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Abstract

Abstract

The primaryaim of thisresearch was to predict the emissiand fuelsavingswhen
replacing a mechanical fuel oil injection system wathigh pressure common ralil
one. The work in thisstudyconsists oftwo parts. In the first part, a novel routine is
proposed for the optimisation of electrofuel injectos andtheir dynamic response
including the needle valve opening delay and the needle valve closing(daky
needle valve opening delay refers to theay betweenthe control signal being
triggedandthe needle valvbeingfully open; the needle valve closing delay refers to
the delay betweernthe control signal deactivatingnd the needle valvéeing fully
closed. Two Injectors (Typd and Typell) were included their
onedimensional(1D) models were built in AMESIim software and validated

respectively.

A parametric study on the Tygduel injectorwas conducted before the optimisation
process in order to examine the effectsvafious parameters includy the control
piston diameter (CPD), control oil.€. thefuel oil used for control in a typical
solenoid electroniduel injecto)) inlet passage diameter (IPD) and control oil outlet
passage diameter (OPD) on injection characteristics, i.e. injeaet®nimjection mass,
needle valve lift and control chamber pressure. Then, the optimisdtiba injector
dynamic response was investigated by the proposed romtimeodeFRONTIER
software In detail, the routine includehe following steps: First, amdom sequence

was adopted in thedesign of experiment{DOE) type. Then, an NSGA
(Non-dominated Sorting Genetic Algorithm) Ialgorithm was selected\Next, a
whole electronicfuel injector model was chosenwhere the displacements of the
needle valve were generated. These data were first writtemrntgut file, and to

do this, appropriate writing and reading rules needed to be developed. The text file
was read by the MATLAB code, where the control sigmad needle valve
displacement timings were calculated. The valve opening delay and the valve closing
delay were thus obtained from these timings. Additionally, a constraint was set
between the control oil inlet passage diameter and control oil outkdgediameter

in that the former should be smaller than the latter in each run.
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The CPD, OPD and IPD were the three design parameters to be varied in the
optimisation process of the Typduel injectorat a specific rail pressure. However,
three more degh parameter@he spring preload force (SPF), nozzle orifice number
(NZN) and nozzle orifice diameter (NZpyere involvel in the optimisation process

of the Typell fuel injectorunder three different rail pressures (88a,120MPa and
160MPa). The opmal design with the best traddf between the valve opening
delay and the valve closing delay of eaftiel injector was singled outvia a
scattering chart. Results show that the optimum -ypeel injector achieved
reductions of 40% and 25%f the basehe design on the valve opening delay and
valve closing delay respectively. The optimal design of the -Tiyfigel injectoralso
achievel a huge reduction at all three rail pressufgecifically, the valve opening
delay was reduced by 29.8%, 2%% and 2%, and the valve closing delayas
reducel by 25.6%, 24.5% and 30.1%t 80MPa, 120MPa and 160MPa rail
pressuregespectively. RSM (response surface method) contour maps were used to
study the interactions between design parameters. Results indicatettie CPD,

IPD and OPD and their interactions are influential design parameters for the valve
opening delay, while the IPD has a dominant effect on the valve closing delay. A
large CPD together with a large IPD was found to increase the valve opelagg de
dramatically. Surprisingly, the effects of the spring preload force (SPF) on the valve
closing delay are noticeable at low rail pressufidne valve closing delay decreases
with an increase in the spring preload fordéhe feasibility and efficiency othe
proposed routine was validated both on the Tiyfeel injectorand the Typdl fuel
injector. It wasnot only achieved great reductions on both the valve opening delay
and the valve closing delgyut wasalsoableto comprehensivelgisclose the effcts

and interactions adhedesign parameters on the injector dynamic response

In the second part, Typé fuel injectormatches with the combustion chamber of a
mediumspeed marine diesel engine was condudigda CFD model of the
mediumspeedmarine diesel engine built in AVL FIRE softwarelThe model was
validated by using the cylinder pressgerate of heat releaseROHR) and NOx
emissios underfour engine loads, i.6.25 (25%),L50 (50%), L75 (75%) and L100

(100%) loads. Seven engine desigarametersincluding four injectionrelated
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parameters (spray angle, nozzle protrusion length, injection timing and swirl ratio)
and three combustion chamber geometry parameters (bowl diameter, centre crown
height and toroidal radius)were examined by gparametric study and a

multi-objective optimisation.

The parametric studyas carried out taliscoverthe sensitivity odesignparameters

on the objectivesritrogen oxidegNOyx) emissions, soot emissions aspkcific fuel

oil consumption $FOQ). In it, each engine design parameter was investigated
independently undehreeengine load$25% engine load was excluded due to the
fact that it is very unstable operating conditiorRResults showed that the
injectionrelated parameters were found to hawech nore influence than the
combustion chamber geometrie addition, the injection timing, one of the

injectionrelated parameters, has the largest influence on the objectives.

In the optimisation study, two algorithnfghe nonlinearprogramming byquadratic
Lagrangian(NLPQL) algorithm andmulti-objective genetic algorithmMOGA))
were usedn two stagesinitially separately anthensequentiallyfor the first timein

the engine optimisation domaifhis studyaims to reduce the NOx emission, soot
emissionsas well as tomprove fuel economyDetailed comparisons were mafibe
NOx emissions, soot emissiormsd SFOC as well asthe design parameters. The
optimisation study showed thdahe NLPQL algorithm failed toobtain optimal
designswhilst the MOGA offered more feasible Pareto desig8sicethe NLPQL
algorithm isalocal optimisation methodnd as a result it sffected bythe selection

of appropriate initial conditionshe optimal designvith the best tradeff between
NOx and soot emissions obtained by the MOGA was set as thegaoint of the
NLPQL algorithm. In thiscase a better design with lowedOx emissions and soot
emissions wa®btained The @mbustion processes of these optimal designs were
also analysedand compared in detail. Late injection and small swatlo were
reckoned to be the main reasons for redudi@ emissions. In the enaontour
mapsgenerated by response surface metiRENM) were applied in order to gain a
better understanding of the interaction and sensitivitthefdesign parameters on

NOx emissions, soot emissions and SFOC. Results indicateN@atmissions and

Nao Hu, University of Strathclyde, May 2017 Pagelll



Abstract

sod emissions can bgreatlyreduced by adopting a late injection, a low swirl and a

large spray angle, but fuel economy was sacrificed.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1.Background

Energy is a contual pursut of humankind. One of the most common sources of
energy is fossil energy, especially oil, whidignificantly af f ect s t he
econonic development. Every time ifriceincreasesa financial tsunami is caused.
This is reflectedin the three oil cries in the past four decades. The first oil crisis
happened in October 197Bhich lasted for nearly half a yeanil price roseto three
timesits initial price. The high price of oil triggered the worst global crsisethe
Second World War. The secondl crisis happened in 197%he price of crude oil
doubled in the following 12 months due to a severe reduction of oil output. It is
recognised athe main reason for causing economic recession in th& &l other
countries. The third oil crisisvhich lased nine monthsyasin response to the Iraqi

invasion of Kuwait or2" August, 1990.

Although the price of oihasreaché its lowestthese days, duto the londemandof
a slowingdown world economy, the main trenttreasesteady over a long period
of time. Sinceadequatesubstitute in the marine domain have not been developed

yet, fossil oil will play an indispensable role in the future fooagd period of time.

About 90% of the world tradeis transportedy ships, which arenainly poweredby
marine diesel engines. A high fossil pilice results in a high operating cost and a
low economic benefitin addition ships are causing intolerable pollutias their
number grows. Compad to automotive diesel engines, marine diesel engines
exhausfar lesscarbonmonaoxide (CO), carbon dioxide (C£ and hydrocarbon (HC),
but generate a high level MO« emissions. Its reported thaNOyx emissions are
estimatedo beabout 10 million tons per annum, which is equivalent to about 14%
of total globalNOx emissions from fossil fuelgl]. Facing sucha severe situation,
IMO expressly stipulatedrhat theNOx emissionshouldbein therevised MARPOL

(the international convention for the prevention of pollution from ships) Annex VI, as

shown inTable 1-1. Tier Il NOx emission regulation came into force for engines
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mounted on a ship constructed on or aftér January 2011. It stipulated the

reduction ofNOx emissions up to 20%n comparsonto Tier | regulations in the

global area. The more stringent Tier Il regidas were applietio engines installed

on ships constructed on or aftet January 2016, operating in ECAs (emission
control areas). It requires a reductionN®x emissions up to 80% from the Tier |
regulations. Tier Il regulations are still applied frips operating outside of the
ECAs.

Tablel-1 IMO NOy emissiornregulationg2, 3]

Rated Speed n (r/min n<130 1300 n 0 2000 Nn>2000

Tier | (2000)/ 17.0 4500 02 9.84
g/(kwh)

Tier 1l (2011)/ 1436 440w °= 7.66
g/(kWh)

Tier 11l (2016)/ 1436 440w °o= 7.66
g/(kwWh) none ECA

Tier 11l (2000)/ 3.4 on °? 1.97
g/(kWh) ECAs

Emissions and pollutioare already threaninglife on the planet. lis necessary to
have these emissions and polluticeducedand under controin every aspect,
including pollution from ships. Most of the emissions from ships are generated by
marine diesel engines. Measurements for boosting engine rparioe and cutting
down emissions can be taken from two aspeetsadopting advanced engine control
technologies or afteareatment technologies. The former usually refers to the
technologies of HPCR fuel oil injection, adjustable turbocharger, Millelegcyow
emission combustion and clean fuel combustion (nature gas, dugdijudihe latter
consists of the oxidation catalyst, exhaust particles purifier, SCR, EGR, TWC
(threeway catalytic) andNOx absorbereduction catafyc converter [5-7].The
HPCR fuel oil injection system is one of the most extensively used technologies for

the control of internal combustion engines. However, some marine diesel engines
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operatingcan only meet the Tier | emission regulations. These engines are still using
mechaical fuel oil injection systems, which cannot improve their emission levels by
adjusting fuel oil injection settings. A promising choice for these engines is to be
retrofitted with HPCR systems. A HPCR system provides a flexible control over
engine injedbn laws disregarding engine loads and spesdj at the same time, a

finer fuel atomization is achieved due to a higher and more stable injection pressure.

1.2.Aim and Obijectives

The primaryaim of this thesis was to predict the emission and fuel econoneynwh
replacing a mechanical fuel oil injection system with a high pressure common rail

one.

The electronicfuel injector one of the key components of a HPCR system, is of
particular significance. Its dynamic response affects the shape of the fuel dibmjec
rate and the delato thestart of injection thus,a good dynamic response gives a
great way of achieving a precise injection and offers flexible control to the
multi-injection. However, an electronituel injector is a precision devicehat
integraesmechanical, electronic and hydraulic technologies. The optimisation of an
electronicfuel injectorin order to havean excellent dynamic response is of great
interest to both researchers and engineers. Ingbpectthefirst objective is to find
balanceddynamic responsgralve opening delay and valve closing delay)lypel

(a typical Bosch solenoitlel injectorfor automotive applications) and Tyble(a
newly-designed electroniitel injectorfor mediumspeedmnarinediesel engineduel

injectors.

Additionally, the designed Typ# fuel injector matches with the combustion
chamber of a mediurapeedmarinediesel enginés studied. Howevegombustion is

very susceptible to the match status of finel injectorand combustion chamber.
Without a poper match, the performance, emissions and fuel economy might also be
unsatisfied. Thusthe second objective is to find a set of design parameters which

contribute to the reduction of N@missions and soot emissions, and improve fuel
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economy This was stdied thoroughly through a parametric study and a

multi-objective optimisation executed with a CFD madeFIRE software.

1.3.Innovation and contribution

Since two objectives are involved in this thesis, it can be naturally divided into two
parts,with each aurt haring connections with the other. The first part deals with the
optimisationof the dynamic response of two types of electrduet injectos. Then,

in the second part, one of the injectors is selected for the match optimisation with a
combustion chaber of a mediurspeedmarinediesel engine. The main innovation

and contribution are stated below.

(1) Optimisation of structural parameters on injector dynamic response

In the first part,an optimisation routine is proposed for the optimisationtioé
dynamt response oélectronicfuel injectos. The feasibility and efficiency of the
proposed optimisation routine was validated on the -Typeel injector The
following are the most significant developments described and presented in the
investigation ofa Type-| electronicfuel injector

1 To understand the influence of injector structural parameterisiding the
control piston diameter, control oil inlet passage diameter and control oil outlet
diameteron injection characteristicsa parametric studyof the Typel fuel

injectorwas carried out.

1 To find a set of optimal structural parameterstbé& Typel electronic fuel
injector, an optimisationroutine was built in the modeFRONTIER, in which a
MOGA method was applied.

1 To analyse theffect of the electronicfuel injectorstructural parameters on the
dynamic response, RSesponse surface methadds adopted.

1 To single out a Pareto optimuror the Typel fuel injector with the best
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tradeoff between thevalve opening delagnd thevalve closing dely, scattering

charts were used.

When the optimisation routine was fully validati¢dvas appliedo the optimisation
of the Typell fuel injector The following are the most crucial developments reported

in the investigation athe Type-1l electronicfuel injector.

1 To demonstrate the 1D modelling technology, a detailed model ofyiell
fuel injector was built in AMEsim according to structure parametersthef

authenticelectronicfuel injector

1 To obtain the best design of tigpell electronicfuel injector, the proposed
optimisation routine was adoptedand two more design parametersere

considered

1 To cut down analysisomplexity the sensitivity of design parameters on the
dynamic response wasalysedeforetheRSM study.

(2) Type-Il fuel injector match with a combustion chamber

In the second part, the match study of the Typkiel injectorand a combustion
chamberwas carried out by both the parametric study and the robitctive
optimisation. A total of seven design parameters, including four injectelated
parameters and three combustion chamber geometry pargmetersncluded in the
study. Two optimisation methods, the NLPQL algorithm and the MQ@aAre also
included The formeris usedfor the gtimisation of diesel engine by only a few
researchers, while the latter is the most frequently used one in solving
multi-objective problems. These two algorithms are comparedisedsequenglly
for the optimisation of a mediwuspeedmarine diesel engie with seven design
parameters to be optimised. The following points present the main contrgamon
the innovatios of the match study:

1 To gain a better understand of how design parameters of tAgpell fuel
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injector and combustion chamber affeanissiors and fuel economy, &FD
model wasused in FIRE softwareand a parametric study was conducted under

threeengine loads.

1 To investigate the efficiency of mulbbjective algorithms for engine match
optimisation,the NLPQL algorithm and MOGA methodere comparedn four
aspects, i.e. optimisation history, objectives, design parametersd the

combustion process.

1 To discovera better optimal desigand investigate¢he initial conditions othe
NLPQL algorithm the optimal designbtained from thé1OGA method was set
as the staimg point ofthe NLPQL algorithm.

1 To examine theinteractiors and the sensitivigs of design parametsron

emissiors and fuel economy, RSM surfaces were created with neural networks.

1.4.0Organisation of the thesis

As was statedpreviously the thesis has two objectives and thus the contanets
divided into two parts. The main work of the first ganncluded in chapters 3 and 4.
And the main work of the second pé&tin chapters 5 to 7. The organisation of the

thesis is listd below:

1 Chapter 1 introduces the background, objectives, innovat®nand

contributiors of thestudy.

1 Chapter2 reports the history and literature revief fuel oil injection
technologieshigh-pressure common rdiliel oil injection systerm of marine
diesel engines,numerical simulation of the in-cylinder process and

hardwarein-loop systens.
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1 Chapter 3ralidates the proposed optimisation routinéthe Type-| electronic
fuel injector A parametric study was performexinvestigate the eftcts of the
control piston diametecontroloil inlet passagdiameter andontroloil outlet
passagaliameter on injection characteristics. Them optimisationroutine
was built andhe multi-objective optimisation wasarried out taliscoverthe
optimd design.The interactions and the sensitivities of design parameters on

the dynamic response were disclosed by using RSM.

1 Chapter 4ntroducethe validated optimisation routine for the optimisatadn
the Typell fuel injector which is designed especially fonediumspeed
marine diesel engise Three more design parameters were added and the
sensitivity of design parametasssfound Finally, an optimum was obtained

and compared with the baseline design.

1 Chaptels showsthemesh equations and models usedtoe CFD in-cylinder
process simulatioThe final model was verified by cyliler pressure.ROHR

andNOx emissions under four engine loads.

1 Chaptel6 introducesa parametric studyhe impacts ofhespray angle, nozzle
protruding length, injection timing, swirl ratio, bowl diameter, centre crown
height and toroidal radius d#Ox emissions sootemissionsand SFOGwere
carefully investigated undénreeengine loads

1 Chapter7 compares andequentially used adhe NLPQLand MOGA methos
for the optimisationof the mediumspeed marine diesel engimeth seven

design parameters.

1 Chapter8 draws conclusions andyives recommendations fothe future

research.
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2.1. Areview of fuel oil injection systemsof diesel engine

2.1.1. History of electronicfuel oil injection systens

The first electronic fuel oil injection system was developed by American Motors
Corporation in 1957 and was called the Electrojector. Unfortunately, the
Electrojector failed prg@roduction testing. In 1958, American Motorer@oration
overcame somef the problems of the Electrojector and then successfully applied it
to some engindypes e.g. the DeSoto Adventurer, the Dodges@, and the
Plymouth Fury. These applications can be regarded as the first commercialisation
fuel oil injection system. After tt, Bosch bought the patent design and made a lot of
improvements and upgradg¢8]. In 1967, Boschcreateda marketable fuel oil
injection system, calledhe D-Jetronic. Electronic controller and sensors were
adopted irthe D-Jetronic to measure the air flow and air temperatunéch enabled

the accurate delivgrof fuel mass thus, fuel oilwas conservedin 1979, a new
generation ofD-Jetronic was developed by Bosulith the name of Motronic. A
central control unit was udego control the ignition and fuel oil injection. Latém
1995, Bosch introduced thegas for electronic throttle control. Thegas can pass
fuel, air and ignitiorsignalsfrom the throttle system to control units, basedubrat
would achieve thdest airflow control. Then in 2000, Bosh successfully applied the
first gasoline direct injection systeta the Volkswagen Lupo. The above events are

the milestones in the history of the fuel oil injection sysfén

The common rail fuel oil injection systemihich is datel back tothe 1960s, was
pi oneered by Societe des Pr oc fld.dstheModer n
early 1970s, SOPROMI technolqgggreated by CAV Ltd beat the existing
pumpline-nozzle system with slight advantages. Further improventertemmon
rail fuel oil injection systems are still needed if treeg to bematue enough to be

brought to the market.
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In the 1980s, attempts wemmadeby Industrieverband Fahrzeugbau (IFA) of the
former East Germany and General Motors. The former deselagcommon rail fuel

oil injection system for their W50 truck, but failedtake it toseries production and

the system was discarded a few years [di#: The latter developed a common rail

fuel oil injection system for their lighduty IDI engineg12] before further study was
ended due to the cancellation of their lighity diesel engine program. In the late
1980s and 1990s, a series of significant events occurred. Nippondenso developed a
common rail system for commercial vehic|a&s)], which putinto production in Hino

Rising Ranger trucks in 1995. Bosglt its passenger car common rail fuel oll

injection systems into production in 19014].

Since then, common rail fuel oil injection systems became perspective into higher
pressures with a lot moreeftible layouts. Lots of competitors, for example, the
Delphi Corp. and Denso Crgphave broughta variety of common rail fuel oil
injection systems into the market.

2.1.2. Advantage®f HPCR fuel oil injection systens

Nowadays, the applications of HPC&ef oil injection systems have been the main
trend in both automotive and marine diesel engides to their overwhelming
advantagesn meeing the more stringent emission regulations and boegsngine

power performance.
Fuel I'I"IE‘IEI‘"‘IQ control valve

High pressure
fuel pump — | [i

Fuel rail pressure control valve

Fuel rail pressure sensor

Fuel filter

Electric fuel
pump

=== High pressure Injectors
= | eak back/return

Figure2-1 Schematic of HPCR fuel injection system
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Figure 2-1 presents a schematic view of the components of a typical BéBER
system which includes one or more high pressure pumps, common rails, ECU,
electronicfuel injectoss, high pressure gdipesand a variety of sensors and actuators.
Compaed to mechanical fuel oil injection systems, high pressure common rail

systems have the followingl@antages:

(1) Pressureis built and transported independently of engine speed and load

conditions.

This offers great flexibility for controllinduel oil injection quantity and injection
timing. Meanwhile, common raflel oil injection system also impree the enginé s
performance andemissionsat low engine speeds and loaddth better spray
penetration and finer spray droplets which are beiafior fuel-air mixing. This
kind of characteristidistinguishescommon railfuel oil injection systers fromother
fuel oil injection system. As shown irFigure2-2, the pressure gbumpline-nozzle
system and EUI systense withanincreasdn engine speeddowever,the pressure
of common rail fuel injection systens the same, a variety dtiel oil injection
control strategies can be developed according to engine speegemationload for

boosting engine performance amdiucingemissions.

160

120

Pressure, MPa
(0]
(o]

Common rail
40

—-O— EUI
—@— Pump-line-nozzle
0 |
500 1500 2500 3500 4500

Engine Speed, rpm

Figure2-2 Pressure changes with engine speed
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(2) Reducel emissions and combustion noise.

Pilot injection can be easily achieved in common fadl oil injection systers,
which is capable of precise control ovarsmall amount ofpilot fuel oil injection
quantities. Pilot injectionwas found to be one of the walgsrealiselow noise and

NOy emissions

(3) Low fuel pump peak torque requirements

In traditionalcombustion engines, swirl plagn import rolein fuel-air mixing This
is replacedin common rail fuel oil injection systemsvhich rely on higher rail

pressurenstead

To generate the energy required to inject the fuel in approximately 1 milliseond,
conventional distributor pump needs a larger maximum pump torque ang alace
considerable strain on the drive shiif§]. However, the pak torque requirements

are much lower in common rdikel oil injection systerm Fuel oil is delivered to the
accumulator and thus the peak flow ragesnothing to do withthe injection evenor

the distributor pumpln this circumstancethe pump dischage flow can be spread

out over a longer portion of the engine cycle to keep pump torque demand more even
[14].

When injection occurén a HPCR systema depressim wave propagates from the
nozzle along the injector feeding pipe and is then reflected, as a compressioht wave.
featureshydraulic capacitance when the compression wave meets HPCR system
components, i.e., common raind HP pump delivery chambeFherefore, the
injection dynamics would be affected by the-tayt types, geometrieaccumulation
volume distributions The compression wave mitigated the pressure drop in the
accumulation volumes, a compensating action of compression wave on theeressur
drop is strongrthan for smaller accumulation volumd$us the compression wave
reduces the pressure differeabetween common rails and accumulation chambers,

and explaingor the fact thathe flow-rate time histories are almost the sam#ese
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volumes[16].

2.2.Typical HPCR systems for marine engins

The application of HPCR systems for marine engines have bgmasgerous since
1996. Somavorld-famouscompanies have developed and applied HPCR systems of
their own. For exampleWartsila developed a HEBR system for W32CR diesel
engines with heavy oil applications in 2003 and then created a new HPCR system
with the cooperation df6Organgefor W20CR diesel enginea 2006.MAN B&W

also developed a HPCR system for its 32/40 diesel engines inR680&and MTU
companies ever fallbehind, they developed their own HPCR systavith unique
structure featherd hese systems are discussed below.

2.2.1. TheWartsila HPCR system

TheHPCR system fothe Wartsila W32CR marine diesgl?] is shown inFigure2-3.

It is suitable for heavy obperationand the maximum operating pressur&5¢ MPa.
Oil is pumpedinto the accumulator byhe monoblock HP pumpswhichare driven
by the camshaft ofiouble projectionsPressure sensoasemounted on accumulators
and checkvalves are installed between accumulators and injectdm®o injectors
sharethe sameccumulator. For safety reaspitwo independent oil circle logare
usedfor controllinginjectors i.e.the control oil loop and the fuel oil loop.

Injector

Accumulator

pressure High
pump pressure
oil pipes Cam Shaﬁ

Figure2-3 HPCR system fowartsila W32CRdieselengine
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2.2.2. The HPCR system for MAN 32/40dieselengines

The HPCR system developed by MADiesel &Turbo[18] is shown inFigure 2-4
andFigure2-5; they were designed for HFO opergfconditiors. Theyreplaced one
common rail of a &ditional HPCR system by three common rails. Thus, a series of
problems caused by the one common rail application for a large bore marine diesel

engine isavoided for instance,

1) The uel temperaturean rangdrom 25°C to 150°C in the engine, whiclakes
an obvious differenc® the thermal expansion in the rail linear direction.

2) High material stresseare unavoidablebecauseall the connectios to each

cylinder unitneed to be drilled in a long rail

3) Various length of common railsarerequired for engines with different numbers

of cylinders.

4) Injection quantity deviations are caused by the positiotheHP pump which

connects with a ra@t only one point.

Therefore MAN HPCR systems cut a long rail into several rails, azfch sutable
length. At least two HP pumps are needed for acgiider engine. This kind of
distribution offers flexibility forthe HPCR system to be installed on engines with
different cylinder numbers. Moreovehe HPCR system makes full use of precious

avalable spacen an engine.
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Cantrol valve Rail unit High-pressure pump

Injection valve

Non-return valve

Valve block with
pressure-limiting valve
and flushing valve

Throttle valve

Figure2-4 TheHPCR systenfior MAN 32/40dieselengines

Injection valve Control valve Rail unit High-pressure pump

Throttle valve

pressure-limiting valve
and flushing valve

Non-return valve

Figure2-5 TheHPCR system foMAN 48/60dieselengines
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2.2.3. A Newtype of HPCR system forDeutz dieselengines

Figure 2-6 showsan HPCR system developed by Deutz company foBaylinder

inline Deutz 628 engin¢l9]. The HPCR system has ¢wails each semng four
cylinders. For safety reasons, both rails have double walls. Fuel oiliis lbgcen HP
pump. The first and second generation HPCR systeave a shortcoming of static
leakages in the needle lva and the control piston due to the huge pressure
differencesin these components. This kind of leakage is the main factor that affects

the lifetime of a injector.

To conquer this, a new type HPCR system was developed, as sh&iguna2-7.
The new type HPCR system has no nathjch is replaced byonnecting junctions.
The volumeof the traditional common rail is moved tthe injector head.Each
injector has an intvidual accumulator. These accumulators emenected by studs
with connecting junctionsA great benefit of flexibility is achieved by using this type
of distribution, becausa smalleramount ofplace is regired and no modification is

neededo anexisting engine.

At the same time, some other measurements should be taken to handle the transient
pressure waves in high pressure oil tubes. The transient pressure wavesarasult f

the huge pressure drop during the injection prqocssgke a small accumulator
volume is adopted. In order to overcome this, the volunteediccumulator must be

20 to 50 times larger than the maximum quantity injected every stroke.

Figure2-6 Thenew type ofHPCR system for DeutZ28 diesekngine
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Injector

‘ N | Connecting

Fuellines part

li ‘--.t.‘ﬁ
; 2~ HP Pump

=
Figure2-7 The rew typeof HPCR system fodiesel engingwith a power of 1 to 5 MW
2.2.4. The HPCR system forMTU seriesdieselengines

Figure2-8 gives detaidinformation about the HPCR systdor MTU-seriesdiesel
engineq2Q]. It can be clearly seen that the rails are only used for oil suppleameht,
thataccumulators are placed the head position duel injectos. Oil is fed by an
in-line roller tappet designed higtressurepump integrating with a metering unit.
The metering unit is controlled by the ECU to maintgB0Q bar rail pressure in the
system. The whole system is dpsed with double walls to prevent potential

leakages.

N a8
Injector ! \!‘A

High
pressure
pump

Figure2-8 TheHPCR system foMTU2000CRseriesdiesel enging
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2.2.5. Comparisons of HPCR systems

The comparisons of HPCR systems form different engine manufactures were shown
in Table 2-1. The HPCR systems with-3 rails are extensively adopted, while the
Deutz newtype HPCR system cancels the rail and move the volume of rtheto
injector heads, which offergreat flexibility for installation The details of each
HPCR systems refer gection2.2.1t0 2.2.4

Table2-1 Comparisons of HPCR systems

HPCR system W32CR MAN 32/40, Deutz Deutz new MTU

48/60 628 type 2000CR
Rail number 1 3 2 0 2
Pump number 3 2 1 1 1
Accumulator 3 0 0 8 10
number
Studs - - - 4 -

2.3.Electronic fuel injectors

The electroniduel injectoris an indispensable component of MPCR systenthat
greatly affects injection performancélany companies can provide electroriicel
injectors, e.g. Denso, Bosch and Delphi. Althougheir fuel injectos vary in
structure and appearance, they can mabeydivided into two typessolenoid and
piezo. The solenoiduel injectos are extensively used in engiapplications A

typical solenoiduel injectoris discussed below.

2.3.1. Injector structure and working principle

A solenoid electronicfuel injector mainly comprises of armature institutions,

solenoid valve coilsan injector body,a control chamber, fuel oil inlet and outlet
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passages control pistonaneedle valve andnozzle(seeFigure2-9).

Injector body

Needle spring
Pushing rod

Return

passage
Solenoid
Low .
pressure Bal Solenoid
sprin
chamber valve pring
Qil
Control outlet
chamber ™ passage
Oil inlet antrol
passage  Needle piston
spring
Accumulation|
chamber
Needle
valve

Figure2-10 Working principle ofatypical solenoidelectronicfuel injector
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Figure 2-10 gives the details of the working principle afsolenoidelectronicfuel

injector. Theillustrationsare as follows:
(1) In closing position

The ontrol oil outlet passages closed due to the preloadsgring force in the
solenoid partEquivalent rail pressure is presented in bibtcontrol chamber and
the accumulation chambegince the area of the upper part of the control piston is
bigger than that of the lower past the needle valve, a net closing force presents,
forcing the needlealveto keep aits seat. Thus, no injectiatcurs

(2) Start offuel oil injection [21]

When the solenoid valve @ctivated the magnetic force overcomes the preloaded
solenoidspring force.So,the ball \alve is lifted up from its sedb open thecontrol

oil outlet passageTherefore oil flows into the low-pressurechamber and then
continues to flow back to the fuel oil tank \ttee return passag®ue to theressure
dropin the control chambean upward net force pushdke needlevalve to move

upward to start fuabil injection.
(3) End offuel oil injection[22, 23]

Whenthe solenoid valve is deactivated, the magnetic fwman@sts and the ball valve
returns to its seat thanks to the returngmging force. As a result, pressure in the
control chamber rgained taherail pressure antheneedlevalveis pushed down to
its seat to end the injection.

2.3.2. Literature review of electronicfuel injectors

Many studies have already been carried @uinjectors @ozzle area, and on the
influence of nozzle types and nozzle numbers on the internal flow and cavitation
performance For example, Molina et al2fl] investigated the inner nozzle floand
cavitation development of elliptical orificels that study, four nozzles with different
major axis orientation and eccentricity vadugere compared with each other and
also with the standard nozzle. Benajes et2&], [Payri et al. 26], and Han etla[27]
focused on nozzle orifice types felectronicfuel injectos, comparisons were made

between a cylindrical nozzle and a conical one. He e2§], Moon et al. 29| and
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Salvador et al. J0] studied the effects of different nozzle hole arrangements and
needl e | i ft movements on the initial b o
injectors. However, to datémited attention has been paid to the influence of the

nozzle parameters on dynamic response, i.evahe opening delagndthe valve

closing delay

Few studies were found ithe literature which considére impact ofelectronicfuel
injectorstructural parameters on the dynamic response. Salvadort] aompared

the influences of a standard diesel fuel and biodiesels on the dynamvoloeltd a
solenoidoperated injector. A change of tbentrol oil outlet passagdiameter from

0.246 mm to 0.27 mm was proposed to eliminate the needle lift and injection rate
deviations between the two fuels. The deviations were caused by higher yiscosit
biodiesel fuel compadto regular diesel fuel. Results showed thatvhlee opening
delayof the biodiesel fuel was reduced significantly under low injection pressure to
match that of the standard diesel fuel. Additionally, some related studies are also
worth mentioning. Wang et al.3%] investigated the influence of control valve
parameters orflow and cavitation inside the control valve. Beccari et 88| [
predicted the mass injected by a gaseous fuel solenoid injector for spark ignition
engines, with special attentigmaid to a gas injector and to the complex needle
motion during the openingnd closing phases. Cheng et &4][investigated the
impact of drve strategies on the power loased dynamic response of a solenoid
injector. These studiefocused on the dynamic response of the needle motion itself
rather than on thevalve opening delayand valve closing delgyand also left
structural parameters such as the control piston dianeetetiol oil inlet passage
diameter,control oil outlet passagdiameter and the spring preload force at the
needle valve out of their scope. Salvador e{38] investigated the impact of fuel
temperature on injection dynamics, especially during the opening stage and closing
stage. The delays were considered, but the structural parameters were still not

included.

Onedimensional (1D) models have frequently meeuilt and adopted in many

studies to predict the performanceetéctronicfuel injectos. Payri et al.36] used a
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1D model of a solenoidriven common rail ballistic injector to study the influences

of the inlet fuel temperature on injection rate. Sexgket al. 7] built a 1D model of

an injector to analyse the elasticity of the injector needle valve and nonlinearities
caused by the impact of the needle valve when it returns to its seat. Rahin3@t al. [
implemented a 1D model to study the effect of gjemature on diesel engine
performance. The detailled modelling of a solendigkel injector and a
third-generatiorpiezo injector were demonstrated by Payri et3f] ind Salvador et

al. [40] respectively.

2.4.CFD modelling and simulation

2.4.1. Introduction to the numerical simulation of an in-cylinder process

The @mbustion proessof a diesel enginés very complcated with transients and
multi-dimensional multphase processes. The research of new technologies like
HPCRfuel oil injection systersy EGR and alternatesfuels are all closely connected

to the process of combustion. In this situatior@nyengineproducers and research
institutes are making great stretewards combustion simulation and visusdtion.

For a longtime, experimerdtion was the only methodavailable for studying
combustion it had ahigh cost andvassometimes limited by circumstarsand the
accuracy of test devices. From the 1960s, great stildehe development of
computer technologies, together with the breakthroughcamputational fluid
mechanics theory, computational heat transfer theory and chemical dynamics theory,
an independent branch of simulating the diesel engine intake flow, injection, spray
and combustion became prospectiféis independent brancis also called the
numeri@l simulation of diesel engine working process. In the simulation, theories
and experiments are integratgaoviding lots of advantages, e.gdjustingflexible
parameters, effective calculation period and low c&shce then, the numés
simulation of the diesel engine working process has become an effective method for

engine study and optimisation.
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The combustion inside a cylinder is an extremely complex prodeseall kinds of

fluid dynamics and chemical dynamics are interlacede Timsteady boundary
condition of each point caiot be determined, so a variety of physical and chemical
models for describing combustion were built under different assumptions. The
simulation history of combustion hgsnefrom the zeredimensional modethrough

the phenomenologicahode| to the multidimensional modgi1].

(1) The zro-dimensional model

The basic assumption of the zationensional model is that all the working meec
uniformly distributed, i.e. thermal parameters and thefpiosical @mrameters are
equal atall the calculation points. So, this model can be used to describe, evaluate
and diagnose the energy transport odngrin the combustion process visually. But

no emission behaviour can be predicted due to the combustion procedsiog
described in general and in abstreerims because none of parameters change with

space.

(2) Thephenomenologicahodel[42]

With growing attention on emissions, emission prediction was brought into
consideration for combustion simulat®iherefore, ghenomenological modelas
developed in the 1970s. It divides the combustion chamber into two or more regions
according to the flame position and fuel oil injection distribution. In that model, the
atomisation diffusion, droplet vaporisatianjxing and entrainment, flame spreading
and the changing of combustion productstloé burnt zone are all taken into
consideration. Temperatures in the different zones are calculated and monitored as
well. Different subprocesses can be highlighted witlffelient engine types so that a
more precise rate of heat release can be obtained. Althougihém@menological
modelis a greaimprovementover the zeredimensional model, it is still limited in
practical applications, because some -guiresses are btiland tuned on

phenomenn and experiences.
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(3) Multi-dimensional model

The multidimensional model oveomes the drawbacks of thehenomenological

model It was built on the basic laws of fluid dynamics, thermodynamics and
combustion chemistry. More spécally, it solves the mass conservation equation,
momentum conservation equatiand state equation in order to obtain the details of
transient di stribution of all speciesbd v
density, etc. These details are oéafr significance to get a better understanding of

thecombustion process and emission formation.

The multi-dimensional model for diesel engines includes three parts, they are air
motion simulation of singkphase fluid mechanicfjel oil injection atomsation and
mixing simulation by twephase fluid dynamics and combustion simulation by
combustion chemistry. So far, most of the mdlthensional simulations are

concentrated ofuel oil injectionand combustion.

Forthefuel oil injection the main methot tracking and processing typical droplets

by Lagrangan approach Each group of droplets is assumed to have the same
propertes i.e. motion, breakup, impingement and vagairon are identical. The
coupling of liquid phase witlthe gas phase is achieved by exchanging the source
items of the mass, energy, momentum and turbulence equations. The turbulence
diffusion, gathering, vapsa t i o n, i mpi ngement and fuel
described bylifferentsulbmodels.

For the combusibn, the ignition and combustion chemical process follow the chain
transmission mechanisfhe fuel density is decided by dwmel mixing and changes

with space and time. This proceg®atly affects chemical reaction dynamics. High
anisotropy turbulenceidid interacts fiercely with laminar flow reaction. The
appearance ahe chemical and turbulence interaction in each combustion ragjion
decided by a transient chemical reacti or

strength, i.e. the time scale ratibchemical reaction and physical process.
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2.4.2. CFD simulation software

This section introduces the softwar@mmonlyused for combustion simulation. The
most frequently used software for simulating combustion working processes are
PHOENICS, EPISO, KIVA, FIRE, Star.CD, VERTIS, SCRYU, FLUENT,
PoweFLOW, CFX-5, SPICE and FIDAP. They show some differences in physical or
chemical models when describing the combustion process. None can be replaced by
amother since they show advantages and professional competetifferent fields.

For example, SCRYU43] and PowerFLOW[44] are suitable for aerodynamic
research due to their high accuraayculationson peeling reattachment, cascade and
eddy. KIVA codes are developed by Los Alamos National Laboratory. They are open
saurce codes and can be modified by researchers to suit spetiftions hence,

they are frequently used by researchers all around the world. FLU4ES\® one of

the most frequently usegieces ofsoftware in CFD simulation. Lots of models are
includedin FLUENT, e.g. steady and unsteady flow, laminar flow, turbulence flow,
incompressible and compressible flow, heat and mass transfer, porous media,
chemistry, particle trajectories and multiphase flow, free surface flow and phase
change flow. Sta€CD [46] software is extensively used for engine combustion
simulation due to a shorter analysis and calculation time with a lower memory
requirenent It consists of the main program, GUWrdphial user interface),and
pre-and pos{processor PROSTAR.

FIRE software from AVLwasdevelopd rapidly due to the powerful support of test
data. It is extensively used in many higher education institutions. It consists of a
pre-processor, a main program, modules and ajpasto c e S s 0 r -procEssdR E 0 s
is a poverful and flexible tool for 3D grid generation, which offers high quality grids
for problems withdynamic meshing F | R E 6ontamsa lwe-stage pressure
correction techniquevhich provides outstanding accuracy and stability. First or
second order acacacy is provided by implicit time discretization schemes, while
third order accuracy is offered by conservative and bounded differencing schemes.
The software alsoncludes lots of turbulence models, e.gs-kand LES models.

Moreover, physical and chestiy of advanced CFD applications are placed in each
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module. The main program is parallelised for different engine applications. The
postprocesser is performed both 2D and 3D format and it is of great help in

simulation monitoring, visualisation, dgsis and presentation of resués].

2.4.3. Literature review on the enginecombustion

The 1D, 2D and 3Dengine combustion models and tiiequently usedsoftware
were introduced in the previous sections, the literature review on the engine

combustion.

A lot of meaningful work has been done on this subject, Taghavifar d8pttiidied

the effects of bowl movements and radius on mixture formation in terms of
homogeneity factor, combustion initiation and emissions for a 1.8 L Ford diesel
engine. They pointed ub that the mixture uniformity increased as the bowl
displacement toward the cylinder wall, but got penalty of a rise of combustion delay
which substantially reduces the effectivecylinder pressure. They also found that
smaller bowl size contributes tmetter squish and vortex formation in the chamber,
although with | esser spray pBEO9eadedati on
micro-genetic algorithm coupling with a KIVA code to optimise combustion chamber
geometries and engine operating conditions foeragine fuelled with dimethyl ether.

He found the combustion and emission characteristics were significantly different
from that of conventional diesel enginddobasheri et al[50] investigated the
influence of a reentrant combustion chamber geometry pmxture forming,
combustion and performance for a higfreed dect injection diesel enginghirteen
combustion chambers with different shapes were designed by adjusting piston
parameters, i.e. bowl depth, bowl width, piston bottom surface and the &p are
Results indicated that small bowl diameter is the main reason for high soot emissions,
and a slightly larger bowl diameter is where the optimal operating point locates.

Recently, the evethanging calculation ability of computers brings the
computationh fluid dynamics to a more sophisticated and precise level. Some

algorithms were frequently used in engine optimisation domain. High efficiency was
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achieved in the study of a huge amount of optimisation cases. Researchers of
referenceg51-52] developed a KIA code withpGA, MOGA or NSGA Il to study

the matching of a variety of engine parameténem smallbore, high-speed direct
injection engines to heawjuty large bore slovepeed diesel engines. This huge
amount of optimisation work was done owing to tkh#ective optimisation
algorithms. Taghavifar et al. 33] used aDOE method incorporating with a Sobol
sequence to scan through various design points of a 1.8 L Ford diesel engine, aimed
to seek a reduction diOx and an enhancement of the spraying performance. He
found the optimal case has a lower injection angle and a smaller bowl volume. Jeong
et al. b4] used a hybrid evolutionary algorithm by coupling a GA and a PSO for the
optimisation of a diesel combustionhamber. Results indicated that hybrid
evolutionary algorithm shows better diversity and convergence. Cher| &5|ailsed

an orthogonal design method to optimise the match of injectiated parameters

with three combustion chamber geometries for an 8@inmins diesel engine. Then,
NLPQL algorithm was adopted for a more detailed study on combustion chamber

geometries.

2.5.Algorithms for solving and analysing multi -optimisation

problems

25.1. DOE method

DOE is a systematic method for building a relationship betileemput factors and
output factors of a process. A great deal of information can be obtained through a

reduced number of DOE simulations; therefore, it is effective to investigate the

influences of individual v ar irefebtb designon t h
vari abl es, and Al evel o refers to a speci
creates a number of design points, whi c
parametersgg)].

The LH is one of the most commonly used DOE methodd, the design space of

each factor or design parameter is divided into n uniform levels. On each level of
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every factor, only one design point is placed. For each factor, permutationsrof the
levels are possible. The design matrix of the LH consists ofcohenn for each
factor, which is determined by a randomly chosen permutation of the n levels. For a
row of the design matrixy* combinations are possible and have an equal chance of
occurring. As the matrix is generated randomly, a correlation betweecotimns

may exist b7].

2.5.2. Genetic algorithm

(1) Multi -objective genetic algorithm

The genetic algorithmGA) is frequently used in solving muitibjective problems.

The GA optimisation based on the idea tbfe natural selection which obeys the law

of ovalofthefii t fThe&A viorks with a number of populations, which stand

for a group of solutions for a given problem. A fitness is assigned to each individual
according to objectives. An individual with a higher fitnéssa higher probability

of geting the chance of survival and reproduction. Thus, a new generation of
individuals will be produced and it inherent some features from their parents.
Crossover othe GA drives the population toward a local minimum/maximum while
mutation of the GA increases the diversity of individuals. Since the less fit
individuals tend to die off due to the reason that they have less chance for
reproduction. At the same time, the new generation is likely to have a higher fitness
since they possessed good chataer i st i cs from their p a
continually i mproves kveleftegively thusj asseriéssof av er
optimums can be searched out daually[58-61]. MOGA refers tothe modified

version of the classic GA which can find a eétmultiple nordominant solutions in

a single run¢2.

(2) NSGA-II

NSGA-II (nonrdominated sorting genetic algorithn), lbne of the genetic algorithms,
proposed by Deb et al6J], was prove to have better performance of finding a

diverse set of solutiemand converging near the true Pareto front. The NBGA
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algorithm employs an elitpreserving strategy and an explicit divergitgserving
mechanism. According to objectives, elitism is given to the corresponding designs.
Designs with a higher elitism te priority to be selected. If two designs have the
same elitism, the one with less crowding distance (proximity to other Pareto

solutions) is assigned with a higher priority.

2.5.3.  NLPQL algorithm

NLPQL was developed by Klaus Schittkowsk64] for solving the nonlinear

programming problem.

Min f (x)
g;=0,j 4,..m
xI R:g(®20,j 7/ 1t.,n (2.1)
X ¢ X €,

Where, Xis the ndimensional parameter vecfok, and X, are thelower boundary

andupper boundry of X; f(x)is the problem functigng,(X) are the constraints

of the problem.

The optimisation method generates a sequence of quadratic programming
subproblems which are to be solved successively. The method is therefore known as

the SQP méiod. It assumes that objective functions and constraints are continuously

differentiable on the s&={x | A x, % >§. Note that the function$ and

g;,J=1..m need to be defined only in the $&tsince the iterations computed by

the algorithm will never violate the lower and upper bauied.
2.5.4. Pareto optimality

Pareto Optimatly indicates a condition in which economic efficiency reaches a state
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where no one can be made better off by making someone else worse off. It is
commonlyusal in optimisation probleswith two objectives, as shown Higure

2-11, whichillustrates the definition of the Pareto optimum. If the aim is to meami

the both olgctives | and Il, case-® can be considered as Pareto optimal cases due
to the fact that none of them are -@arformed by other cases. Terminology
dominance is frequently used here to describe the Pareto optimal designs. All Pareto
optimal designs are danant designs. These dominant designs can be gdoup
together to form Pareto front. The dominated designs mean that at least one of their

objectives is worse than other designs, i.e., desigfs E

Objective I1

Objective I

Figure2-11 Definition of Pareto optimum

The Pareto optimality can be defined as: For all designsand the corresponding
N objectivesf,(X), wherek= 1, N2the Péreto desigi is defired that for an
arbitrary desigrj, there exits at least one objectiv&, which meets the condition

f (X)) 1 %),
2.5.5. Response surface method

RSM was frequently used as the tool for analysing the sensitivity of design
parameters on thabjectiveg65]. It uses an approximation model to analyse the data

generated by Design of ExperimenBQE). Several functions can be used for
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building approximation models, such as polynomials, smoothing spline ANOVA, NN
[66-68], k-nearest[69], etc. Compdsons were made in literaturbat k-nearest
method was suggested for dealing with large dataasetshe NNwasrecommended

for having a better accuracy and performance in the prediction prG€egs |
2.6.Hardware-In-Loop (HIL) systems inthe enginedomain

The first and earliest application afHIL system carbe datel back to 1936, where

they simply tried to simulate thetaevice
cockpit moved according tite aircraf® sotion. In the HIL system, the cockpitdn

the pilot are real, while the motions are virt@add simulated by analage tube

controllers and analeg motion simulations. The HIL system aimed at training

pilots[72].

Lots of new technologies and statethe-art products (like DSP, FPGA micro
controllers, high performance computers with sophisticated models) are used in HIL
systems. Thie basic rules are that control targets or some actuators which are
inconvenient to realise are simulated by models. So, the HIL system is also regarded
as a setinphysical simulation technology. It is the combination of the physical and

virtual prototyping technologies.

The engine industry is one of the most competitielels which facethe challenge
of everincreasng complexity and more stringent emissiogguations However,
these challengedrive thedesigner trying t@horten the developmepériodfrom the
engine design to production. For this reason, an increasing nuinbik eystens
arebeing introducedWu et al. conducted a series of FRM/Simulinksomulatiors
and HIL tess to verify a GFPowerfastrun model [73]. Yanget al.used a HIL to
validate a contrebriented model for the SIHCCI hybrid combustiorodel [74].
Saad et.al applied double Wiebe functions anHéL systemto simulate the heat
release rate, temperature, and pressure duhiagombustionprocess The HIL
applicationshoweda good agreement with 57 engine tests in terms ofiaggndelays

and cylinder pressurd35]. Schuetteet.al provides a condensed technical overview
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of the stateof-the-art HIL test system components astducturesor engine control
systemsin whichECUSs, sensors, actuators anckifaces aréncluded andlescribed
in detail[76].

The main advantages ahHIL system are a®llows [77]:

1 Control and regulation functions and codes can be verified in advaner
before a test prototype has been produced. Hence, control programs can reach a

high degree of maturitio fit the development latem.

1 The smultaneous development tfie ECU and vehicle can be achievieg HIL

simulation, which can cut down the @édopment period.

1 Expensive deviceor hazardous situations can partly or fully be replaced by

software modealin computes or other devices

1 Extreme conditionshatmay caus damage to real devisean be simulated and

tested repeatedly

1 Experiments performed on the HIL system can be reproduced precisely and

repeatechsneeded.

A HIL system was built according to a mediapeed marine diesel engine for
injectors testing (in this study) and injection rate control strategies development.
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Chapter 3. Investigation of the Type-I fuel injector

The previous sectiopresentedhat few studieshave beercarried out on how the
control piston diameter (CPDgontrol oil inlet passage diameter (IP&nd control

oil outlet passage diameteDRD) affects the injection characteristics and injector
dynamtc response. However, the injection characteristics and injector dynamic
responsehavesignificanteffectson injection quality and combustioherefore in

this chapter, the effects @PD, IPD and OPD on injection characteristics and
injector dynamic rgsonse are investigatedby using aparametric studyand a
multi-objective studyIn the multiobjective study, arovel optimisation routine is
proposed and later proved to be an effective solution. Firstly, a complete and detailed
1D Typel electronic fuel injector model was built in AMESIm[78] and was
validated by using injection quantity and injection rate data. Then, an optimisation
routine was built in modeFRONTIER79] software, where the 1BRuel injector
model was included and a MOGA was applied for the optimisaltioaddition the
interactions between these design parametere also studiednd an optimum with

the best tradeff between thevalve opening delaynd valve closing delaywas
singled outThe detailed informatiors reported below.

3.1.Modelling of Type-I fuel injector

In this model, some assumptions are made #tlathe variations are isothermal, so,

the fuel temperature was assumed to be constant along the injector and equal to the
one atthe injector inlet. And the fuel property waensideredo be constantg0].
Additionally, a constant pressure source was adopted here to simulate the pressure
from the highpressure pumghusneglecing the pressure fluctuations caused by the
periodical oil supply from the higipressure pump. Moreover, the pressure wave
propagation was not considered in the modéle details ofthe modelling of the

Type| fuel injector refers to Appendix A.

Nao Hu University of Strathclyde, Septeml2€17 Page32



Chapter 3. Investigation on the Typ&uel injedor

3.2.Simulation verification

The 1D model was validated under thréiéferent rail pressures, i.e., 30Pa,
80 MPaand130MPa.Under each pressure, fourtiali se times of injectionwere
applied, 24 ms, 05 ms, 1ms and2 ms.Injection rate comparisoregge shown in
Figure3-1to Figure3-3 and injection mass comparisons are showrigpuire3-4.

The fuel properties used for simulation are shown in

Table 3-1. Figure 3-1 to Figure 3-3 indicate the simulation injection rate are
approximately the same with the experimental one, especially when the incentive
time is larger thad ms. The simulation injection rates show anntleal tendency at

the end of needle valve closing are much lower than the experimental rébudts.

can be attributed to the elastic differences in the material between an injector model
and an authentic fuel injector. The authentic fuel injector hasastic body. Thus,

when the injector is deactivated, the needle valve moves back to its original place
and hits on the seat. The needle valve bounces back several times before it closes
completely, which results in a small fuel injection rate in the exyartal results. In

Figure 3-4 it can be seen that there is a small difference between the simulation
results and experimental results, which becomes larger withcaease in the rail
pressure. This is because a high rail pressure leads to a larger flow speed. When the
crosssection area of the nozzle orifice is the same, a larger flow speed results in a
larger injection quantity. However, these tiny differenceshim injection rate and
injection quantity can hardly have an impact on the injector dynamic response
(opening/closing delay and opening/closing time), which are mainly decided by the
injection rate slopesAnd Figure 3-1 to Figure 3-3 indicatethat the injection rate
slopes in all the sufigures present a highly accurate reproduction of the
experimental injection rat&.hereforethe 1DType| fuel injectormodel would ate

to be used to predict theerformance of theauthenticfuel injector with high

accuracy and precision.
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Table3-1 Physical and chemical properties of Repsol CEGOBR9 fuel[Error!

Bookmark not defined]

Properties Value Uncertainty
Densityat1®3 h E3CT | 843 0.2
Viscosity at 46 h  #/d 2.847 +0.42
Average fuel molecular compositic Cui3Hzs
(a) (b)
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Figure3-1 Injection rate comparisons a0 MPa rail pressure
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Figure3-2 Injection rate comparisons of simulation and experimental data at

80 MPa rail pressure
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Figure3-3 Injection rate comparisons of simulation and experimental data at

130MPa rail pressure
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Figure3-4 Injection mass comparisons of simulation and experimental data at each

rail pressure

3.3.Definition of the dynamic response

As was state@bove the dynamiaesponse affects the shape and the deldyeofuel
oil injection rate therefore an effective dynamic responsprovidesa great easen
achieving a precise injection andffers flexibility for the control of the
multi-injection The injector dynamic responsecludesmass flow ratejnjection
delaysandinjection rate slopedn this study, onlythe valve opening delay and the
valve closing delaywere selectedSmall valve openingand valve closing delay
mears afaster and bettanjectionresponseThe definitiors of thedynamic response
are shown irFigure 3-5, where thevalve openig delayis definedasDT1, which is
the period of timebetweentl andT2, and thevalve closing delays defined tdT3,
which is the period of timebetweent3 and T4. In other words,DT1=T2 -tland
DT3=T4 -t3.
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t2 3

Control signal
tl t4
i Solenoid valve :
| displacement |
: T3

T2 .

i - Needle valve |
: ' displacement |
LTI

AT3
-

t1: the control signais initiated t2: the control signal has reashies maximum amplitude; t3: the
control signals de-activated; t4: the control signal has fully closed; T1: the needle valve starts to open;
T2: the needle valve has reached its maximum displacement; T3: the needle valve begins to close; T4:
the needle valve has fully closed.

Figure3-5 Definition of theinjectordynamic response

3.4.Parametric study

In the parametric study, théesignparametersancluding control piston diameter
(Rod), control oil inlet passage diametéd4), control oil outlet passage diaraet
(OA), were varied at five values and only one parametes changedt atime. The

lower and upper boundaries were selected basing ondhsirmulation results.
3.4.1. Control piston diameter

The control piston diameterasset to 3.7 mm, 3.9 mm, 4.1 mm, 4.3 mm and 4.5 mm
respectively.The derived esults are showm Figure 3-6 and Figure 3-8 to Figure
3-10.
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Figure3-6 Impact ofthe control piston diameter aihe control chamber pressure

The theoretical explanatioaboutthe pressure fluctuations shown kigure 3-6 is
presented by consideriri§igure 3-7: when anelectronicfuel injectoris deactivated,
the pressure in the control chamber is kept the sasiie rail pressure until the
electronicfuel injector is energisedthe control oil discharges via the oil outlet
passage which leads to a pressure drop in the control chamber. When pressure in the
control chamber decreases to the presstitieal for the needle valve openinghe
needle valve starts to lift up. During thisopess, pressure in the control chamber
increases slightly. When the needle valve opens to itsnmuax lift position, the
pressure in the control chamber drops again to a steadier plalifiocontrast when
the electronicfuel injector is deactivated, thgressure in the control chamber
increasego push needle valve wose during this time, the pressure in the control
chamber incea®s slightly and therestoregherail pressure onctheneedle valve is

completelyclosed
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Figure3-7 Pressurdluctuationsin control chamber
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Figure3-8 Impact ofthe control piston diameter ahe needle valve lift
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Figure3-9 Impact ofthe control piston diameter aiheinjection rate
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Figure3-10 Impact ofthe control piston diameter aheinjection mass
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Figure 3-6 to Figure 3-10 indicate that withan increase in th€€PD (ontrol piston
diamete), the needlevalve opening delayincreases, antdhe valve closing delay
deceaseéseeFigure3-8), which leads t@decreasén total fuel oil injectionquantity
(see Figure 3-10) and smaller pressure fluctuatis in the control chambdsee

Figure3-6). The main reasons asegmmarisedbelow.

The variation of CPD changes the upper surface area of the control piston. Thus, a
larger CPD meanas largerupper surface area of the control piston, aheyherforce

is exeredon it. Since the pressure on the Ewpart of the needle valve remains the
same, a smaller net force obtained when the solenoid valveadtivated This net

force pushes the needle valve upveaadstart the fuel oil injection. In this condition,

a smaller net force slows the needle walepening velocity and extends the valve
opening delay, as shown kigure 3-8. When the solenoid valve is deactivated, the
control chamber regairthe rail pressureand a larger opposite net force pushes the

needle valve quickldownwardswhich reduces the valve closing delay.

3.4.2. Control oil inlet passage diameter

The control oil inlet passagdiameterwas changedconsidering thdollowing five
values 0.15mm, 0.17mm, 019mm, 021 mm and ®3mm, respectively. The

derived esults are shown iRigure3-11to Figure3-14.
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Figure3-11 Impact ofthecontroloil inlet passageiameter orthe control chamber
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Figure3-12 Impact ofthe control oil inlet passagéiameter ortheneedle valve lift
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Figure3-13 Impact ofthecontrol oil inlet passagéiameter ortheinjection rate
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Figure3-14 Impact ofthecontrol oil inlet passagéiameter ortheinjection mass
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The esults above demonstrate that tR® has a huge impact duel oil injection
characteristics. With the increasethe IPD, thefuel oil injectionquantity(as shown
in Figure 3-14) decreases significly, and the needlealve opening delappecomes
greater In general, the largehe IPD is, the slower needle valve openiagtion and
the fasterthe closingaction, as shown iigure3-12. This is becausene change of
IPD hasan effect onthe oil charge rate. A larger IPi2sultsin a greateroil charge
rate when the solenoid valveastivated Since the oil discharge rate the oil outlet
passage remains the same, the pressure in the control chamber drops slower than
with a small IPD, which slows down thmeedle valverelocity at the opening stage
andspeeds uphe needle valve closirgpovementat the closing stag&hus,alarger
IPD leads to a largeralve opening delagnd a smallevalve closing delaynd vice

versa.

Additionally, a lager IPD (oil inlet passage diame)eresults ina smaller control
chamber pressure fluctuatiomhis is due tothe greater IPD offang a larger oil
charge rate and thissipplemenng the control oil in time to alleviate the fluctuation
caused by the needle valve opening and injection.

3.4.3. Control oil outlet passagediameter

The control oil outlet passageliiameter was changedto 0.23mm, 0265mm,
0.305mm, 0345mm and B85mm, respectively.The derived esults are shown in
Figure3-15to Figure3-18.
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Figure3-15 Impact ofthe control oil outlet passagiiameter orthe control chamber
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Figure3-16 Impact ofthe control oil outlet passagsiameter orthe needle valve lift
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Figure3-17 Impact ofthecontrol oil outlet passagtiameter ortheinjection rate

70
— d=0.230 mm
60 | —— d=0.265mm
— d=0.305mm
— d=0.345mm
S0 d=0.385 mm
C)
@ 40
©
&
_5 30
©
2
£ 2
10
0
1 1 1 1 1 1 1 1
0 1 2 3 4
Time (ms)

Figure3-18 Impact ofthe control oil outlet passagtiameter ortheinjection mass
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With an increasein the oil outlet passagdiametey the fuel oil injection quantity
increaseqas shown inFigure 3-18), the needlevalve opening delaghortens and
valve closing delayemainsnearlythe samgeas shown irFigure3-16. This is due to

the fact that he OPD determines the oil discharge rate. A larger OPD nthahs
more fuel can be discharged from the control chamber into th@ldessure chamber.
Thus, thepressureexerted on the upper surface of the control piston decreases
quickly, which helps the needle valve open. In this case, a smalidve opening
delayis achievedAdditionally, a large pressure drop is seen in a large OPD case.

3.4.4. Comparison of the outcome ofparametric study

The comparison of the outcome of parametric study is presentéabie 32. It can
be seen that with the increase in the CPD or IPD, the opening delay increases, the
closing delay and the injection mass decreatmvever, with the increse in the
OPD, the opening delay decreases, the closing delay keeps nearly the same and the

injection mass increases. The details refer to chapiérsto 3.4.3

Table3-2 Comparison othe outcome oparametric study

Increase in Opening delay Closingdelay Injection mass

CPD increasing decreasing  decreasing
IPD increasing decreasing decreasing
OPD decreasing same increasing

3.5.Multi -objective gotimi sation

3.5.1. Proposed @timisation routine

The nulti-objective optimsation schemes shown inFigure 3-19. An gptimisation
routinewas built inmodd=RONTIER as is shown ifrigure 3-20. Firstly, a random
sequence for generating initial designsvas adopted in th®OE type. Then, an
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NSGA-1I algorithm was selected. After that, an AMESIim node was uséactode

the wholeelectronicfuel injector model, where the displacements of the control
signal and the needialve were generated. These datefirstly written into a text

file, and to do this, appropriate writing and reading rules needed to be developed.
The text file is read by MATLAB, where the control signal timings (t1, t2, t3 and t4)
and needle valve titimings (T1, T2, T3 and T4) are calculated. Madéve opening
delayand thevalve closing delagan thus be obtained from the timings according to
the definition shown inthe previous sectionAdditionally, a constraint was set
between theontrol oil inet passagdiameter andontrol oil outlet passagdiameter

so that the former should be smaller than the latter in eachhaunake sure the

needle valve opens in the simulation.

DoE mode

!

»| Optimization algorithms

Y

Input > Injector
parameters| ) _ | Data output t

models in —» _ o ific file
ﬁ AMESim -
Constraints

\
File transfer rules -

O

Y
Control signa] Matlab Needlevalve

[

timings calculation timings

Optimisation targed

Results analysis

Figure3-19 Optimisation scheme of thigype-| electronicfuel injector
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1: DOE type 2: MOGA Algorithm; 3: AMESIim node;4: transfer the text files of the control signal
and the needle valve displacement synchronoBsisead the control signal data and the needle valve
displacement data from files respective6;; MATLAB node; 7: calculation of the objectivess:
objectives9: input parameters.

Figure3-20 Optimisationroutine of the Type-1 electronicfuel injector

3.5.2. Input parameters and settings

The boundaries and resolutaf the input parametersre specified inTable 3-3.

The stepof the control piston diameter was set t03nm, while the steps of the
control oil inlet passage diameter and control oil outlet passage diameter were set to
0.005mm. These boundaries are set according to the results of parametric study in

section3.4.

Table3-3 Input parametesfor the Type-| electronicfuel injectormodel

Input parametel Baseline Lower boun@ry Upper boundry step

CPD (mm) 4.3 3.7 4.5 0.05
IPD (mm) 0.216  0.15 0.28 0.005
OPD (mm) 0.246  0.23 0.38 0.005
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3.5.3. Calculation settings

Table 3-4 gives detailed information about the calculation settings for the NBGA
method. The50-initial random DOE (design of experimentjlesigns were each
coordinated with 20 generations ru@d][ Thus, a total number df000 runs were
carried out. In theory, the larger the numbers, the closer the optimal designs to the
real Pareto frontier. Other parameters were set as default values in the
modeFRONTIER T0]. The mutation probability for readoded vectors and mutation
probability for binary strings are set to the suggested default value 1.0. Explanations
can be found in the modeFRONTIER helpsaid thathe maximum allowed value

for this parameter ig, =1/N, where N is the number of the reaided variables for
realcoded vectors while it is the DNA string length of the bireoged variables for
binary strings. If an exceeding value is set (e.g. the default value 1), then the
algorithm resets the parametalue top,, casting out a warning message. It is safe

to use the default value, 1, and then let the reduction occur.

Table3-4 Calculation setting

ltem Value
Number ofinitial designs 50

DOE schemeused RANDOM
Optimisationalgorithm used NSGA-II
Number ofgenerationsun 20
Crossoveprobability 0.9
Mutation probability forreatcodedvectors default
Mutation probability for binary strings default
Crossover type fdoinary-bodevariables simple
Total number ofanalyses 1000
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3.5.4. Results and discussion

3.5.5.1. Effects of design parameters on the injector dynamic response

The effects of thecontrol piston diameter (CPDgontrol oil inlet passage diameter
(IPD) and control oil outlet passagdiameter OQPD) on the injector dynamic
response are shown kFigure 3-21 to Figure 3-23 respectively.These figures were
generated through the RSM function. Only one parameter is changed at a time while
the other parameters are keptthe baselinevalues Thus, the way in which these
important parameters affect thalve openinglelayandvalve closing delagan be

easily seenFrom Figure 3-21 (a) andFigure 3-22 (a), it can be saethat thevalve
opening delayncreases withan increase in the CPD and IPBlowever, thevalve
closing delaypresents opposite trends to treve opening delayas shown irFigure

3-21 (b) andFigure 3-22 (b). These conclusions agree with the results obtained by
the parametric studyhe increase ithe CPDindicates a larger force which delays
needle valve opening, on the contrary, this larger force helps closing the needle valve
quickly. The increase in the IPD slows down the pressure lose in the control chamber
during the needle valve openiagd restore the rail pressure fast during the needle
valve closing.The valve opening delayndvalve closing delayecrease with the
increase in the OP[as shown irFigure 3-23. However, the decreasing trend of the
valve opening delays much steeper than tiwalve closing delaywhich decreases
slightly and can hardlypoe spotted in the parametric studddditionally, the RSM
function figuresalso indicate the change e€db some extentfor example, irFigure

3-21 (b), thevalve closing delaplmostremainthe same when the CRExceedst.2

mm. This kind of information caibe a significant supplement to the outcomes of the
parametric study.
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Figure3-21 Effects of CPD orthe injector dynamic response

Nao Hu University of Strathclyde, Septeml2€17 Pageb3



Chapter 3. Investigation on the Typ&uel injedor

=
[X

T

b
L

\

Opening delay (ms)
=

=
-]

/

—

=
w0

\

0.16 0.18 0.20 0.22 0.24 0.26 0.28
IPD (mm)

(a) Effects ofthelPD on thevalve opening delay

1.2

1.1

by
=)

ve

Closing delay (ms)

=
@

=
B |

\

0.6

0.5
0.15 0.1 017 018 01% 020 021 022 023 024 025 026 027 028
IPD (mm)

(b) Effects ofthe IPD on thevalve closing delay
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3.5.5.2. RSM contour maps

The previous sectionstudiedthe effects of the designparameterson the injector
dynamicresponsandependentlyHowever,the dynamicresponseof an injector is
thereflectionof the combired effectsof all the designparametersthe interactionsof
themcannotbe ignoredandare highlightedin this section The resultsare presented
in Figure 3-24 to Figure 3-26. The crosspointsof blue lines and red linas these

figures indicatehe performance of theaselinedesign.

Figure 3-24 (a) indicatesthat a large CPD togetherwith a large IPD drastically
increass the valve openingdelay However,it contributes to the decreaseof the
valve closingdelay in which the IPD hasa largerinfluencethanthe CPD does, as
shownin Figure3-24 (b). As it is stated in the parametric study, a large C&dces
the net force which pushes the needle valve upward and enlarges\itepening
delay This is especiallynotablewhena large IPDis applied, whichdecreaseshe

pressure drop in the control chambadincreassthevalve opening delay

Figure3-24 (b) showsthata smallvalve closing delays achieved with a large IPD.
A small CPD and a small IPD together lead to a significant increase walhe
closing delay A small IPD decreasdte control oil chargeate so that the control
chamber needa longer time to regain the rail pressure. Thus, a largbfe closing
delayis the result Combiningthis with a small CPD, which weakens the net force
that pustes the needle valve downwardnaextreméy large valve closing delays

estimated
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Figure3-24 RSM contours mapsf CPD and IPD
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Chapter 3. Investigation on the Typ&uel injedor

Figure 3-25 (a) indicates that small CPD along with a large OPD contrilsuie a
small valve opening delayand vice versa. However, a small CPD significantly
increaseshe valve closing delayEvidenceor this behavioucan be found irFigure
3-25 (b). A large OPD means a faster oil discharge; riites, when the solenoid
valve is energised, a faster pressure drvogurs,as doesthe pressuredrop on the
upper surface of the control pistdn.particular an even smalleralve opening delay

can beachieved with a larger upward net force generated irctsie

Figure3-26 (a) demonstratethat a small IPD and large OPD significantlyreduces
the valve opening delayand vice versakigure 3-26 (b) revealsghatthe IPD hasan
greatereffecton thevalve closing delayhan the OPRIoes. A small IPD slows down
the control oil charge rate to the control chamhehist a large OPDincreaseshe
control oil discharge rate at the same time. In ttese an extremlby small valve

opening delays obtained.
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3.5.5.3. Pareto optimum

The meaning of Pareto optimuwas presengd in the Section2.5.4 The tradeoff
between the valve opening delay and the valve closing detown by a scattering

chart, as presented igure3-27. The black triangle points mark the Pareto designs.
The blue square represents the baseline dewsipitst the green hollow triangle
represents theptimal design whiclinas the shortest distance to coordinate origin

this study, the optimal design héee best balance between tredve opening delay

and thevalve closing delay, it i€omparisons between tloptimal desigrand the
baseline design are given on both the dynamic response and design parameters
(Table 3-4 and 3-6). The optimal design achieve reductions of 4Q&d 25% to the

baseline design on thvalve opening delagindvalve closing delayespectively.

1.9

1.7

1571

=
w

Closing delay (ms)
=
[y

0.3

0.3 0.5 0.7 0.9 1.1 13 1.5 1.7 1.9
Opening delay (ms)

Figure3-27 Scattering charts of thealve opening delays thevalve closing delay

Nao Hu University of Strathclyde, Septeml2€17 Page6l



Chapter 3. Investigation on the Typ&uel injedor

Table3-5 Comparisons of theptimaldesign and the baseline design

Pressure Delay  Baseline Selected Status Degree

(MPa) design (ms) design (ms) (%)
Opening 0.954 0.573 R 39.94

130 Closing 0.785 0.588 R 25.10

Table3-6 Comparison of structure parameter value before andatenisation

Parameters Baseline Optimum

Control piston diameter (mm) 4.3 4.2
Control oil inlet passagdiameter (mm)  0.216 0.255
Control oiloutlet passagdiameter (mm)  0.246 0.365

3.6.Summary

In this chapter, the effects of tlwntrol piston diameterQPD), control oil inlet
passage diametelPD) andcontrol oil outlet passage diamet&HRD) on the injector
characteristicand dynamic responseere examinedn depth througha parametric
study anda multi-objective optimisation.In the multiobjective optimisation, a
optimisation routine was proposamhe of the MOGA metha(the NSGA-II method

was used in the optimisation processtotal of 1000 runs were executed under
130MPa rail pressureThe effects of these design parameters on the dynamic
response were shown by RSM function ch&Btdsequentlythar interactiors were
investigated throgh RSM contour maps. Additionallyhe tradeoff relationship
between theralve opening delagnd thevalve closing delayvasinvestigatedvia a

scattering chart, in which the Pareto designsaraptimumwere highlighted

The main outcomeareas follows:

(1) With anincrease ircontrol piston diameteandcontrol oil inlet passage diameter

the valve opening delaincreasedand thevalve closing delayeducedHowever,the
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control oil outlet passage diametegemsto only affect thevalve opening delay

which decreases with the increaseamtrol oil outlet passage diameter

(2) NSGA-1l is an effectiveway for optimisingthe key structuradesignparameters
of the electronicfuel injectos. A clear tradeoff was spotted between thealve

opening delayndvalve closing delay

(3) A large control piston diametertogetherwith a large control oil inlet passage
diameterincreass the valve openingdelay However,they contributeto anincrease

in thevalve closingdelay in which the controloil inlet passage@iameterthasa larger
influencethanthe control pistondiameterdoes. A small control piston diameteaind

a smallcontrol oil inlet passage diametegether lead to a significant increase in the

valve closing delay

(4) A small control piston dieneteralong with a largecontrol oil outlet passage
diametercontributes ta smallvalve opening delagnd vice versa. However, a small

control piston diametesignificantlyworsensthevalve closing delay

(5) A small control oil inlet passage diametand a largecontrol oil outlet passage
diametersignificantly reduce the valve opening delayandvice versa. Theontrol
oil inlet passage diametbasa much greateeffect on thevalve closing delayhan

the control oil outlet passage diameter

(6) The optimum design shows a balanced dynamic response, which ashieve
considerableeductiors of 40% and 25%¢ompared witithe baseline design on the

valve opening delagndvalve closing delayespectively.
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Chapter 4. Optimisation of the Type-Il fuel injector

The previous section studied the effects of three structural design parameters on the
injection characteristics and on the dynamic response. An effective and validated
routinewas describedor the optimisation of Typ# electronicfuel injectors In this
section, this optimisation routine is introduced for the optimisatiothefType-l|
electronicfuel injector which is designed and manufactured by China Shipbuilding
Industry Cooperation. himsfor theimplementation omediumspeednarinediesel
engires bythe cooperationvith HPCR fuel oil injection systesnThree more design
parameters were considered in the optimisation, theytla@espring preload force,

the nozzle orifice diameter arie nozzle orifice number. The additional parameters
significantly increased the optimisation complexity and analysis difficulty. In this
circumstance, thesensitivity of design parameters on dynamic respowss
investigated to exclude parameters which have little effect on the dynamic response.

4.1. 1D modelling of the Type-Il fuel injector

The 1D simulation model of th&ypell fuel injectorwas also built in AMESIm
software. The whole model was divided into three parts, i.e., the solenoid assembly,
the injector body and the nozzle assembly. The detailed modelling process is

demonstrated below.
4.1.1. Assumptions of the model

In the model, some assumptionseme made thaall the variations are considered to

be isothermal, so, the fuel oil temperature was assumed to be constant in the injector
and equal to the one at thmgector inlet, and the fuel properties were assumed to be
constant §2]. Additionally, a @nstant pressure source was adopted here to simulate
the pressure from common rail, which neglected the pressure fluctuations caused by
the cyclical oil supply from igh-pressure oil pumps. Moreover, the pressure wave

propagation was not considered in thedel too.
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4.1.2. Modelling of the solenoid assembly

In Figure 4-1, C1 is the solenoid spring, C2 is the solenoid coil, C3 is the control
valve, V1 is the lowpressure chaber and C4 is the ball valve. The left part of
Figure 4-1 shows a physical sketch of the solenoid assembly. The right part of the
figure is part of a model built according to the physical sketch. The control valve C3
is the moving element of the solenoid assembly, which is raised up when the
solenoid coil C2 is mergised to take the ball valve C4 off its seat, thus, opened the
control oil outlet passag@he parameters for the solenoid assembly are shown in
Table4-1.

) — !
T i
/
Control signal e — C2
|
- B —c1
I‘...
o= 3 g
H B 5 Mass
! R _ . of C3
— C4

Frominjector body V1

Figure 4-1 Modelling of the solenoid assembly

Table4-1 Parameters for the solenoid assembly

Element Diameter (mm) Spring rate (N/m) Volume (cnf) Mass (Q)
C1 - 70 - -
C3 - - - 4
V1 - - 0.001 -
C4 1.2 - - -
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4.1.3. Modelling of the injector body

In Figure4-2, C5 is the control piston and C6 is the mandrel pushing rod. O1 and O2
stand for the control chambepntrol oil inlet passagand thecontrol oil outlet
passageespectively. LiL5 represent oil lines. VO is the rail volume and V2 is the

control chamber volume.

A model of the injector body is shown on the right parfigure4-2. In the model, a
constant pressure in VO was adopted to simulate the pressure in the common rail. The
common rail is connected to the injector through +pgkssure pipes, i.e. L2 and L4.

L2 leads to the control chamber via a short tube L3 and theot@hambercontrol

oil inlet passag®1l. L4 leads to the nozzle part. The voluoié/2 represents the
volume of the control chamber. It is connected to the solenoid valve vt

oil outlet passag®2. The piston model C5 from the AMESim softwareludes a

rod with a piston. However there isno rodin the control chamber, therefore, the
diameter of the rod is set to zero in the model. Moreover, the mass, leakage, piston
surfaces and stiffness of the C5 are also included according to their gbhysic
characteristics. Lines L5 represent damtrol oil return linesThe parameters for the

injector body are shown ihable4-2.
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To solenoid assembly
V2 02 01 L3 — Upper
——FI W ——surface
02 V2 44 of C5
£ el HAs
== AR, .1 Mass
4= of C5
or—[t] =
] T _ Leakage
L3— | of C5
* Lower
Vo ——surface
L2 of C5
®_Z 2C——t Stiffness
| of C5
L1
Mass
T of C6

—

To nozzle assembly

Mechanical connection
with nozzle assembly

Figure4-2 Modelling of the injector body

Table4-2 Parameters for the injector body

Element Length  Diameter Spring Dumper Volume Mass
(mm) (mm) rate (N/m) rating (cm®) ()
(N/(m/s))
V2 - - - - 0.024 -
02 - 0.45 - - - -
o1 - 0.3 - - - -
L3 2.55 0.8 - - - -
L2 6.32 15 - - - -
C5 12.5 6.5 4e+8 400 - 6.4
L1 4.2 4 - - - -
L5 - - - - - -
L4 94.6 2.3 - - - -
C6 - - - - - 6.4
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4.1.4. Modelling of the nozzle assembly

Figure4-3 shows a crossectional view of the nozzle assembly and its model, where
C7 is the needle valve spring, C8 is the needle valve body, and C9 is the nozzle. V3
IS the return oil bamber while V4 is the accumulation chamber. L4 is the inlet of the
high-pressurecontrol oil to the accumulation chamber V4. The nozzle assembly
connects to the injector body both hydraulically and mechanidaligs a cylindrical

type of orifices.The needle valve stiffness and mass are considered in the modelling
and simulation. A piston model from AMESIim is used to simulate the hydraulic force
acting on the lower part of the needle valve in the accumulation chamber. The nozzle
orifice parameters antieir layoutaretheimport parts in the modelling of the nozzle
assemblyHere, the group of parameters should be set accurately, for example, the
needle valve diameter, the valve seat angle, the needle cone angle, the sac volume,
the maximum flow coeffi@nt of the orifices and the number of orificéhe

parameters for the nozzle assembly are showale4-3.

Mechanical connection

From injector body J with injector body

o |— C7

Leakage
of C8

_Stiffness
of C8

Mass
of C8
Lower

—— surface
of C8

L+—— Back Pressure

Figure4-3 Modelling oftheinjector nozzle assembly
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Table4-3 Parameters for the injector nozzle assembly

Element Orifice  Diameter Spring rate Dumper ratng Volume Mass

number (mm) (N/m) (N/(m/s)) (cm®  (9)
V3 2 2 - - 0.2 i
C7 - - 13000 - - 2.58
C8 - - 4e+8 400 - 8.6
V4 i i - - 0.348 -
Co9 9 0.27 - - - -

4.1.5. Integration of the Type-Il fuel injector model

A complete sketch of the injector model is showrrigure4-4. It is the integration

of the solenoid assembly, injector body and the nozzle assembly.
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Figure4-4 Complete sketch of thEype-ll electronicfuel injectormodel
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4.2. Model validation

4.2.1. Fuel properties

A commonmarine gas o0 diesel fuel was used in the study, the main propeties

the fuelareshown inTable4-4.

Table4-4 Physical and chemical properties of the #0 diesel fuel

Properties Value
Densityat2® h ES3C Y1 845
Viscosity at 28 h  #/d 4.72
Cetane number 57.6

4.2.2. Experimental facilities

The experiments were carried out on a Khlardware in loopjest rig.HIL is used

for semiphysical simulation, where some components in the loop are replaced by
software modelsA sketch of tie HIL test rig is shown ifrigure 4-5, in which the
actualdiesel engine was replaced by a diesel engine model built in LABG8H.

Its working principle is as follos

(1) A PID method is adopted to speed governing, i.e., the cycle injection quantity

(r ) is obtained in the ECU% ) by comparing the speed calculated from the

1 A Hardwarein-Loop (HiL) simulator built by ETAS compan. ABCARG6s main differentiator
modular architecture, which allows the testaygtem to be easily adapted and functionally extended to suit

future requirements. The strict separation of the syseacific hardware and the Rfased computing engine

provides a high degree of investment protectiboontains the following functiong1) Compact reatime

testing system for automotive Embedded Control Units (EQ@¥Ppen, modular system architecture for

simulation models, software, hardware, test automation, anestinghronous ECU acce48) PCGhased

simulation with extensive sibilities (DualCore, QuaeCore, etc.)
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(2)

3)

(4)

(5)

camshaft signalf{4) and crankshaft signay6) with a given speed.

The width of the control signak§ ) to fuel injectos is decided by the cycle

injection quantity.

Rail pressure f§3) is obtained by the ECU and is set as one of the input

parameters to the diesel engine model. The feeding pumps of the common rail
system are controlled by proportional valves to matath the fuel quantity

injected.
Engine speed is calculated in the diesedel by combining the cycle injection
guantity (¢ ) and load settingsf® ). This engine speed is transformed into

signals to control the servo motor, which drives the cams@aft {0 simulate

the engineperaion.

All of the signals including temperatures, pressures and I/O status are monitored

through the Compact RIG{ ) and displayed in the computgf.().
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1T | B2 [RE

Servo Motor

r : computere : Compact RIO(a realtime embedded industrial controller made by National
Instrument¥, 18 : engine telegraphfs : LABCAR system (a flexible test system developed by
ETAS ); /s : ECU; s : cyclefuel oil injectionquantity; v : sensor signals of the HPCR syster#;
ECU injection signal;fe : ECU control signal for the proportional valvag: correction signal from
the LABCAR; nt: control signal for the servmotor; a2: encoder speed signalz: pressure signal
of rails; n4: camshaft angle signafs: crankshaft angle signafeé: injector; a7: high pressure pump;
n8: high pressure oil tuba2: common rail; Bo: camshatft;n1; oil pan.

Figure4-5 Systematic configuration of the HIL test rig
4.2.2.1. Injection quantity measurement

One of the most important parts of the HIL test igthe injection quantity
measuremerdevice asshown inFigure4-6. Fuel dl injected from the injector)
flows through the demistere() and cooler i ) successively, then flows to tlfeel
weighting device. Two weighting methods are availalolee measures the fuel

volume via a measuring glass |, the other weighghe fuel mass via an electronic
scale (¢ ). The two methods can be switcHestweerby usinga PLC (a2) controlled

electronic threavay vdve (1% ).
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e : electronicfuel injector re : demister;rs : oil tube; rv : cooler; rs : threeway
valve; rv : collector; rv : oil baffle plate;rs : measuring glassip : electronic scale;
fo: junction box; n:: cables;nz: PLC.

Figure4-6 Fuel oil measurement device

The test rig islsown inFigure4-7.
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Figure4-7 Imageof theHIL test rig

Figure4-8 Front view of the HPCR system in the HIL test rig
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Figure4-9 Side view of the HPCR system in the HIL test rig
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Figure4-10 Fuel mass measuring device (left) aahsole deskright)

4.2 3. Simulation validation

Limited by the experimental conditions, only the injection quantity de¢ae
obtained for validating th&ype-1l electronic fuel injectomodel from the HIL test
rig. The injection quantity was measured room temperature and undiur
different rail pressures, i.e80 MPa, 100MPa, 120MPa and140MPa. Under each
pressurefour different fuel oil injection duration widths were applied, i.el ms,
15ms, 2ms and25 ms. At each injection duration, the injection quantity was
obtained by calculating the average of 4id@e injection. The injectionquantity
comparison of simulation results and experimental results are shdviguire4-11.
Errors may be caused by the fuel oil measurement device or the invalidated flow
coefficient of the nozzle orifice. Howevehet main trend in simulation data for
averageinjection quantity shows an agreement with the experiment data under all

four different rail pressures.
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Figure4-11 Injection mass comparisons of experimental data and simulation data

4.3.Multi -objective optimisation of the Type-Il electronicfuel

injector
4.3.1. Optimisation routine

In Section3.5.1, the proposedoptimisationroutinefor the Type-l fuel injectorwas
preseréd In this section, he proposedoptimisation routine is extendedto the
optimisation of the Typell electronic fuel injector as shown in Figure 4-12.

Compared to the optimisati routine of the Typel fuel injector the optimisation
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routinefor the Type-ll fuel injectorwassimilar, exceptfor the addition othree more

design parametershe nozzle orifice numberthe nozzle orifice diameteand the

spring preload forcevere included.

X
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OPD '::j-]fn_—l ‘;c
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1: DOE type 2: MOGA Algorithm; 3: MATLAB node; 4:AMESim node; 5: transfer the text files of

the control signal and the needle valve displacement synchronously; 6: read the control signal data and
the needle valve displacement data friiles respectively; 7: MATLAB node; 8: calculation of the
objectives; 9: objectives; 10: input parameters.

Figure4-12 Multi-objectiveoptimisationroutinethe Typell fuel injector

4.3.2. Designparameters andboundaries

The boundaries and resolution of input parameteespecified inTable 4-5. Five

input parametersincluding the control gton diameter (CPD), control oil inlet
passage diameter (IPD), control oil outlet passage diameter (OPD), nozzle number
(NZN) and spring preload force (SPF) are presemadther input parameter nozzle
orifice diameter (NZD)wasset according to the NZMs shown irFFigure4-13. This

is mainly for the purpose of keeping tbesssectioral areawithin a certain range.

Here, he parameter NZDQvas set to five values according tbe NZN; they were
chosen randomly inhe MATLAB node. A total of six design parameters were

considered in the optimisatiomhe specific lower and upper boundaries were
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selected according to adrrexperience study.

Table4-5 Input parameteior the optimisatiorroutine

Input parameter Lower Upper Resolution

boundary  boundary

Control piston diameter (mm) 5.8 8.0 0.1
Control oil inlet passage diameter (mm) 0.2 0.45 0.01
Control oil outlet passage diameter (mm’ 0.36 0.9 0.02
Nozzle number-j 6 10 1
Spring preload force (N) 60 360 10
NZD (mm)
0.19 020 021 022 023 024 025 026 027 028 029 030 031
NZN=10 i i 1 i i i i i i
eme— |
e
| NZN=7 i ? %
| NZN=6 1

Figure4-13 The description ofhe NZD under variousNZN values

4.3.3. Calculation parametersdsettings

Table 4-6 gives information about the basic calculation settings. A ranD@&
scheme was adopted. The number of initial desiyas 100, and that of the
generationswas 20. Therefore,that the totalnumber of analys was 2000. The
large the numberthe closer thesimulation optimums are to real Pareto front of
optimum results. The algorithm used here is NSGAvhich is described irBection
2.5.3
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Table4-6 Calculation setting

Item Value
Number of initial designs 100

DOE scheme RANDOM
Optimisationalgorithm NSGAII
Number of generations runs 20
Crossover probability 0.9
Mutation probability for reatoded vectors default
Mutation probability for binary strings default
Crossover type for binar@ode variables simple
Total number of analyses 2000

4.4.Results and discussion

4.4.1. Influential factors analysis

As six design paramete seeSection 4.3.2)are involved in the optimisationt is
necessary tthe sensitivity ofdesign parametsion the dynamic response. Based on
this, the importance ofthe structural parameters and their interactionsh the
objectives(the valve opening delay and valve closing delagje studied through a
second order Smoothing Spline Analysis of Variance (ANOVA) algorithm. Heee,
structural parameters and their intgrans refer to the factors. Thesensitivity of
design parameters on the dynamic respaasshown inFigure 4-14. All of the
weights ofthe factors add up to 1 and lgnthe six most influential factors are
reported in the figure. The left column and the right columthe figure reflecthe

importance othefactorsin affecting thevalve opening delagndvalve closing delay
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respectively. The first row, the secormwand the third row demonstrate the results

under rail pressures 80 MPa,120MPa andl60MPa, respectively.

The left column ofFigure4-14 indicates thathe parametergontrol piston diameter
(CPD), the control oil inlet passage diametdPD), the control oil outlet passage
diameter OQPD) and their interactions are the mostiuential factors on thevalve
opening delayof all three rail pressures. Although the CRDd IPD and their
interactions rank as the first three factors, other factors such as the &DBD,
interactiondetweerthe CPD& IPD andbetween théPD & OPD are ot negligible.

The right column ofigure4-14 shows that the IPD has a dominant influence on the
valve closing delaywhich is nearly three times larger thiwat ofthe CPD, which is

the second largest finential factor. The influencef the nozzle orifice number
(NZN) andnozzle orifice diameteNZD) on dynamic response are much less than
that of the IPD and CPD. The effects of these important factors on the dynam
response were demonstrated by RSM function chad8@Pa pressure, which is
shown inFigure4-15. It can be seen that the main trends of the CPD, IPD and OPD
are consistent withthat ofthe Type-l fuel injector as shown irSection 36.1. The
change of the control piston diameter changes the upper surface area to change the
pressure on itThe change of control oil inlet passage diameter changes the control
oil charge rate to the control chambEne change of control oil outlet diamesdters

the fuel oil discharge rate from the control chamber tdaWwepressurehamber. The

detailed influences of these important factams documenteith Section 3.4.

The let column ofFigure4-14 indicatesthat the CPD is the most influential factor in
thevalve opening delagt 80 MPa andl20 MPa pressurgdut its position is replaced

by the IPD atl60MPa pressureThis is becausein high-pressure conditis) a
larger oil charge rate can be seen than itnabw-pressure conditias) evenif the

IPD remains the sam@ larger control oil charge rate means a larger valve opening
delay aml a smaller valve closing delayAnother phenomenon that the CPD is
relevant to thevalve closing delaynder aow-pressure condition, and the relevance
decreases at medium pressure and increaseslaghen ehigh-pressure condition, as

shown in the righcolumn ofFigure4-14. A possible reasors the different samples
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used for the analysis since these different samples were generated by three different

runs under three different pressures

From the third row offFigure 4-15, it can be seen that thealve closing delay
decreases with the increase in SPF. It can be easdgrstoodthat a larger SPF
pusheghe needle valvepwad faster. In other words, a largspring preload force

(SPH increases the downward net force so that the movement of the needle valve is
accelerated to shorten thalve closing delayrrom the right column ofigure4-14,

it can be seethat theSPF affectsobjectivesunder alow-pressure condition but its
influence diminishes at higbressure conditionThis is due to the reason thie

rates of the SPF tile pressure under dow-pressure condition are larger thtwose

under ahigh-pressure condition. Therefore, the SPF is more comparable to the small
hydraulic forces at lovpressurecondition; however, it becomesutweighed bythe

large hydraulic forcewhen the pressure increases.
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Figure4-14 Sensitivityof structural parameters tbe objectives (a) Sensitivity of
structural parameters to the opening dela80d¢IPa rail pressurgp) Sensitivity of
structural parameters to the closing dela§GtPa rail pressurgc) Sensitivity of
structural parameters to the opening delal2&MPa rail pressurgd) Sensitivity of
structural parameters to the closing delay2iMPa rail prasure;j(e) Sensitivity of
structural paramets to the opening delay B0 MPa rail pressurgf) Sensitivity of

structural parameters to the closing delay6MPa rail pressure.
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Figure4-15RSM function charts d@60MPa rail pressure

44.2. Responsesurface analysis

Figure 4-14 highlighted the fact that CPDand IPD and their interactions are of
greates significance to thevalve opening delaynd thevalve closing delayThe
dynamicresponsef design parameters to the objectivesre shown through RSM
contour maps, and the dynamic respoas80MPa and120MPa arealmostthe
same as thabf 160MPg therefore,only the dynamic responseat 160MPa was
generated and demonstratedrigure4-16 andFigure4-17. In both figures, theross

points of red lines and blue linegresent the performance of the baseline design.
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These RSM contour maps are ateosistent with that of th€ype-| fuel injector
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Figure4-16 RSM contour majpf thevalve opening delaynder160 MPa ralil

pressure
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Figure4-17 RSM contour mapf thevalve closing delaynderl160 MPa rail

pressure
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4.4.3. Paretooptimum

Figure 4-18 (a), (b) and (c) are the optimisation results for three different ralil
pressures80 MPa, 120MPa and160MPa respectively). The Paretptimumsare
marked with black solid triangles. Thaseline design is marked with a blue square
and the optimal design is shown asreep hollow triangleThe optimal design was
selected fronthe Pareto results a60MPa (sed-igure4-18 (c)) andit performance
wasevaluatedat the other two pressures (¥agure4-18 (a) and (b). Compared to
the baseline design, both tiaalve opening delayand thevalve closing delapf the
optimal design have witnessed a huge reduction in all three rail pressug8s8%,
292% and 2% in thevalve opening delagnd 25.6%, 24.5% and 30.1% the
valve closing delayunder the pressures of80MPa, 120MPa and 160MPa
respectively The detailed information about the valve opening delay and valve
closing delay of theoptimum are listed in Table 4-7. In addition the structural
parametes of the baseline design and thptimal designare reported ifable4-8. It

can be seen th#te catrol piston diameter reduces by3®m and the nozzle orifice
diameter decreases by 0@m. However, the control oil inlet passage, control oil
outlet passage diameter and spring preload force increase2Btm®, 09 mm and

290N respectively.
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Figure4-18 Paretocitizens and the selected designs under various rail pressures
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Table4-7 Detailed objective comparisons of the optimal and the baseline design

Pressire Delay Baseline

Optimum Status Degree

(MPa) (ms) (ms) 7
Opening 1.197 0.840 R 29.82
50 Closing 1.097 0.816 R 25.62
Opening 0.908 0.643 R 29.19
120 Closing 0.974 0.735 R 24.54
Opening 0.767 0.607 R 20.86
100 Closing 0.880 0.615 R 3011

Table4-8 Comparison of structure parameter values before and after optimisation

Parameter

Baseline Optimum

Control piston diametgmm)

Controloll inlet passage diameténm)

Control oiloutlet passage diamet@nm)

Nozzle orifice number
Nozzle orifice diametefmm)

Spring preload forcéN)

6.5
0.3
0.45
9
0.27
149

6.2
0.39
0.90
9
0.23
290

The optimal design reaches the maximuwoundaryof the OPD, which implies the

upper boundry for the OPD might be set tdow. Thus, a further study on the OPD

was carried out to examinis effects on injector dynamic response independently at

the three rail pressures respectivélye results(seeFigure4-19) showthat thevalve

closing delayremained almostinchangedwhile thevalve opening delagecrease

monotonously with the increase the OPD but the trend beanegentle when the

OPD waslarger than 0.6 mnirherefore extendingthe upper boundry of the OPD

would be meaningless.
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Figure4-19 The effect othe OPD on injector dynamic response

The solenoid valve displacement and needleevdlgplacements of both the baseline
design and the optimal desigrerecomparedunderthree different rail pressures, as
shown inFigure4-20. The injection rate is shown Figure4-21. In both figures, the
needle valve displacements of thasbline design under different rail pressures are
represented by black lines, whitee needle valve displacements of the optim
designunder various rail pressures are shown bylimek. Different rail pressures
are distinguished by line type$60MPa, 120MPa and80 MPa are represented by
solid lines, dastd lines and dded lines respectively. The control signal, marked by
blue lines,is also drawn in botlrigure4-20 andFigure4-21 for reference Since the
nozzle orifice diameter of the optimal deign is smaller than that of the baseline
design, the maximum injection rate is much less under the aetivationtime, as
shown inFigure4-21. Therefore, a larger rail pressure needs t@ajaiedto retain

the same injection massr a specific engine with a fix periodical injection gtign
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Figure4-20 Needle valve displacement comparisons of the baseline aogtih@l
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4.5.Summary

The abovediscussion presentetthe modelling and optimisation dhe structural
parameters ofhe Type-ll electronicfuel injector A complete and detailed model of

the electronic fuel injector was built using AMESIim software. The model was
validated by the experimental injection quantity data and average stedeynass

flow rate (if test condition permitst is better tovalidate the injector model by
injection quantity together with tramsit injection rate) obtained from a HIL test rig.
Then, an optimisatiorroutine was applied by using modeFRONTIERAaNd the
optimisation was carried out through the MOGA method. The importance of the
structural parameters of the dynamic response was exaunR&M function charts
disclosed how these important structural parameters affect the dynamic response.
Then, RSM contour maps were applied to study the interactions between the CPD
and IPD. Finally, a Pareto optimal design with the best iodidbetweenthe valve

opening delaynd thevalve closing delayas singled out.

The main conclusions are below:

(1) The sensitivity analysishowsthat the control piston diametecontrol oil inlet
passage diametecontrol oil outlet passage diametand their inéractions are
influential factors for thevalve opening delaywhile thecontrol oil inlet passage
diameterhas a dominant effect on twalve closing delaylf the same circulation
area isguaranteedthe nozzle orifice diameter and nozzle orifice nuntisare less
impact on the dynamic response than t¢betrol piston diametecontrol oil inlet

passage diameter and control oil outlet passage diameter

(2) The RSM function chartand the RSM contour mapissclosed thathe influence
of thecontrol piston thmetey control oil inlet passage diametandcontrol oil outlet
passage diametef the Type-ll fuel injectoron the dynamic response consistent
with that of theType| fuel injector(seeSection3.6). In addition they alsoindicate

thatthe effects of the spring preload force on Wladve closing delayre surprising

noticeableunderlow rail pressure conditian Thevalve closing dekadecreases with
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the increas@én the spring preload force.

(3) The dynamic response of thptimaldesign achieves @nsiderableeductionfor
threedifferent rail pressure88Q MPa,120MPa andl60MPa). More specifically, the
valve opening delawasreduced by 29.8%, 29% and 20.8%, and thalve closing
delaywasreducel by 25.6%, 24.5% and 30.1% respectively.
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emissions under four typical engine loads.

5.1.Engine specification

Chapter 5. CFD simulation modelsand verification

The previous chapters presented thist part of the thesis, which studied the effects
of the structural parameters @f/pe-| and-II fuel injectos on theirdynamicresponse
One of thefuel injectos, theTypell fuel injector was selected fora match study
with a combustion chamber of mediumspeed marine diesel engirhis chapter
introduces the mesh generation, calculation atgpsimulation modelst the CFD
engine model.Finally, this model was validated by using pressures i@

The marine medium speed engittebe modelleds the MAN 6L 16/24, its main
geometric specifications are presentedTable 5-1. It is an inline, 6-cylinders,
4-stoke diesel engine. Its rategerating point al000 rpmproduces pwer of 540

kKW respectively. The spray orifice distribution of the origimaéchanicalfuel
injectoris 9*0.28 mm when the mechanical fuel oil injection system is replaced by
an HPCR fuel oil injection systerwith a new electroni¢uel injector it changes to
9*0.23 mmthe optimum obtained from the study@hapter 4

Table5-1 Specifications ofheengine anduel injector

Feature

Value

Engine name

Cylinder arrangement
Number of stroke
Borg(mm)

Strokgmm)

Number of cylinders

Rated speed/min)

Rated powe(kW)

SFOC( g/ ( k WAh))
Compression ratio

Original mechanical injector
Electronicfuel injector

MAN 6L16/24
In-line

4

160

240

6

1000

540

189

15.2
9x0.28 mm
9x0.23 mm
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5.2.Mesh generationand validation

There are two basic grid types of meste structured grid anithe unstructured grid.

A structured grid meanthat its adjacencies obey the rule that each surface grid is
quadrilateral and each volume gridaisexahedon. Howeveranun st r uct ur ed ¢
adjacencies are uncertaithey can be trianglesr quadrilateral for surfacesand
tetrahedrog, hexahedsnsor triangular prismfor volumes. An irregular and random
unstructured grid increases tbeo mp u searchdiseA structurel grid is more
time and memory savinthan an unstructured griobecause fewehexahedral cells
are needed to fill a volume. Moreoverjsteasier to genemhigh quality cells on a
hex grid than on a highly stretched tetrahedral;ghds, a more accurate resolution
can be realised on a structured grid. A structured gridlso benetial for its
alignment, which provides a better corge and accuracy for CFD solveBasal on
theabove details, a structured gvigs generated in the CFD calculation in this paper
[84,85].

The independency of the mesh and cell number was showsigure 5-1. Three
mesh resolutions including a coarse mesi5K cells, a medium mesh witti25K
cell and a fine mesh with75K cells were appliedit can be seen that the medium
mesh with a total ofi25K cells gives similar results with the fine mesh without

taking too much computational time.
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Figure5-1 Mesh independency

The mesh of the combustion chamber was divided ieight groups
0degCA-188degCA, 188degCA-244degCA, 244degCA-645deg CA,
645 degCA-180deg CA, 180degCA-2955 degCA, 2955 degCA-3356 degCA,
3356 degCA-3412 degCA and 3412 degCA-360degCA. In each group, mesh
was stretched to every calculation poiktgure 5-2 shows the mesh cuts for the
calculation ab degCA, 645 degCA and180degCA. The number of cells are063,
6,329 and 1833 respectively.
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Figure5-2 Mesh generation demonstratjqa) 0 degCA, (b) 645 degCA, (c)
180degCA

5.3.Simulation modelling of in-cylinder process

The simulation of the ircylinder process was carried out from the momerttake
valve closing to the moment of the exhaust valve opening.
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5.2.1. Basicconservationequations

(1) Mass conservation equation

£+_“ ) =0 51
1) )

]
Where: | is density, U; is the velocity component 0f , andt is time.

(2) Energy conservation equation

wh Hohu ) P P Hg U

B, F T = = T T L S, (5.2
T t xjuq X, H

h=cT- T, +&Y,H, =h +3 Y,H, (5.3)

Where: h is the sum of heat enthalpy and chemical reaction enth@lpy, the

temperature,Y,_ is the mass fraction of component H _is the heat generated by
componentm, C, is the average specific heamnder constant pressure while
temperature isT, Cg is the specific heat when temperature Tjs, F, is the

enthalpy diffusion flux onX; direction, S, is the energy source componeandh,

is the heat enthalpy

(3) Momentum balanceequation

]
K XH

Where: p is the pressureS, is the momentum source componean,dq is the

tensor component.
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(4) Gas state equation

Y.

N
P= 5 " 55
} E{Fnc::}le (5.5)

Where: M, is the molecular molar mass of composition andy, is the mass

fraction ofm.

5.2.2. Simulation modelling

The modelling of the target marine diesel engine was applied in FIRE ESE Diesel
software. In itthe kzetaf [86, 87] turbulent model for high Reynolds numbess
adopted to describe the flow field inside a combustion chariiber.@mputations

run with MINMOD relaxed scheme for the momentum equation and the central
differencing is applied for the continuittand wall function wasupposed to be
appropriateo describe heat transfef wall. Piso algorithni88, 89| is adopted here

to solve the highly unsteaestate flow ofthe combustion problem. In terms die

fuel spray modelthe Dukowicz model[90] with assumption that the droplet
evaporation is in a necondensable gasas applied for handling the hegp and
evaporation othefuel oil droplets. Moreovethe droplet breakup was described by
Wave breakup model[91, 92]. The wall interaction was described Walljet1[93,

94], in which sliding and rebound of the spray particles are determined by the critical
Weber number of We80. The Eddy breakup model 95, 9€] is introduced in the
calculation of combustiorRegardingemission modelsan extended Zeldovich9[7]
mechanisnwas adopted fathe NOx emission model whila Kinetic mechanisnwas

usedfor thesoot emission moded8, 99, 104.

5.23. Calculation step settings

In order to improve the convergence at the beginning ofitnelation the initial
calculation step is set twe at0.2degCA. Then,1 degCA is adopted at compression

stoke to acceleratéhe calculation and save time. However, at injection stage,
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precisionis emphasized, so the step is reduced.fodegCA again. Inafterburn

stage, (b degCA is adopted.

5.4.Model verification

Model verificationwas executed dbur different engineloads, i.e.L25, L50, L75

and L100 loads, respectivelyhe comparisons of the cylinder pressumadrate of

heat releaseetween the simulation data and test datderfour loads are shown in
Figure5-3. In the figure, the experimental cylinder pressure data were represented by
black circles, the simulation pressure date were represented by red lines, the
experimental ROHR is represented Iblyies circles, and the simulation ROHR is
represented bpurple lineslt can be seen that a good agreement of simulation data
and experimental data is achieved, especiajylynder pressurest the stage of
combustion. In the stage of compression and esipa,cylinder pressursimulation

data were aslightly greatert han t est dat a, t hat 6s becal
leakage were not considered in this simulation model, while these losses do exist in

authentic diesel engines.
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Figure5-3 Pressurand ROHRcomparisons of experimental data and simulation
dataunderfour engine loads

The NOx emissions are also examinadd compareat each engine loadhe NG
experimental data was provided &y engingoroducer, who performed the testder
the standard D2 test cycleesults comparisons wesbown inFigure5-4, the main
trend of simulation results corresponds te #xperimental data. The maximum error

occurred at full load which is less than 6.5%.
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Figure5-4 NOy emission comparison of test data and simulation ulad@rfour

engine loads

The validation processdicates that the model can be used to simulate and predict
the engine performance when replacing the original mechduiglabil injectionby

a highpressure common rail injection system. The engine body with the
high-pressure common rdiliel oil injedion systems defined as the baseline engine,

which kept the match parameters the same as the original one.

5.5.Summary

In this chaptermesh generation was briefly introduced. Equations and models used
in the HRE simulation model were presewtin detail. The developed model was
verified by cylinder pressurdROHR and NOx emissiors underfour engine loads.

The smulation data show good agreement with experimehdid; thus, the model

can be used to predict engine emission and performance.
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geometries

Chapter 6. Parametric study of injection-related

parameters and combustion chamber geometries

Simulations were conducted using the AVL FIRE software. Firstly, a combustion
chamber athe TDC moment was drawn inlRE 2D Sketcher according to the shape

of the upper surface of the piston and the cle&afistance between the piston
surface and the cylinder head. Secondly, the design combustion chamber geometries
were loaded in thelRE ESE Diesel software in order to build a CFD mod#ice

the CFD model in FIRE ESE Diesel is validated, it can be usethéoparametric
study and the muHbbjective study. In the parametric study, the selected design
parameters were varied with five values untieee different engine loads. In the
multi-objective studythe CFD model was loadedtinthe FIRE DVI, where te
calculation settingsvere specified. Then, thelRE Design Explorer wacluded

where the design variables and their variation ranges, objectives, constraints and
algorithms were defined @elected Finally, the combustion images were processed

in FIRE Workflow Manager.The complete scheme of the software used in the study

is shown inFigure6-1.
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[FIRE 2D Sketcher

[ Parametric StudHFIRE ES

FIRE DVI i.
Multi-objective
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FIRE Design
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i
i
0
0
0
0
L

FIRE Workflow
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)

Figure6-1 Schemeof the optimisation process

In the parametric studyfour injectionrelated parameterg&he spray angle, nozzle
protrusion length, injection timing and swirl rgtiglus three combustion chamber
geometriegthe bowl diametercentrecrown height andoroidal radiu3 are selected
for analyss. The lower and upper boundariesf these parameters are listed below

they were chosewia a trigl study.
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Table6-1 Variation ranges of parameters used for independent parameter analysis

andoptimisation

Parameters Code  Baseline Lower Upper Step
boundary boundary

Injection timing, deg BTDC  SOI 10 20 0 5
Swirl ratio SR 1 0.5 2.5 0.5
Spray angle, deg SA 143 131 155 6
Nozzle protrusion length, mm NPL 2.5 1.0 4.0 0.75
Toroidal radius, mm ro02 20 18 22 1
Centre crown height, mm v003 6 5 9 1
Bowl diameter, mm h001 120 108 132 6

In the parametric studyonly one parameter changes at a time, whilke other
parametersemainwith thebaselinevalues. Each parameter wassessednderthree
common load. For the changef combustion chamber parameters, it is impossle
keep the compression ratio the sambken changingone combustion chamber
geometry without changinganother parameter so TDC clearance is changed
automaticallyto maintain the same volume and consequently keep the combustion
ratio the sameAdditionally, theunit of NO, emissions, soot emissions and SFOC are
convertedrom mass fraction to g/kWh, in whigorocesghe total injection mass and

indicated power are used.

6.1.Spray angle

The demonstration of the spray anglariationis shown inFigure6-2. The blue line
and the purple line indicate thaver bouna@ry and the higher bourdly of the spray

angle respectivelythe red line indicates the baseline spaaygle
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Figure6-2 Demonstration of the spy angle variation range

The results of spragngle variation are shown irigure 6-3. NOx emissions, soot
emissions and SFOC were distinguished by line types, i.e., dashed lines ,for NO
emissions, solid lines fosoot emissions and dotted lines for SFOThe NOx
emissions, soot emissions and SFOC uni®0, L75 and L100loads were
representedy blue triangles, yellow diamonds and red circlesspectively The
same rules apply ifigures offollowing sectionsFrom Figure6-3, it can benferred

that NOx emissionsncreasen line with the increase in the spray angle, while soot
and SFOQeduceat the same timélhe reasonsan be derived by using the results
shown inthe Figure 6-4, Figure 6-5 and Figure 6-6. The equvalence ratian Figure

6-6 is the fuelair ratio, which indicates the density of fuetomFigure6-6, it can be

seen that whethe sprayangle isat 131 degrees, most of the fuehsinjected into

the bowl area and adhered to the surface of the pi$tos.is unfavourable for the

NOx formation, particularly when the pistas going downwardandthe volume of

the combustion chambexpand and the temperatureduces Most of the fuel did

not burn completely and was exhausted in the form of soot emissions, which explains
the higher sobemissions and the deteriorated fuel econoasy opposed to the

results obtained at any angles. This alleviates with the increase in the spray angle,
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particularly when the injection angle increases to 155 degvelesre he fuel is
effectively distributecbetweenthe bowl area and the clearance area. A reduced fuel
density and an enhanced fuel vaporisation contribute to a more homogeneous fuel
distribution On the one handthisis the main reason for tHew soot emissions and
SFOC on the other hand, thHeomogeneous fuel oil distribution leads to a higher rate

of heat releasgs shown irFigure6-4) and aresultinghigher temperaturéas shown

in Figure6-5) alsoresults in higheNOx emissions

260

12 @

@« e -~ ]

- e m——

Ny - S — § {250
10 S T o e —— T
S - R
’—-“"_‘ -.):_‘__.()’ ,__,-' —y— NOx_L50

8r e —O— NOx_L75

NOX (g/kWh)/Soot (g/kWh)

NOx_L100
Soot_L50
Soot_L75
Soot_L100

+ SFOC_L50

SFOC_L75

+ SFOC_L10i

0

131 137 143
Spray angle (deg)

240

230

220

210

SFOC (g/kWh)

Figure6-3 Influence of various spray anglen NOx emissionssoot emissions and

SFOC
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Figure6-4 Influenceof various spray angson rate of heat release
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Figure6-5 Influenceof various spray angson temperature
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ence

Figure6-6 Influenceof various spray angs®on combustion

6.2.Nozzle protrusion length

From Figure6-7, it can be seen thahé NOx emissions decrease widmincrease in

the nozzle protrusion lengtin addition a larger drop is seen B60 engine load

with anincrease in the nozzle protrusiengththan that at high engine loafs75

and L100) In contrast soot emission and SFOC increase witin increase in the
nozzle protrusion lengthrhis is because witlthe injection sprayhentargets the
bottom area of the bowlas shown inFigure 6-10. From this point, the effect of
increasing the nozzle protrusion lengghdentical todecreasing the injection angle.
More specifically, the distance between the injector and the piston surface exposed to
the injection direction becomes shoytehich means that moideyuid fuel hits and
adheres to the surface of the piston bowl. This can be prové&aghye 6-10. The

liquid fuel on the piston surface is difficult tourn completelyresulting insoot
emissions. Therefore, increasing the nozzle protrusion length increases the soot
emissions and the SFOM contrast a low rate of heat releagas shown irFigure

6-8) was resulted from the incomplete combustion and ledltevaemperaturdas
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shown inFigure 6-9), which suppressd NOy formation in the combustion process

This explairs the lowNOx emissions when the nozzle protrusion length is large.
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Figure6-7 Influence of various nozzle protrusion lengitim NOx emissionssoot

emissions and SFOC
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Figure6-8 Influence of various nozzle protrusion lengitin rate of heat release
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Figure6-9 Influence of various nozzle protrusion lergjtdm temperature
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Figure6-10 Influenceof various nozzle protrusion lengtbn combustion
6.3.Injection timing

From Figure 6-11, it can be seen that the injection timing has the most significant
influence on theNOx emissions, soot emissions and SE@Pecifically, with an
increase in injection timinérefering to the start of injectioBTDC), aconsistently
increasing trend of theNOx emissions is observedn contrast an opposite
decreasing trend is observed in the case of the SFOCNThesmissions atn
injection timing of20 degreeBTDC are approximately three times higher thiaat
at the TDC. The SFOC decreases by nearly 20% from the TRCdegree8TDC.
For soot emissions, they decrease slightly withincrease in the injection timing.
The details and reasons can be derivethfFigure 6-12, Figure 6-13 and Figure
6-14. When the injection occurs @0 degree88TDC, the time for fuel vaporisation
and fuelair mixing is increased whichresults in fierce combustion aral high
temperature, as shown kigure6-12 andFigure6-14. A high temperaturéeads to a
high amountof NOy emissions as shown irFigure 6-13. More time formixing is
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beneficial for a complete combustion, which helpful to achievea high fuel
economy and a low SFOQn the contrarysoot emissions decrease in line with the
increase in injection timing, due to the fact that a complete combustion helps reduce

soot formation.
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Figure6-11 Influenceof variousvalues ofstartof injection onNOx emissionssoot

emissions and SFOC

Nao Hu University of Strathclyde, Septeml2€17 Pagell3



Chapter 6. Parametric study of inpgn-related parameters and combustion chamber
geometries

160

20 deg CA BTDC
—————— 15 deg CA BTDC
——————— 10 deg CA BTDC
120 — — — 5 degCABTDC
—.—.—. 0 degCABTDC

Rate of heat release (J/CA)

340 360 380 400 420 440

Crank angle (deg)

Figure6-12 Influenceof variousvalues ofstart of injection on rate of heat release

2000

————— 20deg CA BTDC
—————— 15 deg CA BTDC
——————— 10 deg CA BTDC
1600 [ — — — 5 deg CABTDC
-------- 0 deg CA BTDC

1200

800

400

250 300 350 400 450

Crank angle (deg)

Figure6-13 Influenceof variousvalues ofstart of injection on temperature
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Figure6-14 Influence of variousalues ofstart of injection on combustion
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6.4.Swirl ratio

The effects of swirl ratio on the emissions andl foensumption are also not
negligible. From Figure 6-15, the NOx emissions increase in line widnincrease in
the swirl ratio at high loads (L75 and L100 loads). For soot emissiodsSFOC
increasing trensl are observe as the swirl ratio inelases From the first row of
Figure 6-18, it can be seen thatsarong swirl will reducduel penetration, i.ethe
swirl ratio of 0.5 has thiongestfuel penetratia while the 2.5 has the least. Tiss
explained that on 2@CAATDC, a large amount of fuel hit the surfacetloé piston
bowl in thelow swirl case In contrast high swirl contributes to better mixing at the
early stage of combustion. This leadsatugher rate of heat release and temperature,
as shown irFigure6-16 andFigure6-17. High temperaturepromote the formation
of NOx. This explains the slight higher NOx emissions in the higlswirl case.
However, theres still ahigh density of fuel a0 CA ATDC. Theliquid fuel adhered
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to the surface of pistonannotbe burnd, andis exhausted as soot, which also leads
to high soot emissian Sincethe liquid fuel were not burned completelg, high
SFOCwasfound
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Figure6-15 Influenceof various swirl ratis on NO, emissionssoot emissions and SFOC
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Figure6-16 Influenceof various swirl ratis on rate of heat release
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Figure6-17 Influenceof various swirl ratis on rate of temperature
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6.5.Bowl diameter

Thevariationof the bowl diameter is shown Figure6-19. The black line indicates
the shape of the baseline combustion chamber, the blue line and the purple line
represent thelower bouna@ry and the higher boundary of the bowl diameter

respectivey.

.

Figure6-19 Demonstration of bowl diameter variation range

From Figure 6-20, it can be seen thahe bowl diameter mainly affects th¢Ox«
emissions, soot emissions and SFQOler L50 load whereas théNOx emissions
increase in line witran increase in the bowl diameter and reach a peak when the
bowl diameter is 120 mmbefore they gradually decline. An opposite trend is
witnessed for the SFOCThe soot emissionnly slightly affected by the bowl
diameter at the L100 loa@he possible reasomnkatthe bowl diameter has greater
influenceon the emissions and SFOCL&IO is connected to the penetration length of
the fuel oil injection At L50 engine loadthe injection penetration length is much
lower than that at high engine loads. However, it is more suitalblert@mtched with

the bowl diameter of 120 mm. In this @imstance, it makes the combustion more
complete atL50 engineload which explains the highedOx emissions and lower

SFOC when the bowl diameteriI20mm. The ot emissions decrease in line with
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anincrease in the bowl diameter and remain constant wieebowl diameter is 120

mm, then increase to nearly three times of their original value.

The emissions and SFOC change with the bowl diameter under each engine load can
be explained throughigure6-21, Figure6-22 andFigure6-23. As shown inFigure

6-23, asmall bowl diameter means that mdicpiid fuel hits the surface of the piston

and adheres theretthus, someamount ofliquid fuel is not able to evaporate and
atomise in time, which leads to an incomplete combustion. &péains whythe

soot emissions and SFOC were high when the bowl diameter was small. At the same
time, the low maximum temperature of the incomplete combustion is unfavourable
for the formation ofNOx. When the bowl diameter increases, the incomplete
combustionphenomenoralleviates, the temperature rises, soot emissions and SFOC
decrease anNOx emissions increase at the same time. This trend reverses when the
bowl diameter is larger thadt20mm. A lage bowl diameter implies a longer
distance between tHeel injectorand the piston bowsurface Most of the fuel is
injected targeting solely thpiston bowl surfacein order to form a higilensity
mixture, which is not favourable for a complete comiomst Meanwhile, it
encourages soot formation and leads to high levels of SFOC. At the same time, a
slightly lower maximum temperature is achieved in order to generate a reduced
number ofNOx emissions, by making a comparison with the moderate bowl diameter

case.
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Figure6-22 Influenceof various bowl diametsion temperature
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Figure6-23 Influenceof various bowl diametsion combustion
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6.6.Centre crown height

The centre crown height variation range is showrFigure 6-24. The black line is
the baseline shape, the blue line and the purple line indicalevibe boundry and

the higher boundary of the centre crown height.

Figure6-24 Demonstration of centre crown height variation range

From Figure6-25, there are no obviousends for the influences diie centre crown
height onthe NOx emissions, soot emissions and SF@@ach engine loatt can be
proved from Figure 6-26, Figure 6-27 and Figure 6-28 that there are small
differences in the rate of heat release, temperature and caombUstis is because
with anincrease in the centre crown heigthite volume around the centre crown is

increased. However, #eems tdave no effect othe fuetair mixing.
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Figure6-25 Influenceof various centre crown heights1 NOx emissionssoot
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Figure6-26 Influenceof various centre crown heighn rate of heat release
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Figure6-27 Influenceof various centre crown heighdn temperature
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