combustion
X

combustion n
0.8 1

0.4

0.0

Instantaneous heat release (J/deg CA)

-0.4
-60.0

-20.0 20.0

Crankangle (deg CA)

60.0 100.0

Figure 4-6: Key point P2 instantaneous heat releasnd pressure traces.
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Figure 4-7: Key point P2 initial rates of instantareous heat release traces.

Table 4-4 shows the 2000 rev/min primary key paggults. An injection-timing
investigation was conducted at these key pointh Wied swirl throttle position and
pilot-injection separation and quantity, where ampiate, EGR rate, AFR and load,

being the second approach discussed in Sectioh, 4/d as used for key point P2. A
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swirl investigation was conducted at key point P3ha selected reference injection
timing but not at key points P4 and P5 where thiel $hrottle position was fully open
on the 4-cylinder engine. Soot and Némissions and fuel consumption at these key
points had the same profile as observed in theieeaprimary key point P2
investigated at fixed load and in line with the etations by Gill et al. (2002). The
same remarks can be made to explain the resulesra@my the engine at a similar
fuel consumption and start of main injection astloa 4-cylinder engine determined
the load, which was then used as a target duriagnVestigations. The load values
were lower than on those recorded on the 4-cylimigine at key points P3 and P4,

but comparable at key point P5.

At key point P3, soot emissions were all closeh® fevel of the 4-cylinder engine
reference point. The selection of the single-cydinengine reference point was based
on a compromise between N@missions and fuel consumption. Selecting a more
retarded injection timing would have improved Nénissions match but would have
increased the difference in fuel consumption betw® engines. Furthermore, the
difference in fuel consumption was small relativelte spread of values seen over the
speed and load ranges, as can be seen in the syrRigare 4-11. At key point P4, a
good match was achieved for N@nd soot emissions and fuel consumption with an
injection timing of 2.2 °CA later than for the 4leyer engine. Concerning key point
P5, the chosen point was selected because it mavite best match in terms of NO
emissions, fuel consumption and load. Much higleat £missions were observed
across the injection-timing response. Since sinufgrating conditions had been used
as on the 4-cylinder engine, the actual enginedlwids questioned, especially as AFR
was of 18.3:1 compared with 17.9:1 for the 4-cyinéngine. Poorer air utilisation
was a possible cause and this was blamed on #aetanjposition relative to the piston
bowl which resulted in a poorly optimised combustahamber. The protrusion of the
injector into the combustion bowl was believed ®ihcorrect in the single-cylinder
engine. The exact injector location has a big impacthe spray path, and hence on
its interaction with the bowl and consequently, tbe resulting air utilisation. The
effects of this are especially important at highds. NQ emissions were also higher
when compared with those of the 4-cylinder engividch was a possible effect of the
higher AFR compared with the 4-cylinder engine.
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P3: 2000 rev/min 6 bar BMEP Part load SingMulti
Fixed load 6.00 ;; 1 Wet EGR rate (%) 31.3 30.8
sl 100% 0% ©2 3 Dry AFR () o 21.6 21.4
response T400 2 S« Inlet temperature (°C) 68 66
65% 65 % lo00 8 S Pump. losses (bar PMEP 0.7 -0.5
< — g | Injection pressure (bar) 1070 1075
2 6.00 000 = (| Fuel consumption (kg/h) 1.29 1.23
E 4.00 - @ é Swirl throttle (% shut) 64 62
2 200 4 u = 3 Pilot separation (°CA) 33.0 33.0
g e ¢ SOl (°CA ATDC) 0.0 0.8
3 0.00 1.50 g Pilot duration gs) 210 ~210
=z //\/ +135 5 \ Load (bar GIMEP) 7.7 8.4
n 1120 S Combustion noise (dB A) 87.9 86.3
= 2 B HC (g/h) 1.88 0.65
w 90 . 1055 g 4 CO (g/h) 14.46 13.28
5 80 y — 5 £ NO, (g/h) 3.62 2.69
870 3} Soot (g/h) 092 1.04
= Smoke (FSN) 1.62 1.75
- el
g 6.0 ‘ ‘ ‘ ‘ ‘ ‘ s Inlet pressure (bar) 1.423 1.443
-80 -60 -40 -20 00 20 40 60 S Exhaust temperature (°C 450 442
Start of injection (deg CA ATDC) > Exhaust pressure (bar) 1.928| 1.91
P4: 2000 rev/min 10 bar BMEP Part load Singhulti
Fixed load 600 S ( Wet EGR rate (%) 21.3 215
T3 Dry AFR () 21.1 21.0
T400 35 &< Inlet temperature (°C) 58 62
. +200 8 g Pump. losses (bar PMEP -0.7 -0.6
= £ Injection pressure (bar) 1190 1199
< 24.00 0.00 ~
3~ "8 g (|_Fuel consumption (kg/h) 1.88 1.93
3 16.00 - o 2 Swirl throttle (% shut) 0 0
2 8001 & P Pilot separation (°CA) N/A N/A
£ 5 @ SOI (°CA ATDC) 3.0 0.8
EZS 0.00 210 = Pilot duration (is) N/A N/A
. 1195 2 \|_Load (bar GIMEP) 10.8 120
180 £ Combustion noise (dB A) 88.4 86.2
175 g = HC (g/h 1.60 0.65
. S o g/h) . .
& 130 165 5 8 4 CO (g/h) 15.99 11.95
= 120 . vE NO, (g/h) 8.65 8.48
5 110 1 (&) Soot (g/h) 1.98 2.00
el I — 3 Smoke (FSN) 2.07 2.08
§ 100 w w w w w w 5 Inlet pressure (bar) 1.740 1.884
-6.0 -40 -20 0.0 2.0 4.0 6.0 8.0 g Exhaust temperature (°C 508 537
Start of injection (deg CA ATDC) = Exhaust pressure (bar) 2.144 2.40]
P5: 2000 rev/min 16 bar BMEP Part load Singhulti
Fixed load 2400 £ ( Wet EGR rate (%) 14.0 14.0
T2 3 Dry AFR (-) 18.3 17.9
11600 5 5 < Inlet temperature (°C) 59 58
1800 8 2 Pump. losses (bar PMEP, -0.7 -0.2)
345 00 L] € Injection pressure (bar) 1197 1200
S ‘ 000 5 Fuel consumption (kg/h) 2.92 2.93
830,00 1 \_\ 2 2 Swirl throttle (% shut) 0 0
% 15.00 | - i) b, Pilot separation (°CA) N/A N/A
E 115 8 & SOl (°CA ATDC) 2.0 2.2
x X
Q ' ' g Pilot duration (is) N/A N/A
1300 £ \| _Load (bar GIMEP) 17.2 17.3
185 £ Combustion noise (dB A) 83.8 83.7
. %]
- s T HC (g/h) 1.79 0.38
a o
w 100 [ 205 3 ) CO (g/h) 26.86 | 16.75
o 1707 ©E NOx (9/h) 27.32 22.68
& 1601 o Soot (g/h) 7.60 3.25
- 60 4.0 2.0 0.0 2.0 e nlet pressure ( ar)o : :
o 5 Exhaust temperature (°C 588 642
Start of injection (deg CA ATDC) = Exhaust pressure (bar) 2.504 2.40]

Table 4-4: Primary part load key point results at 200 rev/min.
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The results of the swirl investigation carried atitkey point P3 showed that soot
emissions decreased slightly for positions of tirettle valve between fully open and
65 % shut. However, for throttle valve positionsyded 65 %, soot emissions
increased rapidly. This indicated that an optimumel of swirl of 1.7 Rs was
required. It also seemed to indicate that there avasaximum level of swirl, which
was a compromise between the utilisation of aimeyeased air motion and gaseous
fuel plume-to-plume interaction. It is believed tthidne longer gaseous plumes
obtained during the higher loads and thereforectiga durations led to the dramatic

increases in soot emissions when the gaseous plwmed interact and overlap.
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Figure 4-8: Key points P3 to P5 instantaneous heatlease and pressure traces.

Figure 4-8 shows the curves of the in-cylinder pues and instantaneous heat release
at the different loads at 2000 rev/min. At fixedgere speed, increased load led to
increased in-cylinder pressures due to the inletfola pressure increasing almost
proportionally to the fuel increase. From medium high loads, the premixed-

combustion phase represents a diminishing proportb the fuel mass burned
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compared to the diffusion-combustion phase. Aldl@anditions in the figure show
long diffusion-combustion phases, which result ighhNO, and soot emissions, the
latter especially if the utilisation of air is peavhich was the case at key point P5.
The initial instantaneous heat release tracesuwrefesequence and may be due to the
design of experiment approach used to optimisektye points on the 4-cylinder
engine. This makes it difficult to find clear trenith the operating conditions from one

load to another as their optimisation takes mamgpaters into account.

4.5.3 Full load key point matching

Table 4-5 represents a comparison between the andtithe single-cylinder engines
results for the full load key points. It shows kpgints F1 to F3, which form a
representation of the full load curve, passing fittw lowest speed point to the rated
torque point and finally to the rated power poilm.each case the graphs present
smoke emissions, maximum in-cylinder pressure, dwglsumption and gross load
during the injection-timing response. The red sgsaepresent the equivalent result
for the 4-cylinder engine (or 25 % of the total ued for emissions and fuel
consumption) and the larger points on the respansees represent the selected
reference point for each key point on the singliadgr engine. In each case, the
comparison tables detail the operating conditiard @haracteristics for the 4-cylinder
engine and the finally selected conditions and attaristics on the single-cylinder
engine. Although these points are not represemntetie regulation test procedures,
they are important because they characterise th@mmen performance capabilities
of the engine and smoke and maximum in-cylindesguee are often limiting factors
in calibration for maximum load. These responsesvearried out by matching the
AFR and fuel consumption along with inlet-manifééinperature, injection pressure,
swirl throttle position and pumping losses. Pilgjection separation and quantity
were fixed during the injection-timing responsekay point F1. The injection-timing
responses went from the most advanced injectiomginpossible before reaching the
maximum in-cylinder pressure limit to a more re&tdnjection timing making sure
the 4-cylinder injection timing was included. Somdditional AFR investigations
were carried out to understand the impact of AFRsmioke emissions. Green arrows

indicate the impact of increasing AFR where relévan
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F1: 1000 rev/min Full Load Full load SingléVulti
Fixed fuel consumption 3 Fuel consumption (kg/h) 0.88 0.93
z 5 Dry AFR () 18.8 18.4
— 110 @ g Inlet temperature (°C) 31 29
Lo 2 Pump. losses (bar PMEP, -0.2 -0.3
g Injection pressure (bar) 851 854
= 115.0 . 005 % Swirl throttle (% shut) 0 0
£ 100.0 5 Pilot separation (°CA) 32.0 28.0
é 85.0 - \ = E SOI (*CA ATDC) 2.0 18
T 200 100 £ Pilot duration fis) 240 ~240
. s © Load (bar GIMEP) 10.0 10.4
——F—1 1090 2 & Combustion noise (dB A) 85.5 81.7
logo E § Smoke (FSN) 0.88 0.13
—_ 12
& s 0.70 § o Prax gbar) 100.6 106.0
g S 5 Angle Py (°CA ATDC) 9.1 9.1
© 10.5 1 P R f:: g Inlet pressure (bar) 1.145 1.225
g 9.5 'g Exhaust temperature (°C 434 422
T g5 ‘ | | | = Exhaust pressure (bar) 1.231 1.48
3 -4.0 -2.0 0.0 2.0 4.0 6.0
Start of injection (deg CA ATDC)
F2: 2000 rev/min Full Load Full load SingléVulti
Fixed fuel consumption 3 Fuel consumption (kg/h) 3.87 3.85
02 5 Dry AFR () 175 175
n 8 Inlet temperature (°C) 50 50
AFR response 130 Lj:’ = Pump. losses (bar PMEP -0.1 0.0
L] T 20 ¢ Injection pressure (bar) 1205 1200
— 160.0 - 10 & § Swirl throttle (% shut) 0 0
8 1450 \ S Pilot separation (°CA) N/A N/A
% . B® SOl (°CA ATDC) 45 4.8
© 130.0 A c - -
£ > Pilot duration fis) N/A N/A
& 1150 450 = 3 Load (bar GIMEP) 225 22.8
lagpe 8 Combustion noise (dB A) 83.8 82.7
T T lieo £ § Smoke (FSN) 3.10 1.90
T >r g O Prax (bar) 146.1 147.6
W 230 u 1300 S o (| Angle Pux (°CA ATDC) 11.4 127
© 22.0 \ E g Inlet pressure (bar) 2.303 2.384
3 2101 “ Exhaust temperature (°C 631 679
%’ 0.0 ‘ ‘ ‘ ‘ = Exhaust pressure (bar) 1.911 2.30
(=]
- -8.0 -6.0 -4.0 -2.0 0.0 2.0
Start of injection (deg CA ATDC)
F3: 4000 rev/min Full Load Full load SingléVulti
Fixed fuel consumption 3 Fuel consumption (kg/h) 5.67 5.68
40z § Dry AFR (-) 20.1 20.1
5 l3s® ® Inlet temperature (°C) 57 56
‘ AFR response 130 E = Pump. losses (bar PMEP -1.2 -1.2
160.0 u 2'5 (% = Injection pressure (bar) 1567 1599
5 ' . : o Swirl throttle (% shut) 0 0
& 145.0 4 " . S Pilot separation (°CA) N/A N/A
5 1300 - \ z E SOI (*CA ATDC) -19.0 -18.7
a o Pilot duration gs) N/A N/A
115.0 600 = 3 Load (bar GIMEP) 171 16.9
T 1550 2 8 Combustion noise (dB A) 95.3 94.4
1500 % § Smoke (FSN) 3.36 2.74
2 180 50 o Prax (bar) 152.6 147.7
d ° 3 Angle Prax (°CA ATDC) 5.4 6.3
o 17.0 1 N\ § S Inlet pressure (bar) 2.240 2.094
& 16.01 'g Exhaust temperature (°C 673 748
-‘E 15.0 | | | | = Exhaust pressure (bar) 1.863] 2.85]
- 200 -180 -160 -140 -120 -10.0

Start of injection (deg CA ATDC)

Table 4-5: Full load key point results.
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The smoke emissions obtained at key point F1 wargcplarly low throughout the
injection-timing response and only comparable wiite measurement accuracy. The
smoke emissions recorded on the 4-cylinder engiaee vparticularly low. At key
points F2 and F3, the response was in line withtwes expected since advancing
the injection timing reduced smoke emissions. thaught that the advanced injection
timings led to better fuel, air and piston interaaes and also longer residence times of
PM formed in high temperature environments. Thisnprtes PM oxidation as
described by Morgan et al. (2003) and resultedwel engine-out smoke emissions.
It is worth noting that smoke emissions at key iR2 and F3 were much higher
throughout the injection-timing responses thanléwels recorded on the 4-cylinder

engine.

In terms of maximum in-cylinder pressure, its babav was as expected as the
maximum pressure increased as the injection timohganced and became a limiting
factor at key points F2 and F3 as to how advanicednjection timing could be since
the engine design was not capable of more tharbab0As the tests were carried out
with fixed fuel consumption, advancing the injeatiiming clearly increased the load
at key points F2 and F3. For the full load key p&ithe results for the same injection
timings were selected as the reference points. Tiesylted in higher smoke
emissions but similar maximum in-cylinder pressurBise poor match in terms of
smoke emissions led to the additional investigatibtine impact of AFR at key points
F2 and F3 at injection timings where there was sdop the in-cylinder pressure to
increase, i.e. at injection timings retarded frdma most advanced timings tested. An
increase in AFR from 17.5:1 to 18.5:1 at key pdi@tand from 20.1:1 to 21.3:1 at
key point F3 reduced smoke emissions but they madahigher than for the 4-
cylinder engine. This seemed to indicate that lfier $ame amount of air and fuel in
the cylinder, confirmed by similar AFR and fuel samption as on the 4-cylinder
engine, the utilisation of air was poorer leadingricreased smoke emissions. This
could again suggest that the different injectoritpms relative to the piston bowl was
therefore not optimised, as mentioned in the paet|section. The poor match in
smoke emissions required further investigationsrtderstand the reasons behind the
step change. This will be described in the nexticec
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Figure 4-9: Full load instantaneous heat release drpressure traces.

Figure 4-9 shows the in-cylinder pressure and matseous heat release at full load at
the three different speeds and helps explain th@nmo of rated torque and rated
power. The instantaneous heat release is plottedgugee crankangle and integration
over the complete curve amounts to the total heleased, which is proportional to
the mass of fuel injected. The load correspondbeantegration of the area beneath
the in-cylinder pressure trace and is proportidoaihe gross load. The rated torque
case corresponds to the maximum level of fuellieg @ngine cycle and this was
achieved at 2000 rev/min, which resulted in thehbgy total heat release. At higher
engine speeds, the same quantity of fuel woulchawé sufficient time to burn due to
the reduced cycle time. The load or torque is dgher as visible from the in-
cylinder pressure trace, however, the maximum pasvachieved for a reduced level
of fuelling and load per cycle but at the higheeexp of 4000 rev/min. Both these
cases show high proportions of diffusion combustibhe 1000 rev/min full load
trace reflects both the lower maximum in-cylindeegsure admissible and the lower

loads also possible at that speed. It also showbkoater combustion where both
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premixed and diffusion combustion are presents hassible that high levels of PM
are formed during the diffusion-combustion phasetbat the residence time in the
hot in-cylinder environment lead to high levelsRi¥1 oxidation, which explains the

low smoke emissions recorded at key point F1.

4.5.4 Testing with modified injector location

Since the results at full load conditions represérguch a step change in smoke
emissions and the injector position relative toprston bowl was suspected to be the
major cause, a different injector-nozzle protrusia@as tested. The injector was placed
0.6 mm deeper in the piston bowl by replacing th& im washer situated at the
injector sealing face by a 1.0 mm washer. The aas fer a larger portion of the fuel
spray to penetrate into the bowl rather than oiethereby increasing the utilisation
of air. For similar full load settings, smoke emuss were all less and the differences
with the 4-cylinder engine values were reduced lagdwithin 0.3 FSN as shown in
Figure 4-10. Smoke emissions decreased from 0.8824 FSN at 1000 rev/min,
from 3.10 to 2.21 FSN at 2000 rev/min and from 33&.91 FSN at 4000 rev/min.
As already stated, the main reason for these desseaas thought to be a better
utilisation of air in the combustion chamber. Theessts highlighted the importance in
combustion chamber design of the protrusion, amiirantly of the injector-nozzle
cone angle, and also demonstrated the high satsitif the engine operating

characteristics to this feature.

Investigations with this deeper protrusion wereo at®nducted at some part load
conditions and was also found to present soot eémnissbenefits. The impact of
increasing the protrusion resulted in smoke or smoissions values all below the 4-
cylinder engine values. The main improvement wagest point P5 where smoke
emissions went from 3.46 to 2.39 FSN, offering asel match with the 2.32 FSN
value recorded on the 4-cylinder engine. The impéthe protrusion change on NO
emissions was an increase of less than 5 % at &y P5. This reflects the better
fuel-air interactions decreasing soot emissions ibateasing the quality of the
combustion, thereby leading to higher temperatamed associated NCOemissions.

The fuel consumption was unchanged.
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Figure 4-10: Impact of injector protrusion on smokeemissions at full load.

455 Discussion

This section presents an evaluation of the twoafetita and identifies and evaluates
the most significant differences. HC emissions wggaerally higher for the single-
cylinder engine than for the 4-cylinder engine.slimcrease seemed to be linked to
the fact that the engine was running cooler than4itylinder engine at all but the
rated power condition. There were two main reagonshis. The coolant flow was
set for the 4000 rev/min full load condition in erdo limit the maximum temperature
difference across the cylinder head. This flow wan fixed for all engine speeds
whereas the cooling flow on the 4-cylinder engineuld have decreased with the
engine speed since the pump was engine drives elpected that excessive levels of
cooling were present at lower engine speeds onsihgle-cylinder engine. The
cooling flow was fixed rather than adding anothariable to the investigations,
which would have added to the complexity of the eekpents. The other possible
cause for the increase in HC emissions was thatgdmeral engine and exhaust-
manifold temperatures were lower due to the lapgeportion of heat losses with the
single cylinder. The late oxidation of HC emissiovsuld have been quenched in the
cylinder and exhaust system. Some HC emissionsingadrom the emissions
analyser were not shown in the tables since tHerdiit sampling point set-up led to
high levels of HC emissions hang-up in the heateg] Which caused a measurement
offset. These values were therefore unusable eftgine-matching phase. However,
since the subsequent test phases of the programene lkely to result in a
hundredfold increase in HC emissions, as shownakeda et al. (1996), the offset in
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HC emissions was considered negligible. Modifiaagiavere made to the sampling
system after the single to 4-cylinder engine maighiAn oven was inserted at the
sampling point to maintain the exhaust-gas tempezaibove 190 °C in the sampling
line thereby avoiding condensation of HC emissions.

A summary of the comparison between the part lcad goint results on the single
and 4-cylinder engines is given in Figure 4-11ams of NQ versus soot emissions.
In general, the match achieved between enginesdgdeexpectations. As described,
the key points P2 and P5 represented the worsehestior both N@ and soot
emissions. The discrepancies in Némissions were small relative to the impact of
load and at key point P5 were linked with the AFR&nlg higher and the EGR rate
being lower than on the 4-cylinder engine. Howeatdtey point P2, they were mainly
due to a compromise between N@®missions and fuel consumption, as a more
retarded injection timing would have improved thé&,Nemissions match but
worsened the fuel consumption agreement. The isetkaoot emissions at key point
P5 seemed to be linked to the poor utilisationigf owever this was improved by
optimising the injector-nozzle position relativetbe piston bowl.
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Figure 4-11: Part load NQ, and soot emissions comparison summatry.
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A summary of the comparison between the part lcad goint results on the single
and 4-cylinder engines in terms of fuel consumptiensus load is given in Figure
4-12. In general, the match achieved between esgwes also good but not so
surprising since fuel consumption was one of theupaters matched in most of the
investigations. The single-cylinder engine loadnse@ to be consistently lower than
on the 4-cylinder engine. Only key point P2 preedra large deviation. It is believed
that the imprecision of the gross load measurernent the 4-cylinder engine may be
a cause for this. Equally, the reference pointctetewas 1.2 °CA later than for the 4-

cylinder engine, which is expected to increaseftie consumption and explain the
variation in fuel consumption.
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Figure 4-12: Part load fuel consumption and load aoparison summary.

4.6 Conclusions

The engine matching exercise focused on the denedapof a single-cylinder engine
to make it behave like its 4-cylinder version oaalange of key operating points. The
transfer of 4-cylinder engine Euro 5 operating é¢bons to the single-cylinder engine
and its subsequent fine tuning have been describedpite a few discrepancies

observed in terms of smoke emissions, mostly resblyy changing the injector-
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nozzle protrusion, transferability between engiies been demonstrated, which
confirms the suitability of the single-cylinder emg for the future planned

investigations in the research programme. The mamelusions from this chapter are:

. Representative blow-down pressure curves and puwnpiosses at
4000 rev/min full load and at the other key poirisid be achieved by the use
of an orifice plate of 27 mm in diameter and spedifackpressure valves
settings. This yielded representative intake artthest events in the single-
cylinder engine

. Despite representative intake and exhaust evdmsgas dynamics were not
identical due to the mismatch in charge-air, EGR exhaust flows. Therefore
a re-optimisation of the swirl throttle position svandertaken for the three
primary key points using the swirl throttle

. Since the injection-system control was slightlyfetiént to that of the 4-
cylinder engine, a re-optimisation of the main-atien timings was
undertaken

. Reference values for NOsoot, smoke, HC, CO emissions, noise, gross load
and fuel consumption were established as basefmreshe evaluation of
potential engine operating conditions on the B#Rdsingle-cylinder engine

. Links between NQemissions and the initial and maximum gradientshef
instantaneous heat release have been suggestdiis Atage, no links were
found between NQemissions and the maximum instantaneous heaseelea

. Increased soot or smoke emissions compared with-thyinder engine led to
additional investigations, which highlighted that iacreased injector-nozzle
protrusion was beneficial in terms of air utiligatiand resulted in closer soot
or smoke emissions

. Improvements in the experimental set-up and presesgere identified and
implemented to facilitate the subsequent investigat and to improve data

quality.
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5 HARDWARE FOR FUTURE ENGINES

5.1 Introduction

Improvements in the design of engine hardware haee potential to be major
contributors towards reducing emissions, as ha® lilkestrated in Section 2.2.3.
Reducing compression ratio has shown evidence ofedsing NQ@ emissions as
mentioned by Takeda et al. (1996), Gatellier andt&/g2002) and Araki et al.
(2005), as it contributes to reduced combustiorptatures. It is an established fact
that reductions in combustion temperature lead éduced NQ emissions, as
illustrated in Figure 2-3 by Nakayama et al. (2008he aim of the reduced
compression ratio is to bring the in-cylinder temgperes, hence flame temperatures
downwards during the combustion in Figure 2-3. Thigte to reduced NGemissions
has not been implemented to date due to its asedcregative effect on cold-start
capability. In view of the developments in coldrstéechnology and with the
appearance of variable compression ratio technolgggerated either geometrically
or thermodynamically, this route now appears toabieasible hardware option for
future engines. It offers a simple means of redyd®I®©, emissions when compared
with NOy after-treatment systems. Furthermore, reducingctimpression ratio also
offers specific power output benefits at full loaince the maximum in-cylinder
pressure reached for a given inlet-manifold presssireduced. This gives scope for
more advanced injection timings, reducing smokessions and exhaust-manifold
temperatures, and hence the possibility to injecremfuel before reaching the

maximum exhaust-manifold temperature and smokedimi

In order to exploit these possibilities modificatsowere made to the piston to reduce
the compression ratio from 18.4 to 16.0:1. In additto the compression ratio
change, the inlet ports were modified in ordemicréase their flow capabilities. This
effective increase in volumetric efficiency was @opanied by a need to reduce the
minimum level of swirl of the cylinder head as wasnd necessary at full load. The
increased volumetric efficiency of the cylinder tidaas two potential benefits: an
increased air mass flow or a reduced inlet-manifmessure requirement from the
turbocharger for the same air mass flow. These fications were implemented in

the Build #2 engine, described in more detail int®a 3.5.
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The main objective for the investigations reporedhis chapter was to understand
the impact of compression ratio on the fuel-airimgxand combustion characteristics
at part load. For this part of the study, threenarry key points were selected and
injection-timing investigations conducted in Buildl engine were repeated in
Build #2 engine whilst maintaining all other opangtconditions fixed. A comparison
was made between the emissions and fuel consumpbtained on the two build
versions. Analyses were also carried out that taige the variations in emissions
and fuel consumption with in-cylinder and combusticharacteristics. Manipulated
in-cylinder pressure data have been presented tamswise the impact of
compression ratio as well as of injection timingtbe combustion characteristics. A
schematic summary of their impact on the fuel-aixing and the combustion
temperatures is also given. Although this appradms not offer a direct comparison
between optimised operating conditions, it isolaieel compression ratio effect and
offered a detailed understanding of its impacteaahd objective was to compare the
effects of both compression ratio and volumetrificefncy on the in-cylinder and
combustion characteristics at full load.

5.2 Analysis at part load

5.2.1 Comparison process

The investigations detailed in present chapter vedreonducted using the 7 hole,
680 cc/min flow, 154 ° cone angle, 0.76 coefficiehtlischarge injector nozzle and a
1.6 mm protrusion washer. The compression rationedsced from 18.4 to 16.0:1 by
increasing the piston-bowl volume from 22.0 to 2éc3 This was done by reducing
the size of the centre-pip of the piston bowl withmodifying the squish effect of the
combustion chamber, as shown in Figure 3-7. It Wessefore expected that the
impact of the centre-pip would be negligible on &ons and fuel consumption at
most conditions since it had little influence ore ttuel-air interactions even at full

load, where the fuel-air and piston-bowl interactioare essential for good air
utilisation, as shown in a computational fluid dgme result at full load in Figure 5-1.

In the present investigations, the impact of thetreepip would not be dissociable

from the effects of the compression ratio.
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Figure 5-1: Key point F3 fuel spray interactions wih piston bowl.

Key points P1, 1500 rev/min 3.0 bar GIMEP, P3, 268&0min 7.7 and P4, 10.8 bar
GIMEP were the primary key points chosen for théseestigations as they
represented key points ranging from light to highd conditions. Two preliminary
remarks can be made concerning the approach. Téleoine concerns the pilot-
injection operating conditions used at key pointsalRd P3 to reduce noise. In order
to make a realistic comparison between the engimag-optimisation of the pilot
injection was conducted for the lower compressiatiorBuild #2 test points since
Build #1 engine pilot-injection operating condit®rwere not transferable. It is
believed that the reduced in-cylinder pressures tmdperatures suppressed the
combustion of the pilot injection. This increaské premixed-combustion phase and
led to increased noise. Their re-optimisation cstesi in reducing the separation and
increasing the quantity, thereby preventing thetpijection from over-leaning and
ensuring its combustion before the main injectionce the pilot injections redefined,

their pulse duration and their separation fromrttaén injection were fixed.
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Figure 5-2: Impact of pilot-injection operating corditions on level of noise.
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The second remark concerns the level of swirl. $el throttle position was kept
fixed from one engine build to the other, despiteading to reduced levels of swirl
in Build #2 engine. This approach was chosen iateampt to highlight the effect of
the volumetric efficiency alone at part load, bnotfact, little effect of improved
volumetric efficiency was seen at these operatiogditions where inlet-manifold
pressures were not high enough. Volumetric efficyewill therefore not represent
part of the analysis. A swirl response was caroetlat key points P2 and P4 with all
other operating conditions fixed to understand imgact on emissions and fuel
consumption. N@and soot emissions are shown in Figure 5-3 ane@m@sions and

fuel consumption in Figure 5-4.

15.0 1.5
J P4 . .
12.0 - —— 1.2
\{ °
< . <
O) . O)
> 9.0 1093
3 3
7 7
£ 6.0 106 g
X X
: | - :
3.0 | R L 0.3
0.0 0.0
12.00 -
=
3
> 9.00 -
IS5
)]
@
£ 6.00
°
o
0
3.00 -
0.00

Swirl throttle position (% shut)
Figure 5-3: Swirl impact on NG, and soot emissions in Build #2 engine.
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Figure 5-4: Swirl impact on HC emissions& fuel consumptionin Build #2 engine.

The varying level of swirl had no significant effem NQ, emissions nor did it affect
fuel consumption, however, its increase did leadlightly reduced HC emissions.
The main consequence of operating with fixed sthimbttle positions was expected to
be on soot emissions, as can be seen from thergspbnses in Figure 5-3. For lower
and medium loads, represented by the key pointiH@2more the swirl increased, the
more soot emissions were reduced. This contrasidd the response obtained in
Section 4.5.2 and is thought to be linked with faet that this response was
conducted at a higher EGR rate and hence longeriguition delay. This minimised
the diffusion combustion whilst the swirl increasttee mixing. However, at the

higher load, represented by key point P4, the aszan swirl had little effect up to a
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certain threshold, after which a further increase o higher soot emissions. It was
believed that at high loads, where there was amitapt part of diffusion combustion
around the fuel spray plumes, an initial increassewirl had a minimal impact. This
may be linked with the fact that swirl does notatfthe liquid phase of the spray, as
described by Browne et al. (1986). However, a frrihcrease would lead to gaseous
fuel plume-to-plume interactions, which result ip@orer mixing and a rapid rise in
soot emissions. These results indicate that bydithe swirl throttle position from
Build #1 to Build #2 engines, hence reducing thell®f swirl, soot emissions should
increase at the same operating condition follovilmg green arrows added in Figure
5-3.

Injection-timing responses conducted during thglsimo 4-cylinder-engine matching
on Build #1 engine were repeated on Build #2 endiaticular attention was given
to match the Build #2 engine operating conditionthwhose of Build #1 at each key
point in terms of AFR, EGR rate, injection pressurdet-manifold temperatures,
swirl throttle position and backpressure valvesirsgs. The only changes made were
in terms of pilot-injection operating conditionslegined and the level of swirl altered
as a consequence of the new cylinder head. Oncadbeh was complete, injection-
timing responses were conducted maintaining allabweditions fixed and adjusting
only the main-injection quantity to achieve thedod@hese covered the injection-
timing range investigated in Build #1 engine. Thad used as target was the gross
load since it was an accurate measurement on kegiglinder engine and it enabled
the investigations to focus on the compression exjhnsion strokes and to avoid
complications with the pumping and friction loss€kis is summarised in Figure 5-5,
representing a schematic of the engine, similathéd presented in Chapter 4. The
same colour scheme as earlier has been appliée toperating conditions. This was
also applied to the hardware, as some of it has lmdmnged for the present
investigations. A summary of the values or rangeshe operating conditions and
hardware is given in Table 5-1. The parameterssiiyated and shown in red are the
injection timing and the compression ratio, varigg increasing the piston bowl

volume.
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Figure 5-5: Operating conditions and hardware modifed during investigations.

11”2

Values or ranges investigated
Chapter 4 5 4 5 4 5
Key point P1 P3 P4
Speed (rev/min) 1500 2000 2000
Gross load (bar GIMEP) 3.0 7.7 10.8
Compression ratio (-) Chapter 4: 18.4:1 / Chapter 5: 16.0:1
Piston-bowl volume (cc) Chapter 4: 22.0 / Chapter 5: 26.3
Injector nozzle 7-hole, 680 cc/min, 154 °, 0.76 coefficient of diatge
Protrusion washer (mm) 1.6
Main-injection quantity Adjusted to maintain load
Injection pressure (bar) 545 1070 1190
Pilot-injection durationis) | 300 350 210 250 N/A N/A
Pilot separation (°CA) 26.0 19.0 33.0 16.0 N/A N/A
SOI 2 (°CA ATDC) -5.0t0 3.0 -4.0t0 2.0 -1.0t0 3.0
Wet EGR rate (%) 45.4 313 21.3
Dry AFR (-) 29.3:1 21.6:1 21.1:1
Swirl throttle (% shut) 46 64 0
Inlet temperature (°C) 88 68 58
Backpressure valves 1: 24.0 half turns &| 1: 23.5 half turns & 1: 23.0 half turns &
settings 2:shut 2:shut 2:shut

Table 5-1: Main operating conditionsand hardware valuesor rangesinvestigated.
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A comparison of the operating characteristics @ ttvo engine builds was then
undertaken and explanations for the impact of loe@mpression ratio were sought
by analysing the in-cylinder and combustion chamastics. These analyses were
based on the in-cylinder pressure data of the lghdwn in the Figure 5-6. It
represents a single-cycle in-cylinder pressureetkgith its associated rate of pressure
change, for identical operating conditions on berigine builds at key point P3. The
main operating conditions held constant were th& AF21.6:1 and the EGR rate of
31.3 %. The fact that the level of fuelling wasntleal in both cases meant that the
AFR match corresponded to a match in the trappechass. As this was achieved for
identical inlet-manifold pressures in both engined leads to the conclusion that the
impact of the higher flow head was negligible attload. An injection timing and
pressure of -2 °CA ATDC and 1070 bar were used. illet-manifold temperature
was controlled to 68 °C and the swirl throttle piosi was held constant at 64 % shut.

The value of compression ratio is thus the onlfed#nce between the two cases.

80.0

~—4 ——In-cylinder pressure
v differences
S 60.0
)
o
2
g 1007 Angle of start
8 of combustion
_E 20.0 differences .
0.0

D
o
|

‘—PS #2 | | |
P3 #1
Initial and maximum

gradients differences

N
o
|

Rate of pressure change (bar/ms)
N
o

A r q,' ""'M
0 1 M h ‘A\'Q ﬂ‘u‘\ ‘ll"'ﬂ“'ﬁv M"vt'"
. 'r ' 1 ll
0 Combustion ! N
duration difference
—

—40 T T T

-60.0 -20.0 20.0 60.0 100.0

Crankangle (deg CA)
Figure 5-6: In-cylinder and combustion characterisics analysed for key pointP3.
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The main characteristics analysed were the in-dglinpressure and temperature
during the injection and at start of combustior, &mgle of start of combustion and its

duration, the rate of pressure change and its maxivalue during the combustion.

5.2.2 Impact on NQ emissions

Figure 5-7 shows the impact of compression ratioN@y emissions recorded at the
three loads tested. As observed in Chapter 4, &ifissions decreased as the injection
timing was retarded. NOemissions were all lower when the compressiom nafis
reduced from 18.4:1 to 16.0:1. The reductions weoge pronounced at the higher
load key points P3 and P4 than at key point Pk believed that the limited high-
temperature, stoichiometric combustion at the liglaid key point P1 offered small
potential benefit from the lower compression ratks the injection timing was
retarded, the emissions differences between ergiilds became negligibly small.
This would suggest that the impact of the differemtcylinder pressure and
temperature was reduced, as was already the cieg point P1. This highlights that
NOy emissions were mainly controlled by other paransetexpected to be AFR and
EGR rate.
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Figure 5-7: Impact of compression ratio on NQ emissions.
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As can be seen in Figure 5-6, the effect of redudhe compression ratio on the
maximum rate of pressure change at key point P3sivasar to retarding injection
timing as observed during an injection-timing rasgmat key point P2 in Figure 4-7:
the rate of pressure change reached a higher Jalutne case of the lower
compression ratio engine, and yet, led to lowery, Nissions. In this case, it
illustrated that these emissions were not linkethihe maximum rates of pressure
change and indicated that the premixed combustionta maximum rate of pressure
change were not indicative of NGmissions. This corroborates conclusions by
Heywood (b) (1988) that premixed-combustion repmesa far smaller contributor of
NOy emissions compared to diffusion combustion. A etasspection of the initial
gradient in the rate of pressure change in Figufe rBvealed a lower gradient,
indicative of a slower rate of combustion in theeaf the lower compression ratio.
However, after the initial phase, it is believedttan increased portion of premixed-
fuel burning simultaneously compensated for thevstorate of combustion. This
cumulative effect led to both a steeper gradierthanrate of pressure change and a
higher maximum rate of pressure change at key g@titThe maximum rates of
pressure change for the three key points testedea®en in Figure 5-8 and confirm
these observations for key points P3 and P4. Txptaeation is consistent with the
high noise recorded with HCCI combustion. Usudiigh noise or NQemissions are
associated with high rates of pressure changeg dinese imply a rapid rate of
combustion during premixed-combustion, leading togh increase in the in-cylinder
temperature, and hence a rapid rate of combustmimgl the diffusion-combustion
phase, thereby leading to ideal Nforming conditions. However, it is thought that a
high rate of pressure change, hence noise, witiglayh but not fully, premixed-
charge combustion should be considered as an trahcaf both how fast a rate and
how large the premixed-combustion is rather thaapaesentation of NOemissions.
At the light load key point P1, where there wadyfpremixed-charge combustion,
the slower rate of combustion of the same amountfuet due to the lower
compression ratio or retarded injection timing diso to a lower maximum rate of
pressure change. The impact of reducing compressita on a fully-premixed-
charge combustion reduces the rate of combustibichwis not compensated for by

an increase in the premixed fuel quantity, andltesu a slower combustion.
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An additional comment can be made concerning thmat@ns with injection timing

at each key point. Key point P1 results are expettide the most accurate since they
were obtained for fully-premixed-charge combustiarisch were characterised by a
smooth rate of pressure change profile. Howevetaioing a maximum rate of
pressure change during combustions where both peeivand diffusion combustion
were present was more difficult. The pressure lagiwhs captured by the in-cylinder
pressure transducer led to large variations in réerded values. It is why the
maximum rates of pressure change were manuallyetefrom the actual pressure
curves at key points P3 and P4 in Figure 5-8 arydpként P4 results showing high
deviations.
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Figure 5-8: Impact of compression ratio on maximunrate of pressure change.

Also visible for key point P3 in Figure 5-6 is thmmpact of a reduction in the
compression ratio on the in-cylinder pressure, ceduy 14 bar at TDC for similar
inlet-manifold pressures. This obviously has a dirempact on the maximum
temperature reached before combustion and thereiorthose reached during the
combustion. The temperatures were calculated usineg perfect gas law and
polytropic coefficients derived from each set ofjtispeed data. The in-cylinder
pressures and temperatures reached at the momaumtosignition as a function of the
injection timing are shown in Figure 5-9 for theeh part load key points and two
compression ratios. The temperatures were reduoed 260 to 230 °C at key point
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P1 and from 175 to 150 °C at key point P4 in Be#ildengine. This did not represent
a large reduction relative to the peak flame temoees but it would act in two ways.
Firstly, it would increase the mixing time by ddlay the auto-ignition, which reduces
the starting temperature for the combustion andorsdly, would reduce the rate of

combustion, as the fuel-air mixing would reduce poetion of stoichiometric fuel-air
mixture.
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Figure 5-9: Impact of compressionratio onin-cylinder pressureand temperature.
An observation was made earlier on the diminishimgact of the compression ratio

on NQO, emissions as the injection timing was retardethattwo higher loads. The

fact that NQ emissions converged at the most retarded injedtroimgs in Figure
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5-7, but that the in-cylinder pressures and tentpeza did not, indicated that these
emissions were not solely dependent on pressutengrerature. This contradicts the
generally accepted strong link between temperatatrése start of combustion during
the combustion and NCemissions. This is believed to be linked with ttegure of
the combustion. At the light load key point P1,exiamination of the rates of pressure
change showed that the combustion resembled agudiyixed-charge combustion
for both engine builds and at all injection timingghis led to very similar NO
emissions in both cases, which were thereforedessitive to in-cylinder pressure or
temperature. On the other hand, an observatioheofates of pressure change at key
points P3 and P4 revealed a change in the combuype during the injection-timing
response. It progressed from combined premixed daffidsion combustion at the
most advanced injection timings to largely premixbdrge combustions at the more
retarded injection timings. The fact that N@missions converged as diffusion
combustion reduced consolidated Heywood (b) (1988jhclusions that NO
emissions formed during diffusion combustion oflase-to-stoichiometric mixture
are very sensitive to in-cylinder pressures andoratures. These results imply that
NOy emissions formed during premixed combustion ass Efected by in-cylinder
pressure or temperature and highlight the existeatethe third factor, the
combination of AFR and EGR rate or local oxygenaaration, which seems to
become dominant below a certain temperature thigéstroduring fully-premixed-

charge combustions.

The effect of reducing the compression ratio on ridwe of pressure change was
similar to that of retarding the injection timingoth these measures retarded the start
of combustion for similar injection timings and ogéng conditions. This led to
improved mixing, reduced in-cylinder temperaturasd therefore reduced high-

temperature, close-to-stoichiometric diffusion carstion.

5.2.3 Impact on soot emissions

The impact of the compression ratio on soot emissie displayed in Figure 5-10 in
terms of smoke emissions. It shows the variaticihethree loads tested with the two

compression ratios and was chosen instead of so@s®ens to relate the results
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directly with the smoke meter measurement accuodcy/- 0.2 FSN. The impact of
the compression ratio was not as pronounced asN@hemissions, but its reduction
did lead to lower soot emissions within the measien® accuracy of the smoke
meter. The Build #2 engine emissions results bekaw#arly to the emissions in the
Build #1 engine at each load. However, since theselts were obtained with reduced
levels of swirl, which would tend to increase sewotissions (based on Figure 5-3) any

reductions gain in significance.
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Figure 5-10: Impact of compression ratio on smokergissions.

The compression ratio showed a small effect attbker load key points P3 and P4,
where the largest difference of 0.5 FSN was reabatekey point P3 when injecting
at 2 °CA ATDC. The main effect was seen at thetlighd key point P1 where smoke
emissions were almost halved in Build #2 engine gan@d with Build #1 engine. It is
believed that PM was formed during the combustioBuild #1 engine but that in-
cylinder temperatures were too low to promote gstgcombustion oxidation. In the
case of Build #2 engine, it is believed that theréased mixing associated with the
lower compression ratio suppressed PM formatiamieating the need for high in-

cylinder temperatures for the oxidation process.
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Despite soot emissions resulting from complex phema, such as fuel-air and
piston-bowl interactions, in-cylinder and combustipressures and temperatures,
some explanations can be found for these resufts.ldwer in-cylinder pressures at
start of injection, as can be seen in Figure 5etlte three part load conditions, and
the associated lower temperatures at start oftiojedn Build #2 engine are believed

to contribute to the emissions differences.
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Figure 5-11: Impact of compression ratio on pressug at start of injection.

Pressure at real start of injection (bar)

The lower in-cylinder pressure environment allows tuel spray to penetrate further
into the combustion chamber, which improves theusilisation. The lower pressures
and temperatures also lead to increased autoagnitelays, as shown by the angles
of start of combustion obtained during the injegttoning responses at key points P1,
P3 and P4 in Figure 5-12. For comparable injectiorings, the combustion started
generally from 2 to 4 °CA later. These increasetb-a&gnition delays were in line
with spray-rig observations made by Crua (2002) Ticreased delay resulted in
longer mixing times and hence larger premixed-costibo phases and less diffusion
combustion. The impact of the lower pressure amdeased auto-ignition delay are
cumulative, since the delay also allowed more timethe fuel to penetrate still
further. In parallel with these explanations, ie®s soot emissions result from a
balance between high combustion temperatures duiififigsion combustion, which
promote soot oxidation, and limited diffusion corabon, avoiding soot formation. It
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is useful to note at this stage that soot emissimicseased as NOemissions

decreased when the injection timing was retarded.
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Figure 5-12: Impact of compression ratio on auto-igition delay.

5.2.4 Impact on fuel consumption

Compression ratio did not seem to affect fuel comstion very much, as seen in
Figure 5-13, which shows the fuel consumption dyiimection-timing responses at
the three loads tested in both engine builds. Tterence between engine builds was
close to the measurement accuracy of +/- 1.0 % raag therefore be considered
negligible except at key point P4, where a clearaase in fuel consumption is seen.
Since the tests were carried out at fixed grosgcated load, the fuel consumption
was a measure of the fuel conversion efficiency eokcealed any differences in
friction. Fuel consumption increased as expectetth@snjection timing was retarded

to maintain the load constant. One of the justifares for reducing compression ratio
was that the combustion efficiency would fall malewly than the friction, as

suggested by Taylor (1984), thereby increasingalvengine efficiency. It suggests
the possibility of reducing NO emissions whilst maintaining similar fuel
consumption or of maintaining similar NOemissions for an improved fuel

consumption by advancing the injection timing.
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Figure 5-13: Impact of compression ratio on fuel casumption.

As can be deduced from the in-cylinder pressumetat key point P3 in Figure 5-6,
the combustion was later with Build #2 engine for identical injection timing.
However, results in Figure 5-13 indicate that te@mded combustion obtained with
Build #2 engine resulted in a similar fuel consuimpt It is believed that a faster
global burn compensates for the later start of amstibn and reduced initial rate of
combustion. This can be illustrated for the threet gjoad conditions tested, by
examining the angle of 50 % burn, Figure 5-15, #mal time to 50 % fuel burn
derived from the angle of 50 % burn and the anglstart of combustion, Figure
5-14. The angles of 50 % burn were all more thafiCA later in the lower
compression ratio case, which was equivalent &rdetg the injection timing by the
same angle. However, the time required to burn fir@ 50 % of fuel was
systematically shorter in the lower compressionioragngine, which suggests
compensation for the retarded angle of 50 % butrnthA higher load key point P4,
where the fuel consumption clearly increased whth Build #2 engine, despite the
time to 50 % burn being much shorter, this did trahslate into a combustion
efficiency increase. It is expected that the phgsihthe combustion relative to TDC
is a greater factor in fuel consumption than thmdisy of the combustion of the first
50 % of the fuel, especially at the higher loadate3nents concerning the combustion
duration can not be made because of the lack afgioa in determining the angles of

end of combustion. However, an examination of e of pressure change traces
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obtained during the different responses suggesiedambustion duration decreased

at high loads and increased at light loads.
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Figure 5-14: Impact of compression ratio on burn duation.
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Figure 5-15: Impactof compressionratio on combustionphasingrelative to TDC.
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5.2.5 Impact on HC and CO emissions

The impact of the change of compression ratio ondftissions is shown in Figure
5-16, where the results for each of the three l@mdspresented for both compression
ratios. The largest increase was observed at thesloload condition key point P1

and the effect of compression ratio became lessgomaced as load increased.
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Figure 5-16: Impact of compression ratio on HC emsons.

It is believed that the conditions for HC formatiare more prevalent at light loads
with lower in-cylinder pressures and temperatureading to over-leaning and
guenching of the flame and thus to HC emissiong Jdme causes behind low soot
emissions with the lower compression ratio engiree lehind the increase in HC
emissions: the reduced pressure at the start e€tiop and the longer penetration
time allowed by the increased auto-ignition delagréase the penetration of the fuel
spray into the chamber. This leads to excessivéaiuedilution from increased
mixing at the boundary of the mixture. In additidhe increased penetration of the
fuel spray is more likely to reach the colder cgtn walls, as in gasoline applications,
which provides ideal conditions for flame quenchargl incomplete combustion. It
was found that CO emissions varied similarly to el@issions. The findings related
to HC emissions are therefore also considered yaticCO emissions. The extreme

case of fully-premixed-charge combustion could neld€ and CO emissions as high
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as those seen in gasoline engines. It is accep&tdhe oxidation of these emissions
could be dealt with by after-treatment. Howeverge theduced combustion
temperatures and hence engine-out temperaturesiiead to concern for the after-

treatment system efficiency since it is designedperate at elevated temperatures.

5.3 Summary of impact of compression ratio and injectia timing

For any operating condition the pressure-time hystiver the relevant part of the
cycle can be manipulated to yield an indicationthaf variation of instantaneous heat
release with time. This is done by subtractingalenent of pressure due to motoring
and differentiating the resultant curve. This regsl a rate of pressure change
comparable with the instantaneous heat releassitmgier to obtain. This procedure
has been applied to the data from all three kentpaionsidered in this chapter and
schematics of the results are displayed in Tabk Bhe results shown are valid
whether reducing compression ratio or retardingrtjeetion timing as it is suggested

that both measures affect the combustion behaincine same way.

There are two main types of behaviour identifieohfrthe present work, which are
dependent on the initial nature of the combustiwinether it is initially a combined
premixed and diffusion combustion or a fully-presdxcharge combustion. The first
is for the higher loads such as key point P4, whbee impact of retarding the
injection timing or reducing the compression rahoreases the auto-ignition delay
and hence the premixed-combustion phase whilstcredudiffusion combustion. An
observation made from the rate of pressure charaped was that the reducing
portion of diffusion combustion decreases the castibn duration. The increase in
fuel burned during premixed-combustion leads to apparent higher rate of
combustion, visible by the steeper gradient ofwheation and a higher peak in the
maximum rate of pressure variation. It is sugge#tatithe steeper gradient in the rate
of pressure change is an effect of the increaseduamof fuel available for the
premixed combustion and but that the visibly slowage of pressure change during
the initial phase of the combustion confirms thdumed rate of combustion. The
second behaviour identified is for the lower loash as key point P1, where

retarding the injection timing or reducing the cosgsion ratio affects an already
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fully-premixed-charge combustion. The rate of costlmn decreases as in the case of
the higher load, which results in a slower comlamustiThe gradient of the variation
and its peak are both reduced and the end of tid@gstion occurs later. At key point
P3, a combination of both types of behaviour waseoked during an injection-timing
response as the combustion developed from combpredhixed and diffusion
combustion to a fully-premixed-charge combustiolne profile of the traces of rate of

pressure change during this is depicted at thetépgure 5-17.

Ke Impact of reducing
oir>|/t compression ratio or Summary Observations
P retarding injection timing
Increasing T

a ratio Steeper gradient
ge] Higher peak
S Later 50 % burn
= -« Shorter 50-0 % b_urr
=) \_y Shorter combustion
T Retardin \ duration

injection , ¢ '

- Diffusion combustion becomes
timing . .
premixed combustion
Increasing \

compression Slower initial rise
E ratio Lower gradient
-% — Or Lower peak

. Later 50 % burn
o
— Rgtardmg Longer 50-0 % burn
5 Injection Longer combustion
3 timing f duration
Rate of fully-premixed-charge
combustion decreases

Table 5-2:Compressionratio & injection timing impact onrate of pressure
change.

A schematic summary of the impact on the combugtimtesses of reducing the in-
cylinder pressures and temperatures during thetioje either via compression ratio
or injection-timing change is given in Figure 5-IIhe auto-ignition is delayed in
both cases which increases fuel-spray penetratidrgaves opportunity for increased
fuel-air interactions. The combustion changes fammbined premixed and diffusion
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combustion to a fully-premixed-charge combustioc@mpression ratio is reduced or
injection timing is retarded. The disappearancediffusion combustion leads to
reductions in the associated Némissions, since it is a close-to-stoichiometrigh-
temperature environment favourable to ,N@ormation. Once the diffusion
combustion fuel has been converted to premixed-cstidn fuel, the premixed-
combustion will be characterised by higher leveianstantaneous heat release or
rates of pressure change. These will increasentoglinder temperatures, however,
the fact that the mixture has moved further awafistoichiometry avoids high NO
formation. Further reductions in compression ratioetarding of the injection timing
will result in clear reductions in the rates of ggere change, hence in combustion
rates, which will result from the leaning out oktmixture. Further NQemissions

reductions would be associated with undesirableases in HC and CO emissions.
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Figure 5-17: Summary of the impact on mixing and cmbustion characteristics.
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5.4 Analysis at full load

5.4.1 Comparison process

As well as the compression ratio reduction for 84 engine, the inlet ports were
also modified to increase the volumetric efficiermfythe cylinder head. This had the
effect of limiting the notional turbocharger reanrents or increasing the EGR rate or
AFR of the engine for the same inlet-manifold poess The effect of changing
compression ratio was expected to be seen acresspted and load range, whereas
the increased volumetric efficiency was expectebdawe its main influence at higher
load where the inlet-manifold pressures requiredevieghest. The 4000 rev/min full
load key point F3 was therefore used to investighgecombined impact of lower
compression ratio and increased volumetric efficyelas both measures would have a
visible impact. A similar approach as in the pressection was used to obtain Build
#2 results for these investigations, therefore rédevant operating conditions and
characteristics shown in Figure 5-5 remain validbl& 5-3 gives a summary of the

values or ranges of the operating conditions amdwere used.

Analogous in-cylinder pressures to those obtainedngd the single to 4-cylinder
engine matching on Build #1 engine were targetedBoid #2 engine during the
injection-timing response in order to fully explothe potential of reduced
compression ratios at full load as described iniSe@.2.3. Particular attention was
given to matching AFR, injection pressure, inletrifi@d temperature, swirl throttle
position and backpressure valves settings and emaing them steady during the
response. Both the load and the level of fuellibtamed during the Build #2 engine
testing phase were a few percent higher than tfiose the Build #1 engine testing.
However, since both have increased, the speciBt dansumption calculated using
the gross load was closely comparable to the Btiléngine test results, which made
the comparison of the results valid. A comparisbthe operating characteristics of
the two engine builds was then undertaken and eapitans for the combined impact
of lower compression ratio and higher volumetriicefncy were sought by analysing

the in-cylinder and combustion characteristics.
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Values or ranges investigated

Chapter 4 5
Key point F3
Speed (rev/min) 4000
Gross load (bar GIMEP) 17.1
Compression ratio (-) 18.4:1 16.0:1
Piston-bowl volume (cc) 22.0 26.3

7-hole, 680 cc/min, 154 °, 0.76

Injector nozzle coefficient of discharge

Protrusion washer (mm) 1.6
Main-injection quantity Adjusted to maintain load
Injection pressure (bar) 1567
Pilot-injection duration(s) N/A
Pilot separation (°CA) N/A
SOI 2 (°CA ATDC) -15.0 t0 -19.0 -19.0 to -26.0
Wet EGR rate (%) 0.0
Dry AFR (-) 20.1:1
Swirl throttle (% shut) 0
Inlet temperature (°C) 57

Backpressure valves settings|  1: open & 2: 20.0 half turns shut

Table 5-3: Main operating conditionsand hardware valuesor rangesinvestigated.

5.4.2 Impact of higher volumetric efficiency

The effect of the increase in volumetric efficiera@n be seen in Figure 5-18 where
the levels of inlet-manifold pressures requirechthieve the same AFR are shown.
The figure clearly shows the reduced inlet-manifptéssure requirements with the
higher volumetric-efficiency cylinder head. Thisailsthe more persuasive as the tests
were carried out at a fixed AFR of 20.1:1 (+/- Qblt at a higher load in the case of
the lower compression ratio engine. Higher fuellatgconstant AFR implied a need
for more air, however, as a result of the increasddmetric efficiency of the engine,
this could be met without increasing the inlet-nfialdi pressure. This re-emphasised
that the improved flow characteristics of the cgkn head enabled at least equivalent
trapped air mass in the cylinder for equivalentlarer levels of inlet-manifold

pressure.
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The higher volumetric efficiency of the cylinderdake offers potential reserves in
inlet-manifold pressures, which can be used in séweays. They allow the load to
be increased, as in the present case, whilst ni@imgaa similar AFR, thereby
limiting the increase in smoke emissions at thééidoads. Alternatively, the engine
can be operated at the same load condition witiglzeh AFR, hence reducing smoke
emissions, which was the reason behind the AFRease tested in Section 4.5.3. The
engine can be operated at the same part load mmdit a higher EGR rate whilst
maintaining the AFR, hence reducing Né€missions. Finally, the turbocharger size
can be decreased in order to improve the transgspionse of the engine due to the

smaller inertia of the turbine.
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Figure 5-18: Impact of volumetric efficiency on inkt-manifold pressure.

5.4.3 Impact of compression ratio

The analysis of the effect of compression ratitutitioad is focused on performance
and on smoke emissions. With a lower compressitio, rtne performance can be
increased since the injection timing can be advduactew degrees crankangle before
reaching the in-cylinder pressure limit, as cansben in Figure 5-19. It plots the
maximum in-cylinder pressures reached as well asatigles of start of combustion

obtained during the injection-timing response inheangine build.
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Figure 5-19: Impact of compression ratio on combugin characteristics.

Both engine builds follow the expected trend of bastion, that is, occurring earlier
and reaching higher maximum in-cylinder pressursstt@e injection timing is
advanced. The reduced compression pressure of Btldengine offered the
possibility of an advance of 7 °CA compared to teliest injection timing in
Build #1 engine before reaching the maximum infeydir pressure limit. This results
in a higher load in itself and also offers scopeificreasing the injection duration
whilst remaining within the exhaust temperatureitliralso represented in the figure.
The lower compression ratio offers possibilitieseduce smoke emissions, which are
a limiting factor at full load since, although n@gulated, smoke visibility must be
limited at the exhaust pipe. This is illustratedFigure 5-20, where lower smoke
emissions were obtained with the Build #2 engirespite it operating at a slightly
higher load. Soot emissions are closely linked whih in-cylinder conditions, such as
temperature and pressure, as well as the pistottiggosind fuel-air interactions.
Lower levels of swirl are likely to assist in theduction of smoke emissions at full
load as they prevent gaseous fuel plume-to-plunterdantions, which resulted in a
sudden rise in soot emissions as can be seen apday P3 in Figure 5-3. It is
expected that the sudden rise in emissions woutdraat lower level of swirl as the
load increases. In addition, by virtue of the restupressure and temperature, the
lower compression ratio engine showed a 2 °CA loraggto-ignition delay for a

similar injection timing, as shown in Figure 5-IFhis will promote the mixing by
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increasing the fuel-spray penetration, as will thieger auto-ignition delays. The
diffusion-combustion phase will be reduced, thereducing the soot formation. In
addition, the more advanced injection timing leadsearlier combustion, which
increases the residence time of soot emissionsygimog their oxidation process in

the hot in-cylinder environment after the combustio
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Figure 5-20: Impact of compression ratio on smokersissions.

5.5 Conclusions

It is a well-known fact that NQemissions are reduced when the combustion
temperatures are lower. Reducing the compressiom cantributes to a lowering of
the combustion temperatures. Modifications were ene the engine hardware to
reduce the compression ratio from 18.4 to 16.0tre@ part load key points were
investigated with both compression ratio enginédsuby conducting injection-timing
responses with all the other operating conditiogst kconstant. A detailed analysis of
the results has yielded an improved understandiriigeoimpact of compression ratio
on the combustion characteristics. The resultsndidrepresent an optimised engine
calibration but enabled the isolation of the impaictompression ratio and injection
timing on the emissions and fuel conversion efficie Similar emissions and fuel

consumption trends to those obtained by Araki et28l05) were obtained. The effect
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of reduced compression ratio was similar to theatfof late intake valve opening on
the maximum rate of pressure change shown by Kawearad. (2005), which was
used as means of reducing compression ratio, howthesauthors approach did not
isolate the varying compression ratio from the ¢nag AFR. Lower compression
ratio effects were interpreted and explained thhoaigy analysis of the in-cylinder and
combustion characteristics. Its influence was aempared with that of injection
timing. The effect of increased flow, hence voluneetfficiency, of the cylinder head
was also analysed at full load, where it was masble. The main conclusions from

this chapter are:

. The use of compression ratio to reducesN@d soot emissions is appealing,
but would lead to a clear increase in HC and CGssioms indicating poorer
combustion

. A reduction in fuel conversion efficiency was ndagille with the reduction in
compression ratio, however, the expected reduati@ngine friction is likely
to result in improved fuel consumption

. A more rapid combustion of the first 50 % of fuédy identical operating
conditions, compensated for the later start of agstibn and angle of 50 %
burn in the lower compression ratio engine buildhat light load key points
P1 and P3. However, this faster burn of the fi@t% of the fuel was not
sufficient to offset the later angle of 50 % butrh@her loads, represented by
key point P4

. Both reducing the compression ratio and retardmgimjection timing greatly
reduced NQ@ emissions at the loads where both premixed anfiisitin
combustion were present. Since the effect of lawgethe compression ratio
was less visible in the case of a fully-premixedsge combustion, it is
possible to conclude that the varying temperattwasequence of the varying
pressure with compression ratio or injection timing the main factor
controlling NQ, emissions during diffusion combustion

. Equally, since varying the in-cylinder temperatinad little effect on NQ
emissions during premixed-combustion, it highligie existence of the third
factor, AFR and EGR rate or local oxygen conceimmnatwhich seem to

become dominant during fully-premixed-charge contibas
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The fully-premixed-charge combustion resulted imeocases with a higher
maximum rate of pressure change, which was linkethé larger proportion
of the fuel burning simultaneously in the premixaambustion rather than a
faster rate of combustion

Both reducing the compression ratio and retardiegnjection timing reduced
soot emissions. These measures acted in two wagtlyFthe fuel spray can
penetrate further thereby increasing the mixing.o8dly, the auto-ignition is
delayed, increasing the proportion of premixed-costion through increased
mixing time, which limited soot emissions

At full load, the increased volumetric efficiencyabled the engine to operate
at the same AFR and fuel consumption with redunést-manifold pressures.
A further advance of the injection timing was pbssiwith the reduced
compression ratio, thereby reducing smoke emissamas offering increased

load possibilities.
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6 COMBUSTION STRATEGIES FOR ULTRA-LOW EMISSIONS

6.1 Introduction

The use of compression ratio as a means to red@eaNd soot emissions whilst
maintaining acceptable fuel consumption has beenodstrated in Chapter 5 and
explanations have been given for these reductibns.increased mixing time due to
the longer auto-ignition delays and the associateskased fuel-air interactions, also
linked with the lower in-cylinder pressures, hauwp@essed diffusion combustion at
light loads and reduced it at the higher loadssBgpressing or minimising the high-
temperature, close-to-stoichiometric charactegsticdiffusion combustion, NCand
soot formation are significantly reduced. The applo envisaged in the present
investigations for further reductions in N@nd soot emissions also aims to reduce
diffusion combustion and flame temperatures furtéved has two components. The
first of these is the injection timing, identified Section 2.3. Takeda et al. (1996)
suggested early and Kawashima et al. (1998) sugmjdate injection timings. The
timing has a strong influence on auto-ignition gelhich determines how much
mixing occurs before combustion starts. The secauwmnponent is oxygen
concentration, as suggested by Nakayama et al.3)2@@e Figure 2-3), whereby
reducing the local concentration in the flame Vuillit the temperature and hence NO
formation, as it increases the heat capacity ottiege, Heywood (e) (1988). This is
also expected to influence the auto-ignition deliay practise, this is achieved by
lowering AFRs and / or increasing EGR rates. Tipigraach offers the potential for
reducing the NQ after-treatment requirements to meet future US 2ieBin 5 or
possible Euro 6 targets, especially in view of thebocharger developments that
allow higher EGR rates for the same AFR, and afatipn systems, offering higher
injection pressures and therefore allowing contblsoot emissions despite low

oXygen contents.

The main objective for the investigations repornedhis chapter was to understand
the requirements in terms of operating conditiang¢hieve ultra-low NQand soot
emissions and the influence these have on theafuehixing and combustion in an
evolutionary but conventional combustion systemilB#2 engine). The two primary

key points at 1500 rev/min were selected for thennpart of the investigations as
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they were representative of loads where differ@mpr@aches had been tested and not
always successfully, as described by Gatellier \Afadter (2002) for a compression
ratio of 16.0:1. The approach consisted firstlyaaofemissions and fuel consumption
comparison obtained during injection-timing respn$or different AFRs and EGR
rates whilst maintaining all the other conditiongefl. These injection-timing
responses covered a wide range of crankanglesier tw cover both PCCIl and HCCI
combustion. Secondly, analyses were conducted bselatng the variations in
emissions and fuel consumption with in-cylinder ammanbustion characteristics. A
schematic of the combustion types and potentia} Bi@issions as a function of load
and injection timing is given, as well as a graphsummary of the impact of oxygen
concentration or injection timing on the rate oégsure change, the fuel-air mixing
and the combustion temperatures. Finally, PCCI amtibdn was applied to higher
speeds and loads to exploit the full potential egglilts were compared with typical

Euro 4 operating conditions and characteristics.

6.2 Experimental approach

The investigations detailed in this chapter weradcmted on the Build #2 engine,
using a 7 hole, 680 cc/min flow, 154 ° cone an@&,6 coefficient of discharge
injector nozzle and the protrusion increased bynimg since this had improved soot
emissions as detailed in Section 4.5.4. Key poiRts and P2, respectively
1500 rev/min 3.0 and 6.6 bar GIMEP, were the pryri@y points chosen for these
investigations as they represented a light loadvhich both PCCI and HCCI
combustion have been demonstrated, and a mediwratoahich HCCI combustion

becomes very difficult to achieve and beyond whiics not possible.

As reported in most low NQemissions research, the three main influencingpfac
are the injection timing, the AFR and the EGR rat¢h locally and globally. The
reasoning is that the oxygen concentration decseasehe AFR decreases and the
EGR rate increases. Nakayama et al. (2003) dethestbllowing linear relationship:

EGR100
0,] e =[0,]., J1-———— 6-1
[ 2]cyl|nder [ Z]alrl:ﬁ Lambdaj ( )
Lambda= AFR/ AFR; ;i (6-2)
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Where[O,] Is the dry volumetric concentration of oxygenhe tylinder (%),

cylinder
Lambdais the relative air fuel ratio (-)

[O,],;, is the dry volumetric concentration of oxygen in(&o),

air

EGR is the EGR rate (% volume),
AFFR, AFR, .., are the measured and stoichiometric (14.5:1) AFRs

It expresses the oxygen concentration as a funcidéGR rate divided by Lambda.
An indication of the in-cylinder oxygen concenteati is given by the ratio
EGR/Lambda: increasing values of EGR/Lambda indicadecreasing oxygen
concentration in the cylinder. In practise, for iaefl inlet-manifold pressure,
increasing the EGR rate would result in a lower AdiiRe to the lost volume of air
displaced by exhaust gases. However, by increasegvel of charge-air pressure as
well as increasing the EGR rate, a target AFR @amhintained for engine transient

response purposes.

Injection-timing responses were conducted for défé AFRs and EGR rates, or
EGR/Lambda ratios, whilst maintaining all the otlogerating conditions fixed and
adjusting only the main-injection quantity to ack@ehe gross load. These injection-
timing responses covered a wide range of crankanglan attempt to achieve both
PCCI and HCCI combustion. They went from the matanded injection timings
before misfire to the earliest timings the hardwawaild allow. At the light load key
point P1, the early injection-timing limit was réec when evidence of fuel spraying
onto the cylinder walls was found, this was a dinsequence of the conventional
injector-nozzle cone angle. At the medium load keynt P2, the early injection-
timing was limited by the maximum allowable in-aydier pressure. In addition to the
injection-timing responses, some injection-pressaoxestigations were carried out,
whereas the swirl throttle position was held camstt 100 % shut since it proved
beneficial in terms of soot, HC and CO emissiond &aad little impact on NO
emissions and fuel consumption for loads below 1I'8®0min 6.6 bar GIMEP as
illustrated in Chapter 5. Single injections weredifor these investigations since pilot
injections would tend to reduce premixed combusbgnincreasing the in-cylinder
pressure and temperature before the main injedtiemce decreasing the auto-ignition

delay. Operating conditions such as inlet-maniftdéchperature and backpressure
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settings were known to affect N@missions but were believed to be secondary
parameters in comparison with oxygen concentratma injection timing and
therefore were kept constant at each key pointutitrout the investigations. Figure
6-1 and Table 6-1 summarise which operating camutiwere fixed, redefined and

investigated and gives the main values or rangeth&present investigations.

A comparison of the operating characteristics dueach injection-timing response
was undertaken and explanations for the impacbwet oxygen concentration and
injection timings were sought by analysing the wyirmder and combustion

characteristics as in Chapter 5.

Matched RedefinedinvestigatedCompared

Key point:

Speed
Load(main duration

vYVY

Operating conditions: Operating characteristics:

Rate of EGR Fuel consumption
AFR g > Combustion noise
Inlet-manifold te mperature HC
Injection pressure g > (6(0]
Pumping lossefackpressure settings_)> @ N NO,
—PHotseparation N g Soot
PHet-reetonduration Smoke
Level of swirl (Swirl throttle) > o >
Main-injection timing (SOI)
> — >
Hardware:

Compression ratid
Piston-bowl volum
Injector nozzle
Protrusion washey

D

Figure 6-1: Operating conditions and hardware modifed during investigations.
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Values or ranges investigated
Chapter 4 6 4 6
Key point P1 P2
Speed (rev/min) 1500 1500
Gross load (bar GIMEP) 3.0 6.6
Compression ratio (-) Chapter 4: 18.4:1 / Chapter 6: 16.0:1
Piston-bowl volume (cc) Chapter 4: 22.0 / Chapter 6: 26.3
Injector nozzle 7-hole, 680 cc/min, 154 °, 0.76 coefficient of diame
Protrusion washer (mm) Chapter 4: 1.6 / Chapter 6: 1.0
Main-injection quantity Adjusted to maintain load
Injection pressure (bar) 545 400 to 800 900 900 to 1100
Pilot-injection durationy(s) 300 N/A 260 N/A
Pilot separation (°CA) 26.0 N/A 26.0 N/A
SOI 2 (°CA ATDC) -4.0t0 2.0 -36.0t0 0.0 1.0t09.0 -27.0t0 7.0
Wet EGR rate (%) 45.4 45.0 to 63.0 28.1 28.0 to 460
Dry AFR () 29.3:1 17:1 to 24:1 22.0 17:1to 22{1
EGR/Lambda (-) 22 27 to 54 18 18 to 39
Swirl throttle (% shut) 46 100 65 100
Inlet temperature (°C) 88 70
Backpressure valves settings Zg'g:hsar‘]'mums L zg.g:hsa;]lzturns

Table 6-1: Main operating conditionsand hardware valuesor rangesinvestigated.

6.3 Analysis of impact of advanced combustion operation

6.3.1 Impact on NQ emissions at light load

In the case of the light load key point P1, tws sdtdata were obtained. Initial testing
was conducted to investigate different combinatioh#AFR and EGR rate at light
load, using a fixed injection pressure of 550 l@&rbsequent testing was conducted
using a fixed injection pressure of 750 bar, simceeduced soot, HC and CO
emissions. For values of EGR/Lambda above 45, M@issions were relatively
insensitive to injection pressure as can be sedfigare 6-2, where two injection-
pressure responses are shown. The injection peessas varied by almost 300 bar at
two different combinations of AFR and EGR rate hwalues of EGR/Lambda above
45, at an injection timing of -26 °CA. However, whthe values of EGR/Lambda

were below 45, the injection pressure was founkae an impact on NGemissions
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especially when the angle of start of injection wasr -30 °CA ATDC, as can be

seen in Figure 6-3. The values of EGR/Lambda ape/shn both figures.

0.50
(EGR/Lambda)

0.40 -
<
2
= 0.30 -
Is)
)
S
£ 0.20 1 45
o /‘_ﬁ\
Z i d

0.10 -

55
‘A—\‘_/A—
0.00 T ‘ ‘ ‘
350 450 550 650 750 850

Injection pressure (bar)
Figure 6-2: Injection pressure impact on NQ emissions at -26 °CA ATDC.
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0.10 +

0.00 ‘ ‘ ‘
-40.0 -30.0 -20.0 -10.0 0.0
Angle of start of injection (deg CA ATDC)

Figure 6-3: Injection pressure impact on NQ emissions at fixed EGR/Lambda.

For values of EGR/Lambda greater than 45, as tleetion pressure increased, NO
emissions remained unchanged. It is believed tleairjection and combustion were

decoupled due to a very long auto-ignition delaguteng from the low AFRs and the
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high EGR rates. The injection pressure did not icha the combustion as it does
during conventional combustion. It was thereforsgiole to group NQemissions
results obtained at different injection pressuasslong as certain conditions were met
in terms of AFR, EGR rate and injection timing. Rk@ues of EGR/Lambda below
45, an injection-timing region centred near -30 °ADC highlights a zone where

this grouping is not valid. This region expandE&R/Lambda decreases.

The Figure 6-4 displays NGemissions over several long injection-timing reses

at different combinations of AFR and EGR rate, eBGR/Lambda values. Again,
these values have been indicated on the figure. Hti® values result from
combinations of AFR from 17.0:1 to 24.0:1 and EGes from 45 % to 63 %. The
injection pressure has also been indicated in eash. A line has been added to the
figure giving the injection-timing ranges whereediion pressure becomes a major
influencing parameter on N@missions (as in conventional diesel combustibti)e
value of EGR/Lambda decreases below 45, as deduoedFigure 6-2 and Figure
6-3.

10.00
Potential injection
pressure sensitive zone
27 - 550
£ 1.00 -
A=)
=
i)
0 4
% 43 - 750
5 0.10
x . . 455
o —_/—/
< 54 - 750
(EGR/Lambda) — (IP bar)
0.01 ‘ ‘ ‘
-40.0 -30.0 -20.0 -10.0 0.0

Angle of start of injection (deg CA ATDC)
Figure 6-4: Injection timing & EGR/Lambda impact on NOy emissions (P1).

As EGR/Lambda was increased, or oxygen concentratas reduced, the emissions
were greatly reduced. At the most retarded injectimings, NQ emissions reduced
as injection timing retarded as shown during tinglsi to 4-cylinder-engine matching.
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However, as the injection timing was advanced bdy«® °CA ATDC, where the
emissions reached a peak, there was a reversdieirrasponse. NOemissions
decreased rapidly to the initial levels or lowerfukther advance, beyond -39 °CA
ATDC, was not possible with the current injectoznle configuration due to fuel
spraying on the cylinder walls. The N®missions response profile was very similar
to those obtained by Yanagihara (2001), condudtégend fuelling.

The traces of in-cylinder pressure and correspandistantaneous heat release (as
defined in Equation 3-20) obtained during a typiggection-timing response are
shown in Figure 6-5. The rate of pressure charage$r are also shown as defined in
Chapter 5 and before the motored element is subttaghe figure shows the results
for an injection pressure of 550 bar, an AFR of02D.and an EGR rate of 52 %
leading to a ratio value of 38. The peak in the ssinhs curve in Figure 6-4
corresponds to the curve in Figure 6-5 for whichmbastion is earliest and very rapid.
It is considered that a combination of high in-ogler pressure and temperature
during the injection and the proximity of the injen and combustion led to a high-
temperature, near-stoichiometric combustion. Arctegersal in some parameters that
help to explain the NOemissions reversal can be seen as the injectiomdiis
further advanced. Three possible contributionsheoreversal were found. Firstly, as
the injection timing was advanced, the auto-ignitiielay increased, as can be seen in
Figure 6-6 by the gradient of the response beimgetdhan unity. These angles were
defined as the crankangles at which the main pba$eat release occurred, rather
than start of low temperature oxidation, which aced in some cases. The angles of
start of combustion reached a plateau at the vy ejection timings. It is believed
that the combination of in-cylinder conditions errhs of local AFR, temperature and
pressure required for auto-ignition (Heywood, (1988) were only met later in the
compression cycle. Figure 6-7, where the in-cylinmtessure at start of combustion is
shown for all key point P1 tests during the presewtstigations, reveals a minimum
in-cylinder pressure and associated temperaturaiiregl] for auto-ignition of
approximately 38 bar. Variations from this would eepected with variations in
oxygen concentration within the mixture. It is egysel that for a further reduction in
compression ratio, at least the same in-cylindesgure for auto-ignition would be
required, therefore retarding the start of comlomsfurther. This would affect the

angle at which the reversal occurred. Secondlyldfher oxygen concentrations led
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to later combustion across the injection-timingpmasse as can be seen in Figure 6-6.
Thirdly, the delay linked with the in-cylinder catidns itself led to an additional
source of auto-ignition delay: the mixture beconeaser due to the increased mixing

time as indicated by the premix ratio in Figure.6-8
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Figure 6-5: Example of combustion characteristics aring a response (P1).

The parameter premix ratio was used as an indicatiche global level of mixture

homogeneity within the charge and is given by:
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Premixratio = SOC~ Real SO (6-2)
Real EOl — Real SOI

Where SOC is the angle of start of combustion (°CA ATDC),
Real SOl and EOI areanglesof realstartandendof injection ("CAATDC).

The angles of real start and end of injection wawgrected using an opening and
closing offset map derived from fuel injection rateeasurements shown in

Appendix B. If the premix ratio is below unity,iftdicates that the start of combustion
occurred before the injection ended. As the ratevaases over unity, it is taken as an
indicator that the level of homogeneity increasdss approximation does not take
into account the fact that, to avoid diffusion carstion, the fuel injected into the

chamber then needs to evaporate and mix with &rdd burns. However, it offers

an insight into the impact of injection timing aogygen concentration on the nature
of the mixture as it ignites. As the injection tilgiwas advanced, the premix ratio
increased due to the plateau in angles of stacbofbustion and the increasing real

start of injection term in Equation 6-2.
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Figure 6-6: Injection timing & EGR/Lambda impact on start of combustion(P1).
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Figure 6-7: In-cylinder pressure at start of combusion (P1).
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Figure 6-8: Injection timing & EGR/Lambda impact on premix ratio (P1).

The three possible contributions, mentioned earl@l have as a consequence
increased levels of mixing which lead to the reakns NO, emissions as the injection
timing is advanced. In terms of combustion charaties, the maximum rate of
pressure change decreased when the injection timaisgadvanced beyond the angle
of reversal, reflecting a slower rate of combustias can be seen in Figure 6-9. In

addition, the increased EGR rate to reduce oxygercentration, and therefore the
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increased heat capacity for a similar level of lfingl also decreased the rate of
combustion. The advanced injection timing beyond #mgle of reversal and the
increased values of EGR/Lambda led to later conntouswith longer duration as
shown in Figure 6-10 and Figure 6-11. Thereforgas possible to obtain extremely
low NOyx emissions using both early and late injection nigsi The early injection
timing led to HCCI combustion, where the combustiwas decoupled from the
injection. Despite the combustion occurring neafBxC, low NQ, emissions were
achieved. The late injection timing led to PCCI d¢wstion, where low NOQ
emissions were also achieved due to the low imdgli pressures and temperatures
once past TDC. It is interesting to note that theximum rates of pressure change
showed the same pattern as the,d@issions variations seen in Figure 6-4. In terms
of choice of parameters to correlate with ,N€nissions, it can be seen that maximum
rate of pressure change and oxygen concentratiengaods choices, as will be

discussed later.

Analyses of other in-cylinder characteristics waradertaken. The in-cylinder
temperature at the start of injection or combustffiered no correlation with NO
emissions and is therefore considered as a secgofazor relative to the primary

factors injection timing and oxygen concentration.
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Figure 6-9: Injectiontiming & EGR/Lambdaimpact onrate of pressurechange
(P1).
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Figure 6-10: Injectiontiming & EGR/Lambda impact on combustionduration
(P1).
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Figure 6-11: Injectiontiming & EGR/Lambda impact on angleof 50% burn (P1).

6.3.2 Impact on NQ emissions at medium load

At medium load, most tests were carried out withirgaction pressure of 1000 bar.

Figure 6-12 displays NQemissions for several long injection-timing respes at
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different combinations of AFR and EGR rates. Thiies of the EGR/Lambda ratio
are indicated on the figure. The ratio values teBom combinations of AFR from
17.0:1 and 22.0:1 and EGR rates from 28 % to 4@ 18é. injection pressure has also
been indicated for each curve. Again, emissiorisaleEGR/Lambda was increased or
as the oxygen concentration was reduced. DespitesAds low as 17.0:1 and EGR
rates as high as 46 %, resulting in a ratio oftB&re was no evidence of a reversal in
NO, emissions as the injection timing was advancede Tésponses were not
continued beyond approximately -28 °CA ATDC duehtgh in-cylinder pressures
approaching the safe operating limit. It seems thatvalues of EGR/Lambda were
insufficiently high and the injection timing insidifently advanced to increase the
level of mixing and delay the auto-ignition. Thdluence of injection pressure on
NOx emissions was not totally suppressed as at lg#t. |
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©
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Angle of start of injection (deg CA ATDC)
Figure 6-12: Injection timing & EGR/Lambda impact on NOx emissions (P2).

The in-cylinder pressure traces and correspondisntaneous heat release and rate
of pressure change obtained during a typical tesslaown in Figure 6-13. The figure
shows the results of an injection-timing responagied out at 1000 bar injection
pressure, with an AFR of 17.0:1 and an EGR ra#00% leading to an EGR/Lambda

value of 34. In order to understand and explain wie/ reversal in NQemissions
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seen at light load key point P1 did not occur hemilar analyses as before were

undertaken.
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Figure 6-13: Example of combuStiorrtteddecteristicduring a response (P2).

Three possible explanations had been found forahersal in NQ emissions at light
load. Firstly, advancing the injection timing ledihcreased auto-ignition delays. This
impact was not as pronounced at this higher loachasbe seen in Figure 6-14, with
the gradient of the response closer to unity thdiglat load in Figure 6-6. This could
be associated with the lower values of EGR/Lambgamened from 18 to 39

compared with 27 to 54 at key point P1. Valuesigb Bs 54 were not realistic at key
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point P2 due to the extremely high levels of imtenifold pressures required to
increase EGR rate whilst maintaining AFR appropriar engine transient response
purposes. The increased auto-ignition delays |gathnthe plateau in angles of start
of combustion with earlier injections did not ocasr distinctly here where the start of
combustion can be seen to continue to advance easnjbction timing advances.
Secondly and thirdly, the oxygen concentration @nedleaning out of the mixture led

to later start of combustion, which clearly did wotur at the higher load.

The combustion was not decoupled from the injecisobserved at the light load as
can be seen in Figure 6-15, since pressure at stacbmbustion changed with
injection timing. There are two possible factorshedp explain why the auto-ignition
still occurred. The first is that in-cylinder presss and hence temperatures were
much higher even at the early crankangles thergioreiding conditions favourable
to auto-ignition, due to the high inlet-manifoldepsure to maintain AFR above 17.0:1
for a fuel consumption approximately doubled froay lpoint P1, as visible in Table
4-3, and to compensate for high EGR rates. Thenske@® that the premix ratios
obtained in the present study were much lower #talight load, as can be seen in
Figure 6-16, where the envelop of premix ratiosaoste#d at the light load are also
depicted. It is expected that the local AFRs wdl distributed over a range going
from lower levels than at light load to infinitelyigh levels. These low AFRs, i.e.
fuel-rich zones, are likely to trigger auto-igniti@ven at lower in-cylinder pressures
and temperatures, explaining the lack of reversdhia load. These contribute to a
shorter auto-ignition delay as well as a more raptd of pressure change, indicative
of faster rates of combustion, as the injectionirtgnis advanced as can be seen in
Figure 6-17. As at light load, it is interesting point out that the profiles of the
maximum rates of pressure change in Figure 6-12 wignilar to the NQemissions
profiles in Figure 6-12. The findings at key poR®, 1500 rev/min 6.6 bar GIMEP,
will apply at all speeds and loads above theseegalnd thus highlight the load
limitation of early injection timings. The late egtion timings corresponded to the
PCCI combustion, which offered scope for applicatai higher speeds and loads.
The reduction in NQemissions is a function of how well-mixed the dw®ars at the

moment of ignition as well as of how retarded thjegtion timing is.
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Figure 6-14: Injection timing impact on start of canbustion (P2).
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Figure 6-15: In-cylinder pressure at start of combgtion (P2).
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Figure 6-16: Injection timing impact on premix ratio (P2).
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Figure 6-17:Injection timing & EGR/Lambdaimpactonrate of pressurechange
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6.3.3 Impact on soot emissions

Soot emissions measured during the injection-tintiagponses carried out at key

points P1 and P2 are shown in Figure 6-18 and Eigtk9 respectively.
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Figure 6-18: EGR/Lambda, injection timing and pressire impact on soot (P1).
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Figure 6-19: EGR/Lambda, injection timing and pressire impact on soot (P2).

A descriptive schematic of the influence of injeatitiming and pressure on soot
emissions is shown in Figure 6-20. In the caseegfpoint P1, four main regions can
be identified and a similar pattern is visible kg thigher load key point P2 with
substantially higher soot emissions. The trendemiesl were also in agreement with
those presented by Yanagihara (2001). The firsorefpr retarded injection timings
later than -7 °CA ATDC, denoted A, is the injectittming above which the engine is

likely to misfire. This limit occurs later at thegher load, possibly due to the higher
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in-cylinder pressures and lower premix ratios, \Wwhexplained why the reversal in

NOx emissions did not occur, since auto-ignition waseamreadily achieved.

A second region, denoted B, from -20 to -7 °CA ATDE where soot emissions
reached their highest levels with a maximum arodr2d°CA ATDC. As the injection
was advanced, the combustion went from a fully-pxedicharge combustion to
combined premixed and diffusion combustion. Itasepted that soot emissions result
from a balance between formation and oxidation &C2002). On one hand, high soot
formation is expected from diffusion combustion, endras lower formation is
expected form premixed combustion, on the otherdhahigh combustion
temperatures and hence high levels of soot oxidatie expected with diffusion
combustion, whereas lower combustion temperatunelsheence low levels of soot
oxidation are expected with premixed combustionlikénwith NO, emissions, the
oxygen concentration and injection timing were mmger the only parameters
controlling these emissions. In some cases, lowet €missions were obtained
despite having lower oxygen concentrations. It efidved that this results from a
balance between suppressing diffusion combustioh Wgh values of EGR/Lambda
thus limiting soot formation and having diffusioonsbustion with subsequent soot
oxidation in the case of low EGR/Lambda valuess Ibelieved that the higher in-
cylinder pressures obtained at TDC with lower oxygmncentrations (but same
AFR) could also explain higher soot emissions. €h@gher in-cylinder pressures at
the start of and during the injection could modifyel, air and piston-bowl
interactions as a result of different fuel sprayqteation, as detailed by Bae et al.
(2002). Equally, the different in-cylinder tempenats at the start and during the
injection could also affect these interactions. Shéemperatures were a function of
the injection timing since the inlet-manifold temaieires were controlled. This would
explain why soot emissions were obtained in thietligad case despite a premix ratio
greater than 2. In this region, the premix ratienal was not sufficient to characterise
soot emissions. On the other hand, the impact jefction pressure was obvious.
Increased injection pressures systematically imgulawe utilisation of air leading to
lower soot emissions. These results highlight tbemlexity of the mechanisms of
soot formation. The utilisation of air, in-cylindpressure and temperature, piston-
bowl interaction, nature of the combustion, injeatozzle type and position all affect

the soot formation and oxidation processes.
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A third region, denoted C, ran from injection tiggof -30 to -20 °CA ATDC in
which soot emissions were not measurable for gdictron pressures and oxygen
concentrations tested. It is conjectured that ithis high rates of combustion that
occurred at these injection timings, which ledie peak in NQemissions. However,
the resulting low soot emissions indicate that sfwsimed during the diffusion-
combustion phase is totally oxidised before leatimegycombustion chamber. This did
not occur in the region B due to lower in-cylindemperatures during the combustion
and the reduced residence time of soot, as deddoyp®lorgan et al. (2003). Here, it
is believed that soot emissions are mainly detegthioy the premix ratio, as indicated

in Figure 6-8 and Figure 6-16, with high ratiosdiegy to low soot emissions.

A fourth region, denoted D, ran from the earliggection timings (circa -38 °CA
ATDC) to around -30 °CA ATDC and was linked withetltombustion chamber
design. Here soot emissions are apparent as thegtey impinges on the cylinder
walls. Yanagihara (2001) did not find this increagiéh injection timing advance,
which may be due to the injector-nozzle configunatiSoot emissions obtained with
the earliest injection timings could be suppresssihg a different injector-nozzle

cone angles or even multiple injections, as suggdsy Gatellier and Walter (2002).
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Figure 6-20: Injection timing and pressure impact @ soot emissions.
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6.3.4 Impact on fuel consumption

The values of the fuel consumption obtained dutimg injection-timing responses
carried out at key points P1 and P2 are summairsé&ilgure 6-21 and Figure 6-22
respectively. As previously mentioned, since trestevere carried out at fixed gross
load, the fuel consumption can be an indicatoeffuel conversion efficiency. The
parasitic losses associated with the delivery ghéir injection pressures or higher
levels of compressor work required for the inletanfi@d pressures are not taken into
consideration here. Both 550 and 750 bar injeghi@ssure results are shown at key
point P1 whereas only 1000 bar results at key peihtOverall, the injection timing
was the dominant factor controlling fuel consumptidhe main impact of oxygen
concentration seems to be that its increase allowmteer retard after TDC of the
injection timing before misfire occurs. It is belex that the higher oxygen contents
and in-cylinder pressure compensate for the irgaeckater in the expansion cycle in

reducing in-cylinder pressures. This effect is abeerved with increasing load.

Fuel consumption showed a minimum for injectionitigs around -13 °CA ATDC at
both key points. Retarding the injection timing ulésd in sharply rising fuel
consumption whereas advancing it showed only augdaidcrease. Eventually, with
further advance, fuel consumption rose sharplyragdien the fuel started impinging
on the cylinder walls, visible for soot emissionsrease at the early injection timings
at key point P1. The same conclusion could notdrdimned for key point P2. At key
point P1, injection pressure had no impact on fimisumption for early injection.
However, higher injection pressures reduced fuglsamption at injection timings
after -20 °CA ATDC. The decoupling of the injectiom the combustion is thought
to be the reason for the insensitivity at earlyatijon timings. At the more retarded
injection timings, the injection pressure acted iasmore conventional diesel
combustion. The higher injection pressure resuited more rapid combustion by
limiting the diffusion-combustion phase durationy Beducing the combustion
duration, the centre of the combustion occurretiezawhich had a similar impact on

fuel consumption as advancing the injection timing.
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Explanations for the increase in fuel consumption rhore retarded or advanced
injection timings from -13 °CA ATDC can be found layalysing the combustion
characteristics at key point P2. Figure 6-23 regmesthe fuel consumption for all test
data collected at key point P2, plotted against lmastion phasing relative to TDC,

represented by the angle of 50 % burn, and conmtustiration. The spread of test
data is included in the figure.
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Figure 6-23: Combustion phasing and duration impacbn fuel consumption (P2).

It is well-known that a rapid combustion, well-phdgelative to TDC, traditionally O
to 10 °CA ATDC, is the key to optimum fuel consumpt A clear optimum was
visible for a combustion centred somewhere betw@eand 10 °CA ATDC and
having a duration of 10 °CA. The extremely shontation was the result of very early
combustion. This results in high levels of negatiak, hence high fuel consumption
values. A long combustion duration was the restillate combustion. This led to
higher fuel consumption due to the work lost whiee &xhaust valves opened and
also due to the reduced combustion efficiency lihkéth lower in-cylinder pressures.
It highlights clear limitations on how retarded thgection timing can be before
leading to high increases in fuel consumption. iFection timing, the level of inlet-
manifold pressure and the compression ratio arerthi@ determinants of the mean
in-cylinder pressure during the combustion, whighturn is the determinant of the
combustion duration. This had little impact on faehsumption when the combustion
was centred between 0 and 10 °CA ATDC. Injectioespure sensitivity was not
specifically investigated at key point P2 but ipested to have the same impact on
fuel consumption as observed at retarded injediimimgs at light load but across
most of the injection-timing range investigated.isTkvould be due to the more
closely-coupled nature of the injection and comioustA similar representation of

fuel consumption results for key point P1 showeat the angle of 50 % burn was the
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dominant factor, but that operating conditions hadminimal impact on the

combustion duration and was therefore not showe lasrit added little to Figure
6-21. From these results, it can be seen that aggefmn ratio and combustion timing
relative to TDC are the key to achieving low Némissions and fuel consumption.

6.3.5 Impact on HC and CO emissions

HC emissions measured during the injection-timegponses carried out at key point
P1 and P2 are summarised in Figure 6-24 and Fgri2% respectively. As in Chapter
5, findings related to HC emissions were consideadd for CO emissions. 550 and
750 bar injection pressure results are shown atpiogyt P1, whereas only 1000 bar
results at key point P2. As for fuel consumptidrg injection timing had the greatest
effect on HC emissions. The lowest levels achiexeétey point P1 in the present
investigations were at least twice the highest llegeorded in Build #1 engine in
Chapter 4. HC emissions behaved in an opposite emnatthn NQ. emissions. At
injection timings where NQemissions were highest, HC emissions were at their
lowest. Equally, as the oxygen concentration deg@athese emissions increased.
This leads to the conclusion that the high tempeeatNQ, forming conditions

prevented the survival of HC emissions formed duythre injection and combustion.
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The high levels obtained were in line with othetadfor operating conditions based
on low oxygen concentrations, late or early in@ettimings and low compression
ratios, such as Takeda et al. (1996) or Yanagilearal. (1997). The in-cylinder

conditions during the injection and combustion etiée the fuel spray penetration and
the flame temperature, which increased the sizbefjuenching zone of the charge.
The increase in HC emissions observed as the iofetiming was advanced was
associated with the fuel and air mixture approaghive cylinder walls, where further
quenching occurs due to the low wall temperatufée rapid increase for the most
advanced injection timings corresponded to the ifupinging on the cylinder walls.

At the most retarded injection timings, the inceeaa HC emissions could be
explained by the increased levels of fuelling du¢hie poorer combustion efficiency
as well as the reduced residence time in the hbhdgr environment. Higher

injection pressures reduced HC emissions, whidhasight to be associated with a
more concentrated core of mixture, associated with shorter injection duration,

rather than a highly-diluted envelope of mixturespite higher injection pressures
leading to faster penetration, a trade-off betwaerentrainment and pulse duration

may limit the flame quenching effect.
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6.4 Summary of impact of advanced combustion strategies

The effect of reducing the oxygen concentration increasing the value of
EGR/Lambda and retarding or advancing the injectiomng at light load and

retarding at medium load was to suppress diffusmmbustion as well as to slow the
rates of combustion, as described in Table 5-2h Bpproaches led to ultra-low NO

and soot emissions. Lower oxygen concentrationpprapriately chosen injection
timing resulted in longer auto-ignition delay amahbustion duration, indicative of a
reduced rate of combustion. The auto-ignition detsulted in the leaning out of the
fuel-air mixture and hence a highly-diluted prentixeombustion. The reduced
oxygen present in the flame reduced the probalmlitiigh-temperature combustion.
The delayed and slower combustion with early ingecttimings helped reduce
negative work, which was beneficial for fuel congiion, whereas with late

injections had the same effect as retarding theetign timing on fuel consumption.

In the work just described, the early end of thedtion timing range corresponded to
HCCI combustion, as described by Takeda et al.g)L99 Yanagihara et al. (1997).
The level of homogeneity within the charge remaipsn to debate, but it is generally
accepted as being homogeneous. The late end ofinjeetion timing range
corresponded to PCCI combustion, as described byaklaima et al. (1998). The fuel
was expected to be well mixed with air at auto4igni as unmixed fuel would lead to
diffusion combustion and thus higher N@nd soot emissions than measured. A
schematic of the impact of advanced combustionatjoer in terms of NQemissions
as a function of load and injection timing is prasel in Figure 6-26. The lowest and
highest curves of constant load are based on ¢ dnd medium load key points
investigated, highlighting the reversal behavioar, not, observed in the NO
emissions responses in Figure 6-4 and Figure 6ri2 the rates of pressure change
in Figure 6-9 and Figure 6-17. The early injectioning curve for key point P2 is
conjectured based on data from Takeda et al. (18@@)Figure 2-7).

The schematic highlights the region of PCCI comibuastimited by increased fuel
consumption or risk of misfire as the injection itign is retarded. It also shows the
region of HCCI combustion needing to be as advaasgabssible beyond the reversal

angle to obtain low NQemissions. As load increases, the angle of revatsances
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as a consequence of the need for the mixture tdedeer to avoid premature
combustion and hence high N@missions. However, as found in the present
investigations, as the injection timing was advanaekey point P2, the in-cylinder
pressure reached the maximum limit. This schentagblights the fact that HCCI
combustion rapidly becomes impossible at higheddoanless very early injection
timings combined with low oxygen concentrations @sed. To overcome this limit, a
much more advanced injection timing must be usedth present injector-nozzle
configuration did not allow this without a greatefuconsumption penalty and an
impact on the engine durability due to oil dilutiddowever, even with appropriate
injector nozzles it presents a serious challengejescribed by Gatellier and Walter
(2002), who were unable to operate above 6 bar IMIEE to difficulties in delaying
the combustion. Another difficulty of HCCI combusti concerns the transition from
HCCI to conventional operation, which needs to phassugh injection timings, which
present risks of excessively high in-cylinder puess. The angle of reversal for NO
emissions was a function of the oxygen concentmamd it is expected that further
compression ratio reductions or increased injeghi@ssures will also retard the angle

of reversal.

NO, emissions
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Figure 6-26: Injection timing & load impact on advanced combustion operation.
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A graphical summary of the impact of reducing the/gen concentration on the
combustion by means of lower AFR or raised EGRisatgven in Figure 6-27. At the
lighter loads, a reduction of the oxygen concerdraas well as early or late injection
extends the auto-ignition delay, increasing thel-$peay penetration and fuel-air
interactions. A more diluted charge results andhibat capacity is increased, limiting
flame temperature. At the higher loads, the immdéidbwer oxygen concentration on
auto-ignition is not seen, however, the heat capacithe flame increases as a result
of the global increase in heat capacity. The higitgmixed, low-temperature
combustion leads to large reductions in,N{dd soot emissions but is accompanied

by increased HC and CO emissions, as observedapt€hb.
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6.5 Application of PCCI combustion to higher speeds andbads

HCCI combustion has a limited yet extendable opsgatange. These limits can be
further extended, through yet lower compressioivsainjection systems adapted for
early injection timings and advanced turbo-chargaygtems. However, there will
remain a speed and load boundary beyond which Hp&iation will not be possible.
This is particularly unacceptable in passengeraragines where a wide range of
operating conditions is required. HCCI combustioil wequire complex control
strategies to be developed and implemented in dodaliow the passage from HCCI
to conventional or PCCI combustion. On the otherdhaéhere are fewer boundaries to
the PCCI combustion in terms of speed and load.afmeoach can be generalised to
the higher speeds and loads, and in the cases waliellg-premixed-charge, i.e. PCCI
combustion, is not achieved, the only consequenie be the reappearance of
diffusion combustion and hence more N@nd soot emissions. This gives it a

substantial advantage over HCCI combustion.

The PCCI combustion has been applied to the prirk@yypoints in an aim to exploit
its low NO, and soot emissions benefits. High EGR rates withAFRs were used to
reduce the oxygen concentration. Late single imgast were used in combination
with high injection pressures in order to minimid€, CO and soot emissions. The
high injection pressures also assisted in ternfgedfconversion efficiency. An 8-hole
injector nozzle was used for the PCCI study instdfatie 7 hole injector nozzle used
in the previous experiments. The hole size wasstdae but the additional hole
increased the flow of the injector. It is beliewbdt this measure contributes to shorter
injection durations whilst providing similar fueirainteractions. AFR, EGR rate,
injection timing and pressure were varied on theglsicylinder Build #2 engine,
optimised operating conditions were defined usegidd or interpolated points and
these are summarised in Table 6-2. For compartgpital Euro 4 results from the 4-
cylinder version of the engine as well as the BEuresults from the Build #1 engine
are included. The 4-cylinder engine fuel consumpti@lues are factored for the
difference between the single and 4-cylinder ergmeserved during the single to 4-
cylinder engine matching phase. This enabled tkaltseto be compared as if they

had all been obtained on the single-cylinder engine

153



The optimum PCCI points were selected as they esliNQ, emissions from Euro 4
to PCCI by approximately 90 %, representative gfuneements to meet future US
Tier 2 Bin 5 or possible Euro 6 targets definedsbyulation on a 1600 kg inertia
vehicle without NQ after-treatment. Compared with PCCI operation ltestuiom
Kimura et al. (2001), the present N@missions are lower by a factor of 5, from 50 to
10 ppm at 1500 rev/min 5 bar BMEP, whereas HC aarissare increased form 200
to 450 ppm. Compared with HCCI operation resubsnfiGatellier and Walter (2002),
at 1500 rev/min 5 bar BMEP, the present,Nfnissions are higher by a factor of 8,
from 0.014 to 0.119 whereas HC emissions are retlbgea factor of 10, from 8.1 to
0.8 g/kWh. Despite not reducing NOx emissions ashmas HCCI operation, the
results being achieved in a in an evolutionary dariventional combustion system.
The comparisons with the HCCI results were madaguthe friction and pumping
losses recorded during the experiments in Chaptehith is a similar assumption to
the one made by Gatellier and Walter as they usssek of 2.0 bar MEP and the
losses were of 1.6 bar MEP, from 5 bar BMEP tolg6GIMEP.

The start of injection from Euro 4 to PCCI operatizas not necessarily retarded. It
was advanced in some cases to compensate for ¢heaged auto-ignition delay.
However, the start of combustion was systematioa@tgrded relative to the start of
injection (detailed in Figure 6-29). Soot emissionsre not necessarily lower,
however, diesel particulate filters assumed necgs®a Euro 5 would trap these
emissions. This is due to the fact that HC emissi#crease as the injection timing is
retarded in PCCI combustion, as can be seen inréi§20, however, the timing
retard was limited to cap the fuel consumptionease at 5 %. Soot emissions were
particularly high at key point P3, which could beatt with by increasing the oxygen
concentration and hence N@missions. Exhaust temperatures increased from &£ur
to Euro 5 operation and decreased from Euro 5 tGIRPeration. It is believed that
for the Euro 5 results the later combustion incedabe exhaust temperatures despite
lower peak and average temperatures in the cylindivever, the PCCI results were
for combustion that did not take place much latethie expansion cycle but with a
further reduction in peak and average temperatutass lowering the exhaust-

manifold temperatures.
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P1: 1500 rev/min P2: 1500 rev/min
3.0 bar GIMEP 6.6 bar GIMEP
(1.3 kw)® (3.1 kw)®
Operating conditions Euro4# Eurol5 PCClI Eur04 FEurp PCCI
Fuel consumption (kg/h) 0.43 0.39 0.41 0.84 0.8% 880.
Wet EGR rate (%) 34.0 45.4 58.0 16.0 28.1 59.0
Dry AFR (-) 31.0 29.3 21.0 26.0 22.0 20.0
EGR/Lambda 15.9 22.5 40 8.9 18.5 42.9
Injection pressure (bar) 559 545 750 925 90Q 1500
Swirl throttle (% shut) N/A 46 100 N/A 65 100
Pilot separation (°CA) 24.0 26.0 N/A 24.5 26.0 N/A
SOI (°CA ATDC) 3.1 0.0 -6.0 2.2 5.0 0.0
Pilot duration (is) 375 300 N/A 310 260 N/A
Combustion noise (dB A) 83.6 84.3 73.6 83.5 88.2 .091
HC (g/h) 1.09 1.57 7.12 0.79 N/A 2.49
CO (g/h) 14.49 16.81 38.43 7.98 10.33 24.95
NOx (g9/h) 1.18 0.78 0.13 7.05 2.61 0.37
Soot (g/h) 0.19 0.16 0.00 0.18 0.17 0.12
Smoke (FSN) 0.94 0.91 0.00 0.65 0.64 0.5
Max dP/dt (bar/ms) N/A N/A 40 N/A N/A 102
Exhaust temperature (°C 234 245 238 331 42 315
P3: 2000 rev/min P4: 2000 rev/min P5: 2000 rev/min
7.7 bar GIMEP 10.8 bar GIMEP 17.2 bar GIMEP
(5.0 kwy" (8.3 kw)W (13.3 kw)®
Operating conditionsy Euro4 Euro|5 PCClI Euro4 Euno PCCI | Euro4| Eurod PCC
Fuel consumption (kg/h) 1.20 1.29 1.25 1.78 1.88 851 2.86 2.92 2.90
Wet EGR rate (%) 11.0 31.3 56.0 11.0 21.3 45.0 1.0 14.0 27.0
Dry AFR (-) 23.0 21.6 20.0 23.0 21.1 20.0 22.0 18.3 20.0
EGR/Lambda 6.9 21.0 40.6 6.9 14.6 32.6 0.7 111 7 19
Injection pressure (bar) 1065 1070 160( 1119 1190 6001 1129 1197 1600
Swirl throttle (% shut) N/A 64 73 N/A 0 66 N/A 0 0
Pilot separation (°CA) 32,5 33.0 N/A N/A N/A N/A N/ N/A N/A
SOI (°CA ATDC) 0.6 0.0 -2.5 -1.3 3.0 3.0 -4.4 2.0l 05
Pilot duration (is) 280 210 N/A N/A N/A N/A N/A N/A N/A
Combustion noise (dB A) 85.2 87.9 925 85.2 88.4 590| 85.1 83.8 88.0
HC (g/h) 1.06 1.88 0.96 1.49 1.60 1.99 1.70 179 701
CO (g/h) 6.60 14.46 16.64 9.29 15.99 14.98 76D 8®6.) 9.90
NOx (g/h) 10.68 3.62 0.96 30.33 8.65 2.16 127.12 27.32 14.15
Soot (g/h) 0.20 0.92 2.56 0.28 1.98 1.35 0.13 7.60 0.37
Smoke (FSN) 0.51 1.62 3.00 0.51 2.07 2.0 0.18 3.46 0.48
Max dP/dt (bar/ms) N/A N/A 101 N/A N/A 89 N/A N/A 3]
Exhaust temperature (°C 392 450 377, 47( 508 478 7 51 588 544

(1): Brake power calculated using losses in Chafter
Table 6-2: Results of PCCI operation applied at pmary key points.

As appealing as these results may be, two remauss be added. The first relates to

the increase in fuel consumption limited to 5 %isTwould enable the diesel engine

to remain competitive with the gasoline engineeimts of fuel economy. However, as

described earlier, the tests were conducted att@moingross load. It is therefore

expected that fuel consumption should increasestaiad-alone 4-cylinder engine for

the same brake output, as the extra pumping Idssesthe turbocharger will need
compensation. It is expected that this could reprean extra 10 % increase in fuel

consumption. Equally, the swirl throttling systemdathe increased fuel injection
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pressure would also represent additional paralsisises, affecting the pumping and
friction losses, but their impact is not expectedé as significant. The second point
of concern relates to noise, traditionally reducesihg pilot injection. This would
conflict with PCCI combustion by attempting to linthe premixed-combustion
phase. It is expected that lower compression rairoBigher levels of dilution will

reduce the rate of combustion and assist in reduuinse.

The reduction in oxygen concentration and the spoading impact on NO
emissions from Euro 4 to PCCI operation can be seéiigure 6-28. The increased
mixing time typical of PCCI operation is also cormgmawith those for typical Euro 4
operation in Figure 6-29. Durations used in therfegare from actual PCCI operating
conditions test data shown in the table or fromrtbarest test data when interpolated
results are given. The decrease in pulse duratiental increased injection pressures
and higher injector-nozzle flow from Euro 5 to PA€klear. The increase in mixing
time trend is also clear, however, the actual pxemaios are below unity at the higher
load key points P3 and P4 and far from below ufatykey point P5, due to the long

injection duration and short auto-ignition delay.
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Figure 6-28: NQ, versus EGR/Lambda from Euro 4 to PCCI operation.
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Figure 6-29: Mixing time evolution from Euro 4 to RCCI operation.

Plots of the oxygen concentration across the speddoad range of the engine are
shown in Figure 6-30 for the calibrations necessarmeet the three different levels
Euro 4, Euro 5 and Tier 2 Bin 5 or possible EuroTBe associated reduction in
oxygen concentration is clear. This does not méwt the oxygen mass in the
cylinder is reduced but that the EGR rates aresased. This points up the need for
high inlet-manifold pressure capability to balatice EGR pressure and meet oxygen
requirements for the combustion. Large regionsaargl % oxygen concentration at
higher speeds and loads where emissions are nafated. In the PCCI combustion
map, the low oxygen concentration zone is stretdbards higher loads since the

regulated speed and load zone is larger for the2l'gin 5 regulations.
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Figure 6-30: Oxygen concentration from Euro 4 to PCI operation.

6.6 Conclusions

This chapter has offered an understanding of thguimements for advanced

combustion operating conditions for ultra-low N&hd soot emissions as well as their
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impact on the subsequent combustion. This was aethidy conducting injection-
timing responses with different oxygen concentraiand injection pressures at two
different loads whilst maintaining all the othereogting conditions constant. The
impact on emissions and fuel consumption was expththrough an analysis of the
in-cylinder and combustion characteristics. Som¢hefresults obtained here can be
compared with those from Kawano et al. (2005),lasirg the intake valve later leads
to reduced oxygen concentration, however, the ptegady has also dissociated that
effect from reduced compression ratio. The mairck@ions from this chapter are:

. Two timing regions were identified where N@nd soot emissions were
reduced. The early region yielded HCCI combustiowl éhe late region
resulted in PCCI combustion

. At light load, reduced AFRs and increased EGR rdatedower oxygen
concentration combined with early or late injectiiming resulted in ultra-
low NOy and soot emissions. The impact on combustion waitas to that of
reducing compression ratio or retarding injectionirig in terms of reducing
the rate of combustion as seen in the reduced memimate of pressure
change

. At light load, for values of EGR/Lambda above 4Bbe tcombustion was
decoupled from the injection, which made it insemsito injection pressure

. At light load, injection timings before -28 °CA ATD in low in-cylinder
pressures and temperatures led to increased pratnds. These cumulative
effects delayed start of combustion and reducedhtts leading to a reversal
in the NQ emissions profile and HCCI combustion. At mediuoad,
injecting early enough to increase premix ratios wat possible due to the
combustion chamber design. The earliest injectimmys tested were always
in conditions suitable for auto-ignition, which cidt give time for the mixture
to lean out and led to rapid rates of combustion

. At light and medium load, lower oxygen concentratwith late injection
timings, leading to PCCI combustion, also reducéd lAnd soot emissions.
Reductions in NQemissions of 90 % across the primary key pointsreded
the benefits of PCCI combustion. Fuel consumptld@, and CO emissions

and noise remain the main concerns

159



The lower oxygen concentration, or higher heat cép# AFR is fixed, and
the increased mixing time given for an appropriteice of injection timing
contribute to the leaning out of the fuel-air mbewand to the limitation of the
flame temperature

In terms of choice of parameters to correlate Wth, emissions, it can be
seen that maximum rate of pressure change and mxoggeentration are good
choices

The main factor for good fuel consumption was aspiaof the combustion
just after TDC. Retarding the injection timing towich inevitably increases
fuel consumption. Early injection timings assodiateith sufficiently low
oxygen concentrations can lead to good fuel consiompthanks to the
resultant slow but well-phased combustion

For future applications, still lower compressiotiaa would achieve similar
NOy emissions with more advanced injection timingsisould lower soot
emissions and may be beneficial in the ,N®missions versus fuel
consumption trade-off, as shown in the Chapter &wéver, noise, HC and
CO emissions as well as cold-start behaviours ng#d to be addressed, but
any solution may be simpler than implementingN@er-treatment systems
Inlet-manifold temperature, level of swirl, mul&plnjections are expected to

have some impact on the combustion, but thesexgerted to be secondary.
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7 SIMPLIFIED NO x FORMATION CONCEPT

7.1 Introduction

Observations and findings presented in ChaptemsdS6ashowed that NOemissions
were very closely linked to injection timing, corepsion ratio and to the combination
of AFR and EGR rate, that determine the oxygen eotration in the mixture. The
injection timing and compression ratio determine ithitial pressure and temperature
conditions at the start of combustion and theireltggment during the combustion
process. The oxygen concentration in the cylindgeminines the maximum flame
temperature during the combustion, as illustrated tlhe modelling results of
Nakayama et al. (2003) using the extended Zeldorielchanism. In light of future
emissions legislation, where it is accepted thageti@d levels of NQemissions will
be smaller than the present variability in emissjamprovements are required, not
only in terms of meeting the targets, but equallyarms of achieving them over a
prolonged period. Potential advanced combustiomatipes have been assessed and
have shown capabilities of achieving ultra-low ,N&hd soot emissions. However,
their knife-edge aspect means that any small vaniah operating conditions can
have a huge effect on emissions. In terms of sou$seons, it is likely these can be
trapped by a particulate filter. However, in teraigNO, emissions, where the wish is
to avoid after-treatment by using HCCI or PCCI gpen, small variations in
operating conditions will have large effects oripigie emissions. This will be one of
the main challenges for advanced combustion operdtiat aims to avoid the use of

NOy after-treatment systems.

The main objective of this chapter is to proposeea simplified concept for NO
formation based on findings from previous experitaemd to present the justification
for this hypothesis. It is suggested that this ephés used as foundation for closed-
loop systems aiming to control N@missions accurately. This concept is based on
the close relationship demonstrated between, B@issions and both the oxygen
concentration and the maximum rate of pressuregehdhhas also some potential to
be used independently of load in operating regiohshe engine where diffusion
combustion is suppressed. Some hypotheses havertzebnto justify this possibility.

Other objectives of the chapter are to presenpttential applications of the concept
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to development and operation of advanced combusimiems together with an

indication of its limitations.

7.2 Background

Accurate control of the engine operating conditimassential for the implementation
of robust advanced combustion systems. Currertly,niajority of injection control
systems in diesel engines are model-based opendoapol systems, using the
measurement of the air mass flow sensor, the erggined and the pedal position to
determine the level of fuelling. Some closed-loamteol systems are in place to
define when the regeneration of the particulate staould occur, and which are based
the monitoring of pressure drop across the trape Thxt step in diesel engine
injection control is likely to replace this opersfmby closed-loop control modes. This
will offer not only accurate control but also rdlia control during the engine lifetime
since the system is based on feedback and caridteself-compensate for ageing or
drift effects of the hardware. The impact of a 10/&8tiation in the EGR rate can be
seen in Figure 7-1, which demonstrates how seesitie new combustion processes
are compared with a more conventional Euro 5 ojmeraespecially in the case of
HCCI combustion, where early injection timings ased. This highlights the fact that
control strategies need to be developed to comperiea eventual issues such as
EGR system fouling and general wear of the engihe. controllers would also need
to run periodical self-diagnostics to ensure goperations.

Some closed-loop control approaches have beensdisdun Section 2.2.3, such as
that of Nakayama et al. (2003), Olsson et al. (2@01INeunteufl et al. (2004). The
present concept is a development of the controtepinof Gartner et al. (2002),
which used the angle of 50 % burn and an indicabbroxygen content in the

cylinder, based on the air mass flow, as feedbalk.angle of 50 % burn can remain
a secondary control parameter for the control ef tonsumption, whereby setting a
target value in between TDC and 10 °CA ATDC willsare minimum fuel

consumption, as demonstrated by results in Figu28.6For the present purposes
where NQ emissions are targeted, there is an opportunitysi rate of pressure

change and oxygen concentration as feedback pagesmet closed-loop control, as
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they offered a good correlation with N@missions for PCCI combustion, as well as

for HCCI operation where combustion is decouplednfinjection.

90.0

88.0 ~

86.0

84.0

Noise (dB(A))

82.0

80.0 ~

Early SOI -36 CA ATD'XZO.S:l AFR, 550 bar IP

55 %

%

HCCI operation 45 %

45 %

Euro 5 operation
Pilot + main SOI 1 TA ATDC, 30.0:1 AFR, 550 ba

4%

P

PCCI operation
Late SOI -12.5 CA ATDC, 20.5:1 AFR, 800 bar IP

78.0

0.00

Figure 7-1: Sensitivity to EGR rate of advanced cofustion.
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7.3 Presentation of concept

The illustration of the potential for a simplifiddO, formation concept is shown in

Figure 7-2 and Figure 7-3 where all the N€nissions data obtained at key point P1,
1500 rev/min 3.0 bar GIMEP, and key point P2, @6 GIMEP, respectively and

described in Chapter 6 were included. Thed@issions data was plotted on a graph

of oxygen concentration against maximum rate ofguee change. A representation

of the spread of data is included in an insertaichefigure.
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Figure 7-2: NO, emissions versus EGR/Lambda & rate of pressure cinge (P1).
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Figure 7-3: NOk emissions versus EGR/Lambda & rate of pressure chnge (P2).

At the lower load, when the injection timing wasvadced or retarded from -30 °CA
ATDC, the rate of pressure change decreased, whatee higher load, the rate of
pressure change decreased only when the injeatnimgt was retarded. In both cases,
bands of identical levels of NOemissions were visible, suggesting a direct
relationship between the emissions and oxygen carat@®n and rate of pressure
change. As the EGR rate over Lambda increaseaigsions decreased. Equally, as
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the rate of pressure change decreased, the enssdguoneased. The regularity of the
bands disappeared when both higher oxygen contemsaand higher rates of
pressure change were present, resulting in higlgrewissions regions. At key point
P1, two separate high N@missions regions are visible, which correspondédta
from the two different injection pressures test@dhere pressure is influential
(EGR/Lambda lower than 45). These high Ngnissions regions correspond to the
appearance of diffusion combustion, which invakdathe concept as the emissions
become function of local mixture parameters suclieagperature and pressure and
can no longer be associated with just two globaiabées. This represents one
limitation of the concept which is valid only foulfy-premixed-charge combustion,

and does not have the complexity of the more cotapeldovich mechanism.

Another aspect of the NOformation concept is illustrated in Figure 7-4 by
associating the results at key point P1 and P2ddscribed earlier, the bands of
identical NQ emissions could also be seen despite the resaoitsng from two
different loads. The profiles of the bands wereywdose but some differences in the
levels were visible. These remained small and m @ahder of 0.1 g/kWh, which
corresponds to a difference of approximately 10 ppynvolume of emissions
recorded at either load. This difference is smatl l,ecomes significant as emissions
targets shrink. It is thought that three main dbotors explained these differences.
First, the inlet-manifold temperature was differahthe two loads, which could affect
NOy formation and not be incorporated in the rate i&spure change. Second, the
premix ratio could also contribute to the differenm emissions as higher NO
emissions are expected with the lower premix radiosined at key point P2, as they
indicate a lower homogeneity of the charge, anccédngher fuel-rich regions. The
premix ratio could be compensated for by higheedtipn pressure at key point P2,
which itself forms the third potential contributtar the difference between data sets.
Injection pressure was 550 or 750 bar at key g@inand 1000 bar at key point P2.

Figure 7-5 is an alternative representation of teeults and offers a better
understanding of where the concept is valid andravlitereaches its limitations, as
diffusion combustion appears. As the injection tigywas varied, it led in some cases
to high rates of pressure change. Having reachraeb@mum rate of pressure change,

corresponding to the highest level of premixed-costion at the highest rate of
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combustion, the remaining fuel was burned durirg diffusion-combustion phase.
This no longer affected the maximum rate of pressthhange but led to a large
increase in NQ emissions. This translates into the near verticateases in NQ

emissions once the rate of pressure change haseckapproximately 125 bar/ms at

key point P1 and 230 bar/ms at key point P2.
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Figure 7-4:NOyxemissionsrersusEGR/Lambdaandrate of pressurechange(P1&
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pressure change at key points P1 and P2.
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An equation was derived to characterisexNgmissions as a function of the global
parameters maximum rate of pressure change andlE@GRda. A correlation was
obtained with the product of the contributing paesens at key points P1 and P2 for
NOy emissions below 1.0 g/kWh as follows:

-307 111
NOx= 250[@ EGR aj [ﬁfj (7-1)
Lambd dt

Where NOXx is the specific NQemissions (g/kwh),
EGR is the EGR rate (% volume),

Lambdais the relative air fuel ratio (-)

% is the maximum rate of pressure change (bar/ms).

The equation reveals that EGR/Lambda is the domiparameter contributing to
NOx formation. The predicted and measured results weoss-plotted giving
confidence in this concept to predict or indicate,NMormation, as can be seen by the
coefficient of determination of 0.82 in Figure 7When using Equation 7-1 with data
from Table 6-2 at the higher speed and load (kegtpd?3, P4 and P5), the predicted
NOy formation was higher than measured values inaaés. It is thought that varying

degrees of diffusion combustion invalidate the emainder these conditions.
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Figure 7-6: Measured versus predicted NQemissions (P& P2).
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7.4 Justification of concept

The advanced combustion engine data assessed iteCbagll indicated the need for
increased levels of mixing of the charge prior tombustion in order to limit the
flame temperature. In light of the increased homegg, it is assumed that the local
in-cylinder characteristics, such as temperaturesqure, oxygen concentration, as
well as combustion characteristics, such as flaemeperature, effectively become
global parameters. Measured values become repatisenof local values across the
entire charge rather than an indication of theierage, as depicted in Figure 7-7,
where the inhomogeneity of a conventional combuastperation reveals a wide
range of local excess air values, whereas the imamegogeneous advanced operation
is characterised by a single value. It is alsoeveld that this explains the high
sensitivity of advanced combustion operation seefrigure 7-1. The microscopic
aspects of the in-cylinder and combustion charesties therefore take on more
macroscopic aspects. This forms the foundation efctimcept and explains why the
rate of pressure change as well as oxygen contienti@an be used as a simple NO
formation indicator or predictor. The concept is mapgossible by the relative
insensitivity of NQ emissions to injection pressure and fuel and mteractions
(piston-bowl geometry, protrusion, injector-nozatenfiguration). An equivalent
indicator of soot emissions would also be valudblg sensitivity to in-cylinder
geometrical, physical and chemical factors makefeasible.
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Figure 7-7: Summary from conventional to advanced@mbustion operation.
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Conventional diesel combustion
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Figure 7-8: Summary of conventional and PCCI combusons.

Figure 7-8 describes how the in-cylinder and cortibonscharacteristics are used to

indicate NQ emissions in advanced combustion. It also illuegavhy this is not
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possible with conventional diesel combustion, sirtbe premixed combustion
characteristics do not represent the NOx formapoocess during the diffusion-
combustion phase. As displayed in the figure, theylinder rates of pressure change
in conventional diesel combustion exhibits two m@sasAn initial premixed-
combustion phase with a high rate of pressure ahavap followed by a diffusion-
combustion phase with a relatively lower rate afgsure change. Despite the lower
rate, a high level of NOformation was expected from the diffusion-combarstphase
since the burning mixture was closer to stoichiosioetnd at elevated temperatures
due to the increased in-cylinder pressure and teatyre resulting from the initial
premixed-combustion phase. However, advanced cadmbusoperation was
characterised by fully-premixed-charge combustiaisible from the rates of in-
cylinder pressure change. This formed the foundadfahe concept, since the results
of Chapter 6 showed that N@ormation is directly proportional to two elemeiirs
fully-premixed-charge combustion. The first is thaximum rate of pressure change,
which incorporates operating conditions such asylmder pressure and temperature,
as well as oxygen concentration and the secondygem concentration itself. The
second part of the concept illustrated in Figur was that NQ formation could be
made load independent by using indicated speaifisgons relative either to fuelling
or to gross load. The result is a particular ledN®, formation for a given oxygen
concentration and rate of pressure change, whichdcbe transformed into total
emissions when multiplied by load or fuelling. Amaresting aspect of this result is
that inlet-manifold temperature, injection pressanel combustion duration are very
different at both key points, and yet N@rmation is expressed by a very similar
map. From Figure 7-8, the main assumption undenpgnthis is that the duration of
the combustion, which could be associated with thges of propagation and
combustion, at the highest stable rate of presshia@ge reflects the total amount of

NO, emissions.

Additional remarks can be made concerning theahiind final stages of the
combustion. An initiation combustion phase occumwddch led to limited rates of
pressure change due to the limited amount of fuehibhg. The cause of this
behaviour was believed to be linked with the cheamiproperties of the fuel
(aromatics) not reaching auto-ignition conditionsnidtaneously and to some

variability in the level of physical homogeneity. fermination phase of the
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combustion which resembled the initiation phas® alscurred. It is likely to be
associated with isolated combustion of the chamgeaining after the bulk of the
combustion. Both these components of the combustiemeglected in the concept as
they represent only a small portion of the emission

The following assumptions have been made in devedpibie concept:

. Air utilisation must be optimised for there to beghgible impact on the NO
formation. As long as this is achieved, the injectozzle configuration and
protrusion, combustion chamber design and fuel patlthe combustion
chamber can be ignored

. Combustion is of a fully-premixed-charge type. Smniedces of diffusion
combustion may not be tolerated since they ardylilceinvalidate the concept
as they would contribute to NOformation, without it showing in the
maximum rates of pressure change

. Injection pressure affects the premix ratio rattieem increases the level of
premixed combustion since diffusion combustion li®ady negligible. Its
effect is expected to be incorporated in the raf@essure change

. The effect of in-cylinder temperature is also expddb be included in the rate
of pressure change

. A certain premix ratio must be achieved to guamtite mixture homogeneity
is sufficient to consider local parameters as regmeative of global ones, i.e.
requiring low oxygen concentrations and late orlyeanjection timings
depending on the load

. The combustion of one zone of fuel has minimal inbpat the in-cylinder
conditions of surrounding zones due to the rapid global nature of the
combustion. The global parameters such as the indmyl rate of pressure
change and oxygen concentration are representafiveach zone of fuel
burning rather than an average of different ratepressure change in the
cylinder

. All the fuel does not burn instantly and simultanglg. The maximum rate of
pressure change is a function of in-cylinder pressund temperature and the
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oxygen concentration. The time spent at the maximateis a function of the

rates of propagation and combustion.

7.5 Benefits and limitations

There are two main benefits of the proposed, fgPmation concept. The first is the
fact that NQ formation can be predicted or indicated using thabal variables and
that local variables, impossible to measure ingtesent engine were not necessary.
The second is that they can be expressed indepéndéidad, injection pressure and
inlet-manifold temperature, making it generic. Tlatdr has been proven in the
present research programme at light and mediunsledatre advanced combustion
operating conditions were used at very differergrapng conditions. It is believed
that this is allowed by the maximum rate of pressthrange, which incorporates the
impact of the in-cylinder and mixture conditionstbe rate of combustion, such as in-
cylinder pressure and temperature, therefore takitm account both the injection
timing and the compression ratio. The expressiorthef emissions in g/kWh or
a/kguel @and of the rate of pressure change in bar/msrrétha bar/°CA also assisted

in its generic nature.

There are several fields where such a concept wmilokeneficial. A first would be in
the field of simulation, where both computationdid dynamics and 0 and
1 dimensional models are used. The concept offengreglictive tool for NQ
emissions based on the oxygen concentration ared afafpressure change when
advanced combustion operation is envisaged. Thisidvalso allow some form of
prediction to be made in computational fluid dynesnwithout the need for complex
calculations based on the chemical models and thdovieh mechanism. A second
would be in the field of engine calibration, whelesign of experiments is often used
to optimise the engine parameters such as air fftmgsinjection timing, AFR and
EGR rate at several key points. Rather than aimingaflow NQ emissions target
using a model-based open-loop control mode, it ddng more advantageous to aim
for actual target rates of pressure change andevxggncentration at the several key
points, as these would represent feedback conditidimectly controlling NG

emissions. In a related engine control field, adeancombustion operation will
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require model-based closed-loop control systemss tising the results of the current
operating condition to define the following opengticondition. The rate of pressure
change forms a target and is assessed at eacleerygie and in each cylinder. Any
difference with the target triggers a screeninghef operating conditions. Should the
rate of pressure change be too high, a reductioth@foxygen concentration or a
retardation of the injection timing would be implented. An increase of the injection
pressure could also be envisaged to increase #miprratio. This would help the
controller to identify the fault and to compenstieit. A potential benefit of using
the rate of pressure change also resides in tleedypensor required: a sensor such as
an accelerometer could provide valuable informatwrihe controller, which could
reflect the rate of pressure change achieved dutirgg fully-premixed-charge
combustion, without the need to be intrusive. Otlepensive in-cylinder pressure
transducers could be used and would provide additiquantitative information such
as the maximum level of pressure and its anguleation as well as combustion
characteristics such as the angle of 50 % burnfuluge terms of fuel economy

monitoring.

The main limitation of the concept is that it is lomger valid as soon as there is
diffusion combustion. With the current single-cyger engine, this translated into a
load limitation of 1500 rev/min 6.6 bar GIMEP. Thiesgs a problem for emissions
legislation such as future US Tier 2 Bin 5 sinceséhalso target higher load
conditions. Currently, the moderately reduced casgion ratio, the available
injection system and EGR rate capabilities presead llimitations as illustrated by
the premix ratios. However, these may be extendgdubure developments in
advanced combustion operation and the associatetivaee. Another uncertainty
concerning the validity of the concept is the leditunderstanding of the impact of the
inlet-manifold temperature and injection pressudtethis stage it is unclear whether
these operating conditions would increase the oatde pressure change, therefore
increase NQemissions whilst remaining on the surface in FegthS or whether the

response will require further superimposed surfaces
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7.6 Conclusions

The simplified NQ formation concept offers an approach to the cémtr@dvanced
combustion operation. It has been achieved thraaudietter understanding of the
impact of advanced combustion on combustion chargtits and on NQemissions.
The main conclusions from this chapter are:

. High sensitivity to operating conditions leads ighhvariation in noise and
NOx emissions. This is a concern for the applicatiomafanced combustion
strategies where ultra-low emissions are targeted

. The concept is based on the existence of a singiguwstion phase, i.e. a
fully-premixed-charge combustion and associates, E@issions with the
oxygen concentration and the rate of pressure ehdh justified by the fact
that high levels of mixing give local variables aom® global meaning,
therefore allowing global measurements to repretenicombustion and the
NOy formation

. The duration at the maximum rate of pressure changdunction of the level
of fuelling or load, and determines the total N&nissions

. Clear bands of NQ emissions versus oxygen concentration and rate of
pressure change were seen at key points P1 anthBzrofile of these bands
were very similar and an equation was derived wiiiicheasonably well the
data and demonstrates that the concept can becalpleli across load
conditions, despite different inlet-manifold temgieires, injection pressures
and loads

. High NGO, emissions regions were found with high oxygen eat@tion and
rates of pressure change, highlighting the presemnadiffusion combustion
and invalidating the concept in those regions

. There are several applications in which the conoept be of value, such as in

simulation, engine calibration and engine control.
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8 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

Many research programmes have focused on reduanggnesout emissions by
applying advanced combustion operation. Result® taghlighted the potential for
achieving ultra-low N@ and soot emissions by using early injection timing
associated with low AFR, highly cooled EGR rates #&mgh injection pressures,
yielding HCCI combustion. However, it has been shdiat this approach leads to
extremely high HC and CO emissions and is limitedower load ranges. The load
constraint also implies issues regarding transigmmtrol when passing through
operation modes. Late injection timings have bdwws to yield PCCI combustion.
It is clear that PCCI operation does not preseatstime low NQemissions nor does
it present the same increase in HC and CO emissibawever, its ease of
implementation and its less complicated controlumegments make it a very
appealing short-to-medium term solution. The workadi®ed here has extended the
limits for PCCI operation to result in a furthercdease in NQand soot emissions
over a broader operating region. This approach imasdato achieve HCCI operation
NOx and soot emissions results whilst minimising HGl @O emissions. The
exploration of the fundamentals of diesel combustio achieve low engine-out
emissions has resulted in an improved understanadfirthe in-cylinder phenomena

and the relationship with emissions.

In order to allow an extensive exploration, a seagylinder diesel engine was
employed and the test cell was developed suchohertating conditions could be set
independently precluding the Ilimitation imposed byulti-cylinder production

hardware characteristics. A single to 4-cylindegiera matching was accomplished to
ensure realistic operation of the research engnteta demonstrate the validity of
conducting subsequent research on such a facilitys consisted of correlating
Euro 5 style 4-cylinder engine operating conditianth the single-cylinder engine at
eight part load and three full load conditions.sHyr the single-cylinder engine gas
exchange processes were equated to the 4-cylindaresfor each load condition, by
establishing exhaust valves settings and an orfflate that offered and appropriate

representation of the engine after-treatment amdotinarger. Secondly, injection-
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timing and swirl responses were conducted. Opegatimditions were selected which
provided a good match in terms of N@nd soot emissions, fuel consumption and
load. This also formed a solid baseline for futungestigations. Ultimately, the
transferability has been verified since a reversgetation (single-cylinder to 4-
cylinder engine) has been successfully demonstrsubdequent to this programme.

The results have not been presented for reasormbélentiality.

Once a series of reference points was acquireastigations were carried out to
analyse the impact of reducing compression rat @amodifying the inlet ports to
increase their flow capabilities. These changesesgmted an evolution of the
conventional combustion system and are likely mnlear future. The effect of these
hardware changes was assessed across three phrtoloditions and one full load
condition, whilst maintaining fixed all operatingrditions. At part load, soot and
NOy emissions were reduced with the latter effect dishiing as injection timing was
retarded. Fuel consumption was generally unchariggdHC and CO emissions
increased. It was concluded that lower pressuretamgerature during the injection
and combustion promoted fuel-air mixing, which reeld both the rate of combustion
and proportion of diffusion combustion. When diffus combustion was suppressed,
the results showed NCemissions to be less sensitive to in-cylinder sues and
temperature. It was found that when the startingtpeas a fully-premixed-charge
combustion, reducing the compression ratio dectetts® maximum rate of pressure
change, whereas when diffusion combustion was pte#s reduction fuelled the
premixed combustion thereby increasing the maxinmata of pressure change. At
full load, increased load capabilities were possiyy advancing the injection timing
further and reduced smoke emissions were posstlethie same inlet-manifold
pressure due to the increased volumetric efficieddyese investigations illustrated
that reducing compression ratio offered similardigs as retarding injection timing,
but that noise emissions were increased with coetbipremixed and diffusion
combustion. They also illustrated the potential nareéase full load capabilities

making compression ratio reduction a favoured opfow future diesel engines.

Having observed the impact of compression ratiseatucing the rate of combustion
and suppressing diffusion combustion, further meeei®e investigated to pursue this

approach. Oxygen concentration and injection timiaye been identified as key
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enablers and were assessed in an aim to extentimite for PCCI and HCCI
operation, whilst developing understanding of thlatronship between emissions and
in-cylinder and combustion characteristics. The mefifects of lowering oxygen
concentration were to increase the heat capacdyt@melay auto-ignition. Injection
timing also contributed to increasing auto-ignitidelay. The increased mixing time
resulted in a leaner mixture prior to auto-ignitiand, combined with the increased
heat capacity, limited the rate of combustion arakimum flame temperature. This
was observed at 1500 rev/min 3.0 bar GIMEP wherea-ldtv NO, and soot
emissions were obtained. The rates of pressure ehaeduced as oxygen
concentration decreased and at the most advanaedaoded injection timing tested,
yielding HCCI or PCCI operation respectively. Aethigher load of 1500 rev/min
6.6 bar GIMEP, ultra-low NQemissions were achieved only at the most retarded
injection timing. It was shown that the early irtjea timings tested at light load were
not sufficient early to obtain a level of mixinghigh could delay auto-ignition at the
higher load. Only much earlier injection timingsitftwadapted nozzle and combustion
chamber designs) would provide sufficient mixingrévarding the auto-ignition. In
addition to these findings, for extreme cases gigex concentration, evidence of the
decoupling of combustion from the injection wasegivwhich was confirmed by the
insensitivity of NQ emissions to injection pressure. In terms of otbperating
characteristics, soot emissions were not as pedglectas NQ emissions, and resulted
from a compromise between mixing time, fuel-airtqns interactions, oxygen
contents in the flame and in-cylinder temperati€ and CO emissions were
increased when reductions in N@missions were made, highlighting one of the new
trade-off curves for advanced diesel combustion. gther trade-off curve was with
NOx emissions and fuel consumption, where retardifgcion timing increases fuel
consumption but reduces N@missions. The PCCI operation was then extended to
higher loads to result in ultra-low N@missions and reduced soot emissions without
the uncontrolled increase in HC and CO emissiossaated with HCCI operation.
This was achieved by lowering global oxygen conegimn, retarding injection
timing and increasing injection pressure to prom®&®ECI combustion. This
highlighted the high levels of inlet-manifold prass and several other sources for
increased fuel consumption, which further outling® requirement for lower
compression ratio rather than for more retardeectign timing or ultra high EGR

rates to achieve ultra-low N@missions.
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Finally, the stringent limits on emissions for diksengines in passenger-car
applications require the emissions from future pagsr-car engines to be controlled
to levels which are within the limits of variati@f today’s engines. This calls for
more complex control strategies, such as closed-tmmtrol to facilitate the required
combustion operation. A NCformation concept has been proposed for combustion
characterisation, which associates JN@missions with the global oxygen
concentration and the rate of pressure changeaslbken proposed that it could offer
a foundation for these control modes. When alldkperimental data from two load
conditions is collected together, it is shown thEd, emissions come together in
bands when plotting against oxygen concentratioth mwaximum rate of pressure
change. The potential for using macroscopic parasdte represent microscopic
events is made possible by the increased homogemiethe charge and the single-
phase nature of the combustion. This,N@mation concept uses only two variables
to monitor NQ emissions and could be beneficial in several $ielsuch as in
simulation, engine calibration and engine contitois thought that with the types of
sensors required for monitoring rate of pressuengh, i.e. accelerometers, currently
available, cheap and easy to implement, this canceypld prove to be a relatively

simple solution in production engines.

8.2 Recommendations for future work

In the present research programme, a conservatolaten of the compression ratio
has been adopted. This was made for cold-start armtlugtion-feasibility
requirements. Sufficiently low NQOemissions have been achieved to meet future
emissions legislation, however, these were achiewgth an increase in fuel
consumption and extremely high levels of inlet-nfialdi pressures to compensate for
the high EGR rates. The increased inlet-manifold qunes would result in extra
parasitic losses, and hence fuelling to compenfat¢he turbine work and would
therefore represent an additional fuel consumpiizecrease. To minimise these
drawbacks, a lower compression ratio could be impleted, allowing less retarded
injection timings to be used and possibly lowerelsvof inlet-manifold pressures,
which would both benefit fuel consumption. The expdcincrease in HC and CO

emissions as well as cold-start issues will needet@ddressed, however, these may
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be easier to handle than implementing either g Mfer-treatment system or an
advanced air system. The lower compression ratdcalso extend the PCCI
operating region where diffusion combustion doesarour, offering confirmation of
the simple NQ@ formation concept applicability over a greatergangion of the drive

cycle.

Other detailed investigations which could bendfé present work concern the effect
of injection pressure, inlet-manifold temperatusggher injection pressures could be
beneficial to NQ emissions since they would increase the premia eatd enable the
injection timing to be retarded whilst maintainiag appropriate combustion phasing
for fuel economy reasons. A more detailed analg$ithe impact of inlet-manifold
temperature on the combustion and its rate of presshange would provide a more
complete NQ@ formation concept. One of the main assumptiongutdify load
independency of the NCformation concept was based on a stable rate exfspre
change during the combustion, limited by the rdtg@ropagation and combustion.
The evidence for this is lacking at this stage aodld/ benefit from investigations in
computational fluid dynamics and ultimately in aptical engine to observe the
combustion process under fully-premixed-charge agstibn. The optical engine
would also provide evidence of the level of mixiagd potentially of the regions of
NO or HC formation.
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APPENDIX A

Fuel characteristics:

The table below summarises the main specificatidribeodiesel BP Ford reference

fuel used for the investigations. Two different Ihats were used, with slightly

different properties (second batch values showrbreckets). The impact of the

change on the combustion behaviour was not notieeab

Property Value Unit Analysis protoco
Density at 15 °C 833 (837) kg/m3 ASTM D 4052
Sulphur 0.004 % (concentration) IP 336
Aromatics 20.8 % (volume) ASTM D 1319
Olefins 2.00 % (volume) ASTM D 1319
Saturates 77.2 % (volume) ASTM D 1319
Gross calorific value 45.9 (46.1) MJ/kg IP 12
Viscosity at 40 °C 2.887 cSt P71
Hydrogen content 13.15 % (concentration) ASTM D 5291
Carbon content 85.3 % (concentration) ASTM D 5291
H/C ratio 1.87 (1.84) (-)
Cetane number 53.5 CN ASTM D 613
Flash point 67 °C ASTM D 93
Initial boiling point 177.5 °C
Final boiling point 352.5 °C
Recovery 98.5 % (volume)
Residue 1.0 % (volume)
Loss 0.5 % (volume)
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APPENDIX B
Opening and closing delays:

Injector opening delays is the time between the sfadrive current and the first trace
of fuel injected, detected by the pressure transdunjector closing delay is the time
between the end of current drive and the last tcddeiel injected, detected by the
pressure transducer. The phenomena are illustnatidne isample of injection rate data

and the related traces shown below:

— Drive current

— Rate of injection

— Injection pulse

¥ Start of combustion

v B
Jime
! .
Opening Closing
delay delay

The opening delay decreased as the injection peessareased, which is due to the
positive effect injection pressure has on thengtiof the needle. The fit to the

measured data is displayed in the figure below.
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The closing delay is mainly a function of the injentduration but evidence of the
injection pressure affecting the closing delay w® visible. The measured results

for the closing delay are shown in the figure below
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Both these sets of delays were determined fronctigje rate data for the 7 hole

injector nozzle and were assumed identical foi8thele nozzle.
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