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Abstract

This work resumea wide variety ofesearclactivities carried ouvith the main objectivef increasing the
efficiency and reducing the fuel consumption of Gasoline Direct Injection engapesially under high loads
For thispurpose two main innovative technologies have been studied, Water Injection andPtesgure
Exhaust Gas Recirculah, whichhelp to reduce the temperature of the gases inside the combustion chamber
and thus mitigate knockeing thisone of the main limiting factorfer the efficiencyof moderndownsized

engines that operate at high specific power.

A prototypalPortWater Injection systerwasdevelopedandextensive experimental work has been
carried outinitially to identify the benefits and limitations of this technologhis led to the subsequent
development and testing @ combustion controlte which has been implemented on a Rapid Control
Prototyping environmentgapable of managingvater injection to achieveknock mitigation anda more

efficient combustion phase

Regarding LowPressure Exhaust Gas Recirculation, a commercial engine thatready equipped
with this technologywas used to carry out experimental warka similar fashionto that of water injectian
Another prototypal water injection system has been mounted to this second engine, to be able to test both
technologies, at firsgeparatelyo compare thenon equal conditiongnd secondly together in the search of a
possible synergy. In this engine, the exhaust gas cooling effect of both technologies has been analysed and

modelled and thenaincause®f this have been identified.

Additionally, based on experimental data freewverakngines that have been tested dutinigstudy,
including both GDI and GCeknginesareattime model(or virtual sensgrfor the estimation of the maximum
in-cylinder pressurbas been developed and validated. This parameter is of vital importashetetminghe
speed at whicdamageoccurs on the engiremponentsandtherefore teextract the maximum performance

without inducing permanent damages
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SOl Start Of Injection

SiL Software in the Loop

TPC Total Percentage Correction

Wi Water Injection

WICC Water Injection Combustion Controller
WICM Water Injection Combustion Model
aTDC after Top Dead Centre

= Lambda
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Introduction

During the last decades, the development of Internal Combustgindsm the automotive industry has
focused its efforts on reducing pollutant emissiand increasing engine efficienfdji 3]. These goals have
been imposed bmore and more stringent vehicle homologatiegulationsandresearcherand OEMshave
followed different approaches tjuarantee their fulfilmentn the case oSpark Ignition §l) engines, such
goals have been achieved by combining complex aftertreatment systems with several technologies such as
downsizing[4], gasoline direct injectiof5], turbocharging[6] and variable valve timing7]. The most
common approach has been that of endmensizing[41 8]. The reduction of engine displaceméatesthe
engineto deliver higher specifipower outputs andperatetowards a more efficientegion on the fuel
consumption map during the homologation cycles. As a matter of fact, smaller turbocharged engines generate
a higher Brake Mean Effective Pressure (BMEP) when compared to a Naturally ésgat) engine for
equal torque delivery. Another effective way to improve engine efficiextoyincrease compression rafé.
In present times, the automotive industry is also heavily investing in the developrgiyt efectricvehicles
but the sudden transition tiois alternativgpowertrainsolution might not bas advantageoas expectedhen
consideringboth economic aspects as well as comprehensive emission red{dpn

Turbocharged downsized Sl engines with high compression ratio represent the most common choice
that is able to achievedt efficiency at mid and high loadis1]. This allows forreducedfuel consumption
and at the same time greater performance thdA angire with equivalent displacemefit2]. Turbocharged
engines present higheraylinder pressi@when compared to NA enginesntributing to an overall increase
in thermal efficiency but the evgaresent restraints of knock, pignition, and Exhaust Gas Temperature

(EGT) limits are moreritical than in the case of a NA engine.

One of the main parameters thafluencesengine efficiency is combustion phasejich canbe
represented by the Mass Fraction Burned 50% (MFB&agameterwhich correspondshe crankshaft angle
(CA) at which 50% of the total mass of fuel has been byraed it is typically expressed in terms of CA
degrees after Top Dead Center (aTDT)e mian engine controparametethat influences MFB50 is Spark
Advance (SA), having a direct impact on the angular position of such combustion phase. It is known that an
MFB50 of around 8 CAlegreesaTDC typically corresponds tsmaximum energy conversion efiéncy, so
that the pressure in the cylindmantransferas much positive worspossible to the pistofhe combustion
phase thataximzesefficiency corresponds to maximum torque production, and it is afédied Maximum
Brake Torque (MBT,) shown inFigure 0.1, but this is not always achievable because gjashobgical
combustion modealled knock. Knock is one of the main limiting factors iiecreasing the combustion
efficiency at high loadand t consists irthe autoignition oend gases the unburned region after the spark
event where temperature is higim@ugh togenerateself-ignition beforethey arereached by the flame front
initiated by the spark. Knock can cause significkmhage tohe engine components,r@sently demonstrated

alsoby Ceschini et a13]. Anticipated corbustion phases, or close to MBT, generate higher pressure and
12



temperature in the combustion chamber, leatbiggher knock tendencies and thus not making MiBvays
achievable at high loads. For this reason, a knock timait beimposedn terms ofhow closethe combustion
phase can get to MB1o prevenknockinsurgencendthe correspondindamagsto the engine components.
One of the most common solutions to prevent knehke still achievinghigh torqueproduction is to retard

the combustionphase ando increag the intake air quantityThis approach may avoid knock damage but
typically leads taeachinghe EGT limit imposed by theirbine since a retarded combustisress efficient
leadingto hotter exhaust gaseBhe region in betweethese two limits is the allowed operating region, as
shown inFigure0.1. To mitigate knock and lower EGT, the traditional strategy is to operate with values of
l ambda (&) | ower than one that evapbrateafiexbeingringdtedbsabs t h a't
heat and reducabe combustion chamber temperature. Tayigproachdoes not require argdditional engine
componentdut has a direct impact on fuel consumption and pollutant emissBeneral technologies are
being considered to avoid or reduce the need of the traditobdiire enrichmentstrategy.The most
promising solutiongre based on the application of cooled LBressure Exhaust Gas Recircula(iobR-EGR)

[147 16] andor Water Injection(WI) [17i 20]. LP-EGR corsistsof therecirculationof exhaust gasesxtracted

after theturbineand reinsdaedinto the intakesystem before the compressarthis way an extramass of inert
gasis added to theylinderthat absorbs heat and helps lowertdmperature of combustion gases. WI is based
on the same principle of absorg heat and thus lowerg thecombustion temperaturbut it uses water that

is injected into the intake manifoldr directly inside the cylindeas a cooling agenEurthermore future
emissions regulationike Euro 7will impose the usage of a stoichiometric mixture in the entire operating
range, eliminating the possibility of adopting the traditional compeperiection approachased on mixture
enrichment21,22] For this reason, it results imperative to develop substitutive technologies and strategies
such as those mentioned abpthat work towards the widening of the allowed operation region, to extract

higher torqudrom the engine.

+ MFB50 (Retarded combustion)

EGT limit -

Allowed operating region

Knock limit
Max efficiency \JL

Max torque MBET

Figure 0.1 - Summary of modern engine's combustion challenges at high loads.
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This work focuses on thexperimentalstudy of both WI and LEEGR and the development and
implementation of a control strategy capable of managingoWiitigate knock andchieve a close to MBT
combustion phase for increased efficiendy-EGR has been investigated as a substitute or complement to
WI, while also seardhg for a synergy between thevo technologiesAdditional studies regarding the
possibility to measure MFB50 with dyard available sensors and the development of a virtual sensor to
estimate the maximum 4cylinder pressure have been conductece [Blitter is usefulto complement the
implementation of the Wl and LPGR solutions towards emoard applicatiosn Thedissertations subdivided

into the followingchapters

1 Chapterl focuses on the@xperimental investigation of the main implicasosf WI on the most
relevant combustion parameters, using two different engine setups, a first prototypal one and a second
one thatis closer to a production applicatiohhedevelopment and Real Time (RValidation of a
WI knock control strategy is showiihe second engine possesses both WI anBGR so this setup
is mainly used to explore the implications of Wl and compare them directly on the same engine to
those of LPEGR.

1 Chapter2 reports the results from experimental work the second enginthat was used in the
previous chapteto explore the advantages of H&R and its limitations. These results allow for a
direct comparison with the results observed when using WI, mainly in terms of how these affect
combustion phase and EGTor which controloriented models have beedeveloped Fnally,
experimental work is carried out in search of a possible synergy betwerotteezhnologies

1 Chapter3 explores the possibility of utilizing the already-board available accelerometric signal,
typically usedfor knock detection, for the estimation of MFB50. This is a key study that would fully
allow the onboard implementation of the WI knock controller discussed on Chapter

1 Chapterd shows the development abrbadvalidationof a virtual sensor for estirting the maximum
in-cylinder pressuren several Gasoline Direct Injection (G2hginesanda Gasoline Compression
Ignition (GCI) engine This models key to understand the stres$o which the engineomponents

arebeing subjectehen MBT isapproached
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1 Water Injection

WI is a technology that has been a subject of study for some timebobtihe recent emissions regulations
accelerated the need to explore the feasibility of implementing it on production efiti@@gection of water

inside the combustion chambefeither via port or directinjection) leads to asignificant delay of the
combustion phase and to a mitigation of kntaxkdency The degree of these effects is directly related to the
injected quantity ofvater (typically expresed in terms of wateo-fuel mass ratia)As several researchers
have discussef23i 27], the explanation is related to the action of water as heat sink inside the combustion
chamber, ira similarway as EGR antiquid fuel in presence of rich mixtuseln fact, the gas temperature
inside the cylinder can be reduced dudhmhigh enthalpy ofvaporization and thermal capacity of water
resulting in a reduction of knock tender2g]. Asaconsequence, combustion phase closer to MBT is allowed
withoutincurringin mechanical damages and resulting in higher efficiency. A further benefit is the associated
reduction of exhaust gas temperature whidpdéo avoid mixture enrichment, in other words, the waste of

fuel is prevented.

Khatri et al[1] have studied the benefits of WI in terms of knock suppression and found that, as shown
in Figurel.1, the usage of RONYbiel plus WI can replace RONGfasolineand that a torque increase of up
to 6% could beachieved because of tpessibility of reachingloser to MBT combustion phase. To be able
to reach stoichiometric operation for the different fuels and maximizedpihatri had to use water/fuel

ratios of up td.9, as shown imablel.1, observing an increase of combustion duration of up to 12%.

x+180 x+180
Maximum Maximum
L (m} 0. L
x+160 .. Power x+160 O----mmmmmee oo o. Power
x+140 f +140 |
= x+140
x+120 |- : x+120 |
E E
Z, x+100 | Z, x+100
[}} [}
=) 3
g x+80 | S x+80
[ [ ] !
x+60 | - x+60 F Maximum Engine Load
Maximum Engine Load —@—RON91 - A 1 wio Wi
| |—@—RON91T-\1wioW [ [-O- RON9T-A1wwWI
x+40 RONGS - A 0.85 x+0 RONS5 - A 1 wio Wi
RONGS - A 1 wio WI RON95 - A 1w WI
x+20  |+O--RON98 - A 0.85 x+20  |—#—RONY8 - A 1 wio WI
—8— RONSS - A 1 wio WI - DO- RONS8- A 1w WI
” . . . . ) % L | . . )
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Engine Speed [rpm] Engine Speed [rpm)

Figure 1.1 - Improvement in engine torque usistgichiometricand non/stoichiometrimixtureof RON91, RON9&nd RON98 fuels
with (w) relative to without (w/o) water injection (WBource1].
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Tablel.1 - Wate¥fuel ratios expressed as a fractiotm maximize torque for indicated fuels. Soufde

W/F Ratio
Engine Speed RON91 RON95 RON98
1500 0.84 0.53 0.73
3600 0.54 0.70 0.7
4800 0.87 0.74 0.77
5500 0.89 0.72 0.80
Overall Avg. 0.80 0.67 0.75

Other authors like Thewes et[2B] have combined WI with Miller cycle at high Compression Ratios
(CR) of 14.7 achieving an Indicated Specific Fuel Consumption (ISFC) as low as 210g/kWh while also using
water/fuel ratios aroun@.8. They have also tested this combination in driving cydesh asthe New
European DrivingCycle (NEDC), theWorldwide harmonized Light vehicles Test Cycle (WC) andthe
standardized random teRTS95, observing a fuel consumption reduction of 1.49%4%. and 0.92%
respectively, when compared to a Agth alternative as shown ifrigure1.2. However, during these tests they
have seen high water consumption of up 89B/100km which thegonsiderto beexcessivdor production
purposes due tshortwater refilling intervals and propose to address this sgtreralexhaust water recovery
technologied30i 32]. Thewes also suggests that WI ggmeratecven greater benefits when coupled with

EGR for a synergic effect ani help reduce wateronsumption butioes not carry out studies on this topic.

Base configuration for comparison (0 %):

CR = 13.5, Miller camshaft w/ water injection
POCEA Driving cyele: NEDC

CR=147,
Miller camshaft

CR =147, .
Base camshaft

CR = 13.5,
Base camshaft

77/ Driving cyele: WLTC,;,

CR =14.7,
Miller camshaft

CR = 14.7,

Base camshaft

CR = 13.5, L
Base camshaft !

Driving cycle: RTS 95
CR = 14.7,
Miller camshaft

CR=14.7,

Base camshaft

CR =135,

Base camshaft f ]
1 0 1

2

2 -100 -50 0 50 100

A Fuel consumption / % A Water consumption / %

Figure 1.2 - Differences of fuel (left) and water consumption (rigitnpared to CR = 13.5, Miller camshaft, and water injection
Source[29].

Barros et a[33] have usedVI on a GDI enginewvith the objective of investigating how much net
thermal efficiency could be obtained with stoichiometric mixtures at Knock Limited Spark Advance (KLSA)
conditions, when compared to a baseline case witkstmohiometric operation withut WI. They have tested
the before mentioned conditions with different fuels, each with its own Research Octane Number (RON), that

they call Anti Knock Index (AKI)Figurel.3 showssome ofthe results obtained by Barreghere net thermal
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efficiency hadgncreasedrom around 25% in the case of the baseline (black line) to close to 34% in the case
of the stoichiometc operation with WI at KLSA (red line)n the range between 3000rpm and 4000rpm and

full load. At the same time, they have seen that high water/fuel ratios of up to 3 were necessary to obtain the
cooling that was needed to ensure such stoichionfettiload operation with an MBT combustion phéfes

example the engine point at 2000rpm fréigure 1.3 that required a 200°C EGT cooling, seen in the EGT
difference betwen the red and the blue lingslit they believe that a better atomization of the WI would help

reduce water consumption.
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Figure 1.3 - Net Thermal Efficiencgnd exhaust gas temperatwaefull load Sourcg33].

lacobacci et gl34] werealsoable to use WI to mitigate knock and achieve MBT, obtaining an increase
in IMEP that range$rom 3% to 7.3% when compared to the reference gasoline case while also observing an
EGT cooling between 25°C to 50°C with wdteel ratios 0f0.3. Figurel.4 showssome ofthe results obtained
by lacobacci in which it is clear how increasing water/fuel ratiosthi# SA/MFB50correlationand dlows
for closer to MBT combustion phase. At the same time, maximueylinder pressure seems to be almost

only dependent on MFB50, regardless of the presence of WI.

34+ 90
] 3500rpm A =0.90
32 480
A ') =
30 A A o 0 * E470
A QO e
S 284 A O =60
T ] MFBSO P A Z
 26] ¢ Gasoline % £450
5 B W/G=0.10 O A =1
2 M7 @ WG=020 O A 40
@ - -
P A WG-030 A 2 o lu
20 . B 20
: A e , "
18 A g 410
] A L4 ]
16 T T T T T T T T T T T T T 0
-18 -17 -16 -15 -14 -13 -12 -11

Spark Advance [CAD ATDC]

Figure 1.4 - Effects of water injectioon combustion phasing and-aylinderpeak pressure at 3500rpm. Souf8é].
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Cordier et a[19] teded Direct Water Injection@WI) systemsat 100baon a GDI engine achieving
close to 40% efficiencgt 20@rpm and 17bar IMEHFalfari et a[25] have conducted CFD studies to compare
Port WI (PWI) to DWI and concluded that given the lower attitude of water to atomize when compared to
gasoline, it is key to optimize injection pressuwgpeially in PWI. They have also underlined that in the case
of PWI, injectionmust occur as close as possible to the intake valve, for water evaporation to occur inside the

cylinder as much as possible and achieve a greater gas cooling effect.

WI has been aabject of study at the University of Bologna for several yg35], in collaboration
with the industrial partner MarelliThe author of this workpgetherwith Mr. RanuzziandMr. Brusa, ha
carried oumanyexperimental campaigns to expldihe main implications of BWI on combustion dynamics
[36,37] Even though DWkEan potentially achieve higir benefits than PWI, this latter has been chosen for
the WI prototypal setup that was used in this work because the engine modifications that were necessary to
implement a DWI system were out of the possibilities of the laboratory of the universitye @thér hand,
PWI required to build a custom intake manifold to accommodate the water injectors and the presence of a 3D
printer at the university made this possibldne main aim of these studies was to understand hew th
technology could be used to maig knock and allow for a combustion phase closer to that of maximum
efficiency. As already mentionedhése effects beme relevant wherthe engine operates at high load and
high power, therefore WI is a strategic technology when coupleddwitmsizing and turbocharging in Sl

engines.

From the results of the authors presented at the beginning of this cHap&23 29,33,34] the
benefits of WI have been well identified, ltatake full advantage of the technolofpyr on-boardapplication,
it is imperativeto develop aontrol strategyble to managthe wateffuel ratioto obtain themostbenefits in
terms of efficiency and knoakitigation, while limiting as much as possible traount of water injectedhe
novel contribution othis PhD research activity the development of combustion models capable of predicting
the effects of WI antheir implementatioim aRT control strategycalled W1 Combustion Controller (WICC)
The WICC was developed andnitially tested on a &oid Control Prototyping (RCP)environment while
always consideringhe constraints associated to its direeplementation on a production ECUhe most
relevant model introduced in this chapter was that used by the controller, capable of calculating the necessary
SA angle to obtain the desired MFB%thile accounting for the delaying effects of Wb achieve these goals
a simple approach wasgposed, called WCCombustionModel (WICM). The concept of combustion model
generally impliesalgorithmswith high level of complexity, such dbe ones based ameural network or
multidimensionalComputational Fluid Dynamid€FD), all methods conflictingvith RT controlconstraints
[38i 43]. The simplicity of WICM is based on its seampirical and analytical nature and is a key feature for
its implementation on a RT controller. In caseéNdf, the model is also able twnsiderthe effet of a given
waterfuel ratio. Through this configuration a separate management of thefuslteatio and MFB50 has
been easily implemented, enablingdevelopa knock contrder that makes use oVl to keepa fixed

combustion phasing target
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In the following paragraphshe potential othe WICC is investigated by an experimental validation
on a real engine using a RCP environment. At first, a complete descripttbe etperimental setip is
presentecand an overviewof the layout of theNICC is provided.Then, the validation of the controller is
shown andhe performance of the controller in real conditimsdiscussedAfter this, a second engine was
equipped with a WI system, being this a prototype wfithracteristics closer to that of a possible large scale
productionengine In this second setup, WI is no longer controlled with the RCP hardware but via a standard
Marelli production ECUvhere the previous WICC had been implementeimforcing the corept of close to
production approach. Additional experimental campaigns have been carried out on this second engine, leading
to a wider understanding of the impact of WI and allowtimg author to compare it to the complementary
technology that is LEEGR (discussedn Chapter 2, given that the engine was already equipped with such a
system.

Themain findings regarding the advantages and limitations of the WI technolofijyadiredescribed.
Most of the results of thigart of the dissertationave been published by the authof3h, 36].

1.1 FirstPrototypal WI engineetup

The first experimental testgere carried out with thecope ofdentifyingthe main effects of W1 on combustion
anddevelopinga WICM andWICC based on a prototype WI systafasigned at the universityhis latter
wasinstalled on a commercialeylinderVW TSI turbocharge@DI enginewhosemaingeometric parameters
aresummarizedn Table1.2. Valve timing has been kept fixed during all the tests that have been carried out

on this engine.

Tablel.2 - Main enginespecifications

Displacedvolume 1389.9 cc (4 cylinder)
Stroke 75.6 mm

Bore 76.5 mm

Connecting Rod 144 mm

Compression ratio 10:1

Number of Valves 4

Exhaust Valve Open 580° BTDC @0.1 mm lift
Exhaust Valve Close 356° BTDC @0.1 mm lift
Inlet Valve Open 358° BTDC @0.1 mntift
Inlet Valve Close 132° BTDC @0.1 mm lift
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The original engineds intake manifold has been
designed specifically to host tfVI system as shown irFigure1.5. The water injectors were provided by
Marelli and correspond to those used in conventional vehicles for the injection of umrdadtiveCatalyst
Reduction (SCR}pystems. Two water pumps were installed to ensure that the necessary flow was met in all
conditions while being able to keep water injection within the duration of the opening of the intake valves. To

ensure this, water rail presswas kept in the range of 10bar to 20bar.

Water Inlet

by

‘ P Pressure
‘,’ IM Sensor
MMMMMQ.H.,
\¢

Intake Maﬁifold

Figure 1.5 - Prototype port water injection system.

The enginewasequipped with an ktylinder pressure sensor for each cylinder andrtkeylinder
pressuresignalwas sampled at 200 kHz. The two main indexes obtaiineah this signalwerethe knock
intensity and MFB50 angle position. For knock intensity measurertrenilaximum Amplitude Pressure
Oscillation (MAPQO)index has beerconsidered44]. MAPO is defined as the maximum amplitude of the
oscillgions of thefiltered in-cylinder pressuresignal (for whicha highpass filter with a 5 kHz cuaff
frequency has been ugeahd is calculated as follows:

0600 6od (1)

The statistical knock tendency is quantified by MAPO98. This number represents the value below
which 98 percent of MAPO index values are contained, in a sorted set of consecutive combustion events over
a buffer of200 cycles[45i 48]. MAPO98 is usedas opposed to using the MAPO value of every cygilg)e
it allows for the controller to react based on a knock tendency that has been consolidated along those 200
cycles and not just one cycle. Having said this, increasing the number of cycles in the buffer would lead to a
more robust assessment of knaafensitybut a slower response from the controller, reason why 200 cycles
has been chosdar the bufferas a compromise between robustness and fast response.
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An RCP systenhasthenbeen developed to manage the WI system during calibration campaign and
to validate the modddased controlle’d simplified scheme is displayed Figurel.6. During the testsall the
standard actuators of the engine hagerbmanaged by a developmE&U. To manage the water injectors a
dedicated Wkontrollerhas been developeasinga RT hardware coupled with the EClia Controller Area
Network (CAN) communication protocolsAs already mentionedhé amount of water being injected is

typically represented by theaterto-fuel ratiocalledr anddefinedas shown in Equatiofi.2).

i Z_ 1.2
Wherem,, and mx are the injected water and fuel mass per cycle, respectiMadybasic algorithm
designed fothe RT machine was initially able only to compute the necessary water injection tanbitve
thetargetr valuethat was externally defined by the test bench operasashown ifrigurel.7. To accomplish
this goal, the hardware needs as inputs the values of RPM, fuel mass injectduy-ayake and manifold
pressure, all provided lige ECU via CAN, water rail pressure, provileyadedicated sensor, atttkdesired
r value, provided byhetest bench system. The algorithm operates dygleycle for each cylinder trough
three steps. At first, the water mass to be injected is dkdisihe product of fuel mass injected andThen,
water mass and pressure drop between water rail and manifold ategetedr witithe injector characteristic
to define the injection duration. At last, using both engimtheedwheel and phasing signal andnsidering
the Start ofinjection (SOI) anglesetby the tesbench management system, the injection timirgaisulated
andsent in R to the Ogital/AnalogueConverter to drive thport WI system. This is the configuration used
duringthecalibration campaign.

Test-Bench Operator

_____________________ .

CAN 1 |
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Net Load i
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Fuel Mass Lo CAN 2 |
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. |
Engme Manifod Press. i RT < MFBS0 i
Control i Hardware !
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Unit < SA actuated !

|

SAopt (no knock i I A
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System Rail
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Figure 1.6 - Layout of Rapid Control Prototyping.
21



Ap = rail pressure * RPM
— manifold pressure * Phase

e Fuel mass Injection | |Timing of DO
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Management

| Start of
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Figure 1.7 - Block diagram of the calculation of parameters involved in theyMenduring calibration tests

To test the WI controller, the algorithm developedha Software in the LooS(L) hasthenbeen
integrated in the RT code describedhinprevious setion. After this upgraddghe controllercalculatesycle-
by-cycle thetargetr valueand controldthe WI systemandat the same time it calculatdse new SA value
and sends i the ECUas a targetia CAN.

1.2 WI CombustionModel

As stated at the beginning of this chaptere of the main impacts of WI on combustion is that of generating

a combustion delay that retards MFB50 when SA is kept constant. The explanation for this is that the injected
water constitutes an extra mass tasorbs heat during combustion and thus lowers the temperature of the
gases in the combustion chambesulting in the reduction of the speed at writthflame propagag¢s For

this reason, it is fundamental to find a way to model this relationship betMEB50 and SA, considering the

effects of WI. An analysis on different watgsrepresenihe MFB50USA correlatiorhas been carried oduring

this research activityanda polynomial methoalemonstrated to lihe most accurat@nd simpleone.Figure

1.8 shows experimental dasaising from tests on the previously described engine, in which it is clearly shown

that there is a shift of the MFBERA curves when increasing thegalue( ir x x 6 st ands for t h
water and fuel rnhatsa svater/fuel ratio of 0.2 AR een Mw®eaniag that to achieve a

constant value of MFB50 there is the need to increase SA whenwataeis injected.

During the experimental activity,was limited toa maximum value d®.8, to limit the water consumption to
guantities that may be compatible with-lomard operation (either through a dedicated water tank that may be

refilled by the use or by recuperating it from exhaust gag@€y 32]. During the application of the WICC,
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thisr limit has been expanded to 1,1 to allow for the controller to add a maximum of 0.3 beyond the established

0.8 in casét was needetb further mitigate knock
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Figure 1.8 - Parabolic relationship between MB50 and SA, at different values of r at 2500rpm and dtRbad

It has beewerified that the relation between MFB50 and SA corresponds to a parabolic fumetion t

is describedby Equation(1.3).
YO OO0 00 T ) 00 T ® (1.3)

At the same timeit was found thatach parabolic coefficient a, b,ntay alsobe expressed as
polynomial function of both RPM arldad Engine load is represented by the variable called Net Load (NL)
which isdefinedby Equation(1.4).

50 Ri Qii o6l - (1.4)

Where— is a factor that considers pressure drop within intake runners and.vEteeirmula

for calculating- cannot be disclosed becauseonfidential reason&Experimental data show that there
is a stronger dependence with RPM than with NL, reason why the polynomial function used to describe each

parabolic coefficient a, b andhas finally beemepresentetdy Equation(1.5).

® N YO 71 0 0z YO 70 02 R YO 020 (1.5)
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Wheren, ,n ,n ,N ,n , are called Surface Coefficients. As previously mentioned, WI has a
significantinfluence onthe MFB50/SA correlation andthe effect ofr into the model is added by describing
each surface coefficient as a linear functioof waterto-fuel ratia Equation(1.6) shows this linear function

Figurel.9 shows the block diagram of the complete WICM with the polynométhod.
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Figure 1.9 - Block diagram of Combustion Model with polynomial method.

This model is a key component of M4CC that isdescribed in the following subsection, because it
is the responsible of calculating the 8#at should be appliet achieve a desired MFB50 targd obtain
maximum efficiency. To summarize, the inputs of the modet,aR®M, NL and MFB50 while the output is
the required SA to satisfy the selected MFB50 tadjéthe inputs are already availallemeasurementsn
boardthe vehicle except folMFB50 that in this instance is measured through theylimder pressure sear,
but chapter 4of this thesis shows the results of a stfrdyn the author showing that it is possiblenieasure
combustion phase using the already available accelerometer that is used for knock datectiooard

applications.

1.2.1 WICM calibration

The model requitan experimental campaign to calibrétte surface coefficient§ ,n ,n ,n ,n for

each parabolic coefficient a, b and c. At the same, aeh surface coefficient defined as linear function
depending on, making aotal of 30 coefficients to be determined during calibration. The least squares method
has been used to solve the systdraquatios from which every coefficient of the model is obtained. During

the experimental campaign, all the inputs and oatputhe model arerecorded generating a dataset. From

each of the entries on the dataset, corresponding to a different configuration of input and output variables, the

final systemof equatiors is formed and solved with the least squares method.

During the devalpment of the modeit has been chosen to concentrate the study orhigidloads,

sincethisis theengineoperating region in which the application of WI was more rele¥agiire1.10displays
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the grid of engine points that have bedosenfor calibrationand validationexploring the range between

2500rpm and 800rpm as regards engine speed, and between 1 and 1.8 Njaadsrengine load.
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Figure 1.10 - Grid of enginepoints used for the calibratioand validationof theWICM.

For eactengine pointisplayedon Figurel.10, a sweep of SA andhas beeperformed like the one
shown inFigure1.8. The measurements that arise from each efibints shown ifrigure1.10 are the result
of averaging 5 seconds ofcle-by-cycle dataat the desired engine point, and then averaging the data from all
four cylinders to obtain a measurement that represents the mean cylinder. This last procedure is done for each
calibration and validation engine poiftonsidering that the objective of the Combustion Controllertar et
as close as possible the optimaombustionphase typically aroundVIFB50 = 8 CA aTDC), if knock does
not exceedheestablished threshold, the SA sweep in each point has been dlmmeliaximity of the optimum
MFB50, without surpassing the knock threshold. It has been observed that better calibrationvasults
obtained while using broader SA sweep with fewer elements inside it instead of a narrow sweep but with a
fine step betwen each point in it. A step of 1.5 CA in SA llagsbeen used between each element irBilye
breakpoints vectoRegarding WI, the values used for calibration vary between  m@with a step of 0.2.
In operating conditioni which it wasobserved thaa certain value of was enough tkeepMFB50 atits
optimumtarget value, whilestill being underthe knock threshold, no higher amounts of water were used for

calibration given the fact that the WIG@uld never apply such values ioin the operoop lranch
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1.2.2 WICM validation

To validate the modgelising the calibration that arises from previously described procedure and with the points
shown inFigure1.10in blug SA andr sweeps werearried out in engine points thaeredifferent than those

used for calibratiomnd shown also iffigure1.10in red For this validationjt was chosen to use grid of

points similar to thatised for calibratiorbut with an offset of 250rpm and 0.1 NL. This was done so that
validation points would be in between the calibrafioints andhot coincide with them, but still remain in the
mid-high load regionThe red points ofFigure 1.10 show that during the experimental tests that were then
used for validation, RPM and NL was not kept strictly constant for each point of the beforementioned gid,
reason why the grid is made from groupings of points (which constitute the S/sameeps)The reason for

this relies on the fact that a constant RPM and NL was desired during calibration in order to identify the
parabolic relationship at each point, as showRigure1.8 as an examplavhile the validation campaigwas
aimedto simply validate the model by comparing the measured SA and the estimated SA, as expressed by
Equation(1.7). The validation process has beearried outoffline, wherethe SA,r, MFB50, RPM and NL
valuesregisteredn each engine poiduring the experimental testgre useés input to the modgibo finally

obtain the SA estimation from .o quantify the precision of the model, the SA Error is calculated as the

difference between the measured SA and the SA estimated by the model.
"YOOi 1 € 1Y0 "YO (2.7)

Validation results are shown kigurel.11 where the dashed lines of the first plot represent the self
imposed precision afl CA when estimating SAshowing thathe modelcould validatemost ofthe engine
points within such rang&he RT validation of the model jgesentedn the following section.
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Figure1.117 Validation resultof the WICM.
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1.3  WI CombustionController

As stated previouslyhe main aim of th@roposedNICC is that ofcontrolling SA and to achiew a certain
MFB50 target that may otherwise not be possible because of knock constramis increasing engine
efficiency. The previously introduced model can be used throughouérities operating range to control in
closedloop the combustion phase, even usiigwhen necessary to limit the knookensity Combustion
phasecontrol can lherefore be achieved by providing an op@op action, based on target maps of MFB50
andr, calculated to achieve maximum efficiency in the entire operating range. At the same time, with MFB50
and knock intensity (MAB) measurmentsavailable, the control could be more accurate by adding closed
loop correctionon these While the knock intensity is always measuredboard, and therefore is always
available, as far as the MFB50 is concerned the controller has been developededdedalbhis correction

in the case in which the MFB50 measurement is avaitapleard, agexplainedn the following paragraphs.

The controller was subdivided into three mpartsas described below and showrFigure1.12

1 r Map and MFB50 Map are calibrated maps that provide a target valandfMFB50depending on
RPM andNL.

1 TheWICM presented in the previoparagraplprovides the required SA to obtain the MFB50 target
while consideringhe effecs of r.

1 r/SA Correction Management provides correction to the SA value computed by the modethand to
r target (respectively called dSAPID andPtD). Thesecorrections are oriented to keep knock index
at apre-definedthreshold valuedlosedloop on MAPO98), and to target the maximum efficiency
combustiorphase by achieving the pdefined MFB50 ¢losedloopon MFB50) if such measurement
is available orboad.

This approach can effectively allow to managand MFB50 as independent variables. In fact, every
correction imposed byr®ID does not affect the final MFB50 because\WikCM can take ito account the

variation ofr andtherefore modify accordinglhe value of SA to achieve the MFB50 target.
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Figure 1.12 - WICC layout.

The MFB50 Map has been set as 8 CA aTDC in the entire operating range since this condition
generally represents the maximeifficiency combustion phase and the objective of the controllergsttas
close as possible such conditionTher Map has been calibrated with the lowegalue that would guarantee
the achievement of the desired 8 CA aTDC of combustion phase,méiii¢aining knock level on the limit
of the admissible MAPO9BVAPO98 thresholll The values of used in this map do not exceed 0.8 because
of the previously mentioned dvoard applicatiodimitations, even though the maximum applicabley the
controller is 1.1 because the controller can add an extra 0.3 for additional knock mitigiatofallowing

paragraphs descrilie detail the strateggteveloped fothe r/SA correctionmanagement.

This subsystem has been developed through two distinct stages. At first, a controller based on knock
index has been designed to manage correctiongdnPID) and SA (dSAPID), as shown igure1.13. As
mentioned before,r®ID is considered by the \EM and thereforé@ does not affect the resulting MFB50. On
the contrarydSAPID is applied to the Séalculatedoy the model and can change toenbustion phase from
the farget value(i.e., combustion efficiency may be sacrificed to avoid unacceptable knock leliés)
management ofréPID and dSAPID is driven by the difference betweéithe measuredknock indexlevel,
represented bMAPO98in this study (but any index available-tward for such purpose may be usead

the correspondinthreshold valueSuch difference is defined Equation(1.8).
DOOAYDI 1 €DO VWY D60dY (1.8)

MAPQ98 Error is translated into a proportional and integral correction through a gain scheduling Pl
structure. The resulting sum thietwo contributions is then converted in a percentage value which represents
the total amount of the correction also calletal Percentage CorrectihPC)as shown irFigure1.13. This
value is contained withia lower and an upper limias shown in the saturation block preserfigurel1.13.

The lower limit is set to a negative value chosen so that the controller can reshutsave water in these
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in which ther value that arises from theMap is sufficient to guarantee a knock level below the threshold
since a negative TPC would imply negativé’llD correction The upper limitof TPCis used to limit the
maximum correction of dPID and dSAPIDwith the aimto prevent the proportional part of the Pl to apply
excessive corrections during sudden changes in engine Po@talue of TPC defines the way to sptiPtD

and dSAPIDactuation according to the following strategy.

If TPC is lowerthan a calibrated value (HighTPC), MAPO98 is considered close to MAPO98
thresholdand thus easily manageable by increasing or decreadimghis case idPID is used as function of
TPC to cotrol knock, keeping dSAPID to O in order not to modify the resulting MFBBO maintain
maximum combustion efficiencylo achieve theptimal value ofr in every conditiondrPID shouldbe
positive for TPC greater than théaning thaMAPQ98is greater tha threshold) and negative for negative
TPC (meaning thatMAPQO98is below threshold). The second condition is important to reduce the injected
water mass when knock level is low enough to allow a reductiowith respect tahe opeAoop mapped
valueandreduce water consumptiotf TPC is greater than HighTPC, drPID remains fixed to a saturation
value (which in this study was set to3).and knock level is controlled by dSAPIbat applies negative
corrections to retard SA andove actual MFB50 to a delayed position. Furthermore, in case of high knock
events on single cycles (MAPOcc) the TPC is forceaal tanimum valudy momentarilychanging the lower
saturation of TPQLow Threshold displayed ifrigure 1.13) to a valuegreater than zerdrhis strategy
guarantees that a minimum correction P will be applied, meaning that it is mandatory for the controller
to increase to protect the iggine. This is a safety strategy to activate a fast response in case of relevant risk.
MAPOcc is also contained within a lower and an upper limit by using a saturation, which i® goaeent

the controller from violent corrections that may arise ffalse measurements MAPO on single cycles.

MAPQO98 SPLIT BETWEEN
Error 1 WI AND SA CORRECTIONS
N
CL Knock |
Controller S drPID

TPC |
> _/_ i

Low Threshold ‘ —T dSAPID
MAPOcc /_ i
|

\ inghTﬂC

Figure1.1371 Closedloop managememtf r/'SAof the knock branch of the WICC.

In asecond stage, a new branch has been added gcotitwllerto enable a closeldop correction
basednmeasurediFB50values as shown ifrigurel.14. Like for the case of MAPO98 Error and MAPO98
TPC, a MFB50 Errgrshown in Equatiori1.9), and a MFB50 TPC have been defingdde MFB50 TPds
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also contained within an lower and an upper limit to prevent the branch from introducing violent corrections
during a sudden change in engine point. In this case, the saturations are set to athatughsm converted

to dSAPIDmfb amaximumSA correction oft5 CA can be applied, which should be sufficient given that the
objective of this branch is to compensate for the imprecision af@eloop modelthat in most cases should

be contained within 1 CAn this configuration dSAPID is the sum of the correction provided by the two
branchesrespectively defined aksSAPIDknock and dSAPIDmfb. These two terms operate independently, but
TPC from knock brancleaninduce a lower saturation ahe MFB50 TPC (Dis_mfbClL.)conceptthat is

explained into detail in the following paragraph
000 TO1 1 €000 1 0 00 T (2.9)

As explained previously, if knock level is high enough to produce a TPC that is higher than the High
TPC, the SA correction from the knock branch (dSARMDcK will make negative corrections of SA to retard
combustion and lowenock level. Considering the controller layout fréigurel.14that includes the closed
loop branch of MFB50|f this last situation is present, when dSAPIkhock tends to retardSA and
consequently combustion phase, the MFB50 branch would see an inefd€&50 Error that would conduce
dSAPID mfb towards adding SA in order to remain onNteB50 targetimposed by the MFB50 Maf his
situation wouldcreatea conflict between the two branches in which the knock branch would tend to retard SA
to lower knok level while the MFB50 branch would tend to anticipate SA in order to remain on the MFB50
target. To prevent this, a saturation has been introduced in between the two branches in which if the TPC from
the knock branch is above the High TPC value, an uggteiration to zero is applied to the MFB50 TPC to
prevent this branch from applying any SA corrections and thus interfere with the SA correction that the knock
branch applies to lower the knock levEhis saturation is done gradually until knock TPC hescthe High
TPC value.
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Figure 1.14 - Closedloop management of r/'SA on MAPO98 and MFB50
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1.3.1 WICC reakttime validation

The validation of WICC has been carried on evaluating step by stppitieemance of every part of
the whole system that has been descrikedjine points different from those used for calibration have been
used forvalidationwhile remaining inside the perimeter of the calibration region.

1.3.1.1 Openloopon MFB50

At first, WICC has been tested disabling the entire ri8A&ectionmanagement subsystem, to highlight the
operationof WICM alone and validate its SA estimationRT. In fact, in this configuration there are no
corrections om and SA and the controllevorks in total opedoop usingjust theinversedWICM.

As shown inFigure 1.15, the test is composed by two different stagddirst, from second 10 to
second 45steps of MFB50 targéby manually changing the values of the MFB50 Maipd fixed value of
(ract)equato O were forced For each stepgthe model modifies the actuated SA (SAact) accordingly and can
produce an actuaheasuredViFB50 (MFB50 meas) close to the target within a rasigeller tharil CA. In
the second stag&om second 45 to 73%he MFB50 target is set attanstantvalue and steps ofare applied.

In this casethe model modifies SA to compensate the effect of water injection and the measured MFB50
remains close to the targéithis constitutes part of the RT validation of thedel, in which it has been
observed that the WICM can correctly consider both variations of MFB50 target as well as the usage of WI at
different values of.
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Figure 1.15 - Steady state at 3300rpm, 1.25Nlyli@der 2 shown as examplEhe top plot shows the comparidoetween MFB50
measured and MFB50 targeéhe middle one presentse value of actuatedand the bottom pldhe SAcalculatedas model output
to achieve the MFB50 target.

1.3.1.2 Closedloopon MFB50

After the evaluation of model, trdosedloop on MFB50 branch has been tested. The procedure is similar to
the previous one because the same steps of MFB50 targeticaget are imposed, but this time at second 13.5
the MFB50closeal-loop branch is activated as displayedHigure 1.16. When theclosedloop is activated,
dSAmfb starts to applihecorrection on SA provided ihemodel and SAact becomes the sum of these two
terms. From this instamactual MFB50 is forced tfollow the target value. The value of dSAmfb can also be
used to evaluate the precision of theGM in the defining of SAlt can be observed how dSAmfb applies

mostly a correction below CA, confirming the results seen on the validation ofdahertloop configuration
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Figure 1.16 - Steady state at 2500rpm, 1.25NL. Cylinder @i as example. At time O controllerdpenloop. After second 13.5
the controller switches inlosedloop mode and the PI correction dSAmfb compensates the error on MFB50. SAact represents the
sum of SAbyModel and dSAmfb.

1.3.1.3 Closedloopon MFB50 and MAPO98

In the next figures, the behaviour of tlesedlooponr/SA management is displayed. Two different situations
are presented, one in which the correction of WRID) does not saturgteonsidering @reestablished value
of saturaibn of d PID = 0.3(making a total maximum value of 1.1 which is still compatible with the-on

board application limitations associated to water tank refilliagdl two others in which it does.

MFB50meas corresponds to a moving average from 4yceyde MFB50 measured angle while
MFB50target is the valueutput bythe MFB50 Mapract andmap are the final value actuated andvalue
obtained from the map, respectively. BID is the correction applied by the knock branch of the PID on
actuated, anddr PID sat is the previously mentioned saturation value imposed on the correatiby thfe
PID. SA act represents the final actuated SA, that is composkd 8A calculated by th&ICM (SAmode)
and corrected by both dSAmfb and dSAkndblat are the contributions of both closddop branches.
MAPOcc indicats the cycleby-cycle value while MAPO98 and MAPQO98thr are the calculated 98th

percentile and its threshold valuespectively

Figurel.17 displays dirst test in which the controller operatesureoperloop until second 18SA
is controlled solely by the modednd WI only by the obtained from theMAP. Fromsecond 1&nwards

both knock and MFB50ranches of thelosedloop are activated. It can be seen how shortly before activating
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theclosedloop, knock is generally under threshold and MFB50 is slightly retarded. The response of the knock

branch is an inial negative d PID correctiorto redu@ theamount of water injected to save waded havea

knock level closer to the thresholdhile the MFB50 branch applies positive correction (dSAndlget closer

to the MFB50 target, given the previous slightyardedopenloop response. From there on, both branches

continue to keep both knock and MFB&®theirtarget without saturating the BID, whichkeesthe quantity

of water injected close to the one set byrtd&P. SA calculated by the model followsettiendof ract since

it considerghe effects of, as previously clarified
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Figure 1.17 - Steady state at 2700rpm, 1.22NL. Cylinder 1 as an example. At second 18 the controller switchjesrfloop to
closedloop: dSAmfb starts to compensdtie CAS0MFB errofas seen ifFigure 1.16) and correction dR PID compensates R map
(mapped value of r) teeduce the amount of injected water while respecting the MAR®E8hold (Mapo98 Thr).

Figurel.18displays asecondsituation in which botltlosedloop corrections are activiecom the start
of the testAt second 13a sudden change in MFB50 target is impdsegenerate a higknockintensitywith
the intention of stimulating a response of the contrdlier
t he

k n o c Afterlsec@nd I3 hSA changes instantly

due to model 6s reaction t o tameknouderlSnOreases. Tiee t
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knock brancheactsto lower knock by adding wateand quickly saturates at BID = 0.3.Due to the satuten

of the d PID contibution, theMFB50 branch isiot allowedto add positive contributions to SAatwould
otherwiseincrease thd&nock level. From the moment in whichr 1D saturates, the SA calculated by the
WICM remains constant due to a constetB50 target and map given d PID saturationand the SA
correction from the knock branch (dSAknock) starts to retard combustion until MAPQO98 is lowersjoetct
the correspondinthreshold A delay of MFB50with respect to the targettisen generatk due tothe priority

to maintain MAPO98 at threshold.
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Figure 1.18 - Steady state at 2700rpm, 1.22NL. Cylinder 1 as an example. The controlletasedloop. After second 13 MFB50
target isforcedto an advanced value to stimulate high knock tendency. After 2 seconds dR PID, attempting to compensate Ract
reaches satration value (dR PID sat). After saturation, dSA mfb is limited to negative values and dSAknock starts to apply
correctiors on SAact tdimit knock intensitydelaying MFB50.

Figurel.19 presents #hird situation in which thenagpedvalueof r has been loweredith respect to
the calibrated ont obtain a higher knock levaverthethreshold of MAPQ98. In this test the MFB50 branch
is activated from the beginning and at second 35 also the knock CL branch is activatedldssiebt proves

that the knock branch can quickly lower MAPO98 to threshold when being activated in an over threshold
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situation. In this case, after &ID saturéion around second 38, MFB50 can still be close to taigeethe
amount of water injected at saturation is almost just enough to keep MAPQO98 at threshold. This is also the

reason why corrections of dSA knock are also sres$ than 2 CA.
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Figure 1.19 - Steady state at 3200rpm, 1.3NL. Cylinder 4 as an example. At time 0, the control&osedioop only for MFB50
and knock index exceeds the threshold value. After second 38 even loop on Mapo98 is closed.

1.3.1.4 Controller responseindertransient conditions

To further explore the capabilities of the WICLtransient situatiowas testedreproducing a s situation
in which there is a sudden change of laatli RPM increase graduallys displayed ifrigure1.20. This can
easily represent a real situation of a highwagrtaking,in which the driver presses the accelerator pedal and

the car gradually accelerates while RPM increase.
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Figure 1.20 - Transient profile regarding engine speed and load.

Figure 1.21 displays how the controller cananageknock levels at MAPQO98 thresholdso under
fasttransient conditions. map changes over time due to the everchanging engine gdnthe knock branch
does not saturate at any moment due to a well calibrat®dP. dr PID adds corrections that keepaues
close to mapped ones. This can also be noted by the fact that when the sudden change in load is applied,
MAPQ98 still stays at threshold and does not go over it, demonstrating the capabilitieopérheop.
Closedloop works as it should, makingmall adjustments to keep MAPO98 and MFB50 at target, being

mostly a result of the integral part of both branches of the PID.
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Figure 1.21 - Response of the WICC to the transient test. Cylinder 1 is shoamesample.
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1.3.1.5 Analysis of théenefitson fuel consumption

The performance of the Combustion Controller can be also quantified in terms of fuel consumption savings.
WI is utilized to mitigate knockvhile allowing for greater values of SA. When not using WI, it is necessary
to enrich the mixture to achieve theseeagoals, with the inevitable associated increase in fuel consumption.

To evaluate this fuel consumption difference, two tests were made, one with WI and another without.
Both tests were conducted at 2700rpm and 1.45 NL. In the case of WI, a vaki@.8fwas used to mitigate
knock as much as possible and SA was set so that MFB50 was as close as possible toalheahysiofd
CA aTDC, while remaining below an established MAPQO98 limit value of 2 bar.t@$tewithoutWI was
conductedwith the base cddration of the engine which uses a similar pringiplei n whi ch & an
calibratedto keep the combustion phaas close as possible to optimal MFB%¢hile guaranteeing knock
intensitybelow the 2 bar MAPO98 limit.

The results are summarized Tiable 1.3. and it can be observed how the tests Withpresentan
improvement in fuel consumption about16% compared to thessts without W] given mainlyby the
di fference in & and the achievement of a more eff

Tablel.3 - Fuel consumption dést with WI and without WAt 2700rpm, 1.45NL.

With WI Without WI
Water / Fuel ratior( 0.8 0
MFB50 [CA ATDC] 12 18
MAPQ98 [bar] 1.9 2
Lambda 1 0.89
EGT [°C] 786 818
Indicated Torque 185 187
[Nm]
Fuel Consumption 11.3 13.5
[ka/h]
Indicated Specific 216 257
Fuel Consumption
[9/kwWh]
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1.4 Second Weenginesetup

As exposed in the previous sections, the engine with the first prototypal WI setup was used mainly for the
development of both th&/ICM and WICC With theobjectiveof applying the WI technology and the WICC
towards a moren-boardoriented application, thindustrial partner Marelli developed a WI system that was
mounted on a different engine that was completely controlled by an OEM ECU without the need of the RCP.
The setup was made in a way that all the components used were commercially availablataatyeneady

for anon-boardapplication, remaining as an economically plausible solution in case of becoming a system

ready for large scale production.

This second engine has been used mainly for the further investigation of the effects and drawbacks of
WI on a close to production setup (less prototypal) and to compaedahhose othe alternative technology
of LP-EGR that was already part of the OEM equipment of the engine to which this WI system was added.
This second engine was2a turbocharged Gl engine whose main characteristics smenmarizedn Table
1.4.

Tablel1.4 - Main characteristics of thengine used on the second WI setup

Engine displacement 1995 cc
Number of cylinders 4

Bore 84 mm
Stroke 90 mm
Compression ratio 10:1
Number of valves per 4
cylinder

The equipment used for the indicating measurements was similar to thaficdtteagine, using in
cylinder piezoelectric pressure sensors in each cyliagerthe pressure signals were acquired at a frequency
of 200kHz wusing AVLO6s I ndi Com indicating system.
main combustiorindexes such as MAPO, MFB50, IMERaximum incylinder pressureRmay, among
others Brake Specific Fuel ConsumptioB$FQ has also been measured, for which an AVL fuel balance was

used to measure fuel flow.

Figure1l.22 shows a simplified scheme of the experimental setup with the main sensors and actuators
used on this second engine. For the determination of the EGT, a thermocouple has been inkta#zbanst
manifold before the turbine inlet. An oxygen sensor mounted befomathlystva s used f or o me
and mixture controlA second oxygen sensor was mounted on the intake manifold, used for the determination
of the EGR ratio, concept this described more into detail in the following chapter that discussé&xaHP
and the experimental tests carried out on this engine to explore such techAsloggards the WI system, it
consists of a port WI configuration with individual injectors éaich intake runner. A water rail pressure of 7

bar was utilized and an End Of Injection (EOI) angle coinciding with the Bottom Dead Centre (BDC) of start
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of compression was fixed for all engine points, ensuring that the injection of dessnot continue after

Intake Valve Closing (IVC). WI was controlled by an auxiliary ECU (still OEM) that was used to manage the
system actuators such as water pump, water rail pressure regulator and water injectors. This secondary ECU
communicates with the ritaengine ECU via CAN and the amount of water to be injected was modified using
INCA software. To verify that theratio is being correctly estimated and applied by the ECU, a separate AVL
balancewasused to measure water consumption and the ratio betiuet and water consumption finally

determines the measured

I
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Figure 1.22 - Scheme of the second engine containing both a WI aseiGR system

Three separate experimental campaigns were carried ouisoentfine: one applying only WI and
another one only EGR, selecting a subset of the same engine points to be able to compare their effects. The
third testwascarried out in one specific engine point in which both EGR and WI were utilized simultaneously
to explore a possible synergy between these two technolddgse 1.23 shows the grid of engine points
explored during each experimental campaign. damh point, an EGR sweep was performed in the case of
EGR usage, and arsweep in the case of WI tests. All EGR tests contain a sweep ranging from 0 to 0.12 EGR
while WI tests contain asweep that tends to lower values at low loads and higher vdlhaghdoads. For
each EGR or value, a further SA subweep was carried out. This allows to model the main combustion
parameters as a function of MFB50 for different values of EGR aasl explained on the following section.

Finally, for each engine pdima knock limit was defined in terms of maximum MAPOQO percentile value not to

be exceeded and the SA that generates such knock limit percentile value is called knock limited SA.
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Figure 1.23 - Grid of engire points for each of the experimental campaigns carried out on the second engine.

Focusing on the tests that regard WI (those with EGR are addressedpiar 3 othis work that
explores LPEGR), a SA sweep was carried out for each engine point at eatit that was tested. For all the
tests, the maximum applied SA corresponds to the knock limited SA, meaniniethaist anticipate A
anglesin each sweepgeneratea MAPO percentile value equal to that of the imposed limit, while the most
retarded SAorresponds to that in which the obtained EGT reaches the limit of 950°C, imposed for mechanical
protection of the turbine. As an exampégure 1.24 shows SA sweeps performed foratios up to 0.5 at
3600rpm and 1.6NL. The dots represent measured quantities, and quadratic fitting functions correctly
reproduce the trend of SA and EGT as a function of MFB50, for each SA sweep. The already mentiared impa
of WI in retarding the combustion phase and cooling the exhaust gases is clearly shigureih24 (a) and
(b), respectively. From this figure it is also clear that WI expands the combustion phase limits, towards lower
values of MFB50 because of increased knock resistance (i.e., when reaching MAPO percentile maximum
value), and towards higher valueshese of cooler exhaust gases (i.e., when reaching 950 °C at the turbine
inlet).
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Figure 1.24 - SA vs MFB50 curves (a) and EGT vs MFB50 curves (b), for different values of r. Dashed line indicates tloé SAlues
and EGT for each r case and an arbitrary MFB50 of 20 CA aTDC. Engine point shown: 3600 rpm and 1.6 NL.

1.4.1 Implications of WI on main combustion parameters

From theresearch activitynade orthe first engine, itvasestablished that one of the main impacts of Wl is
that of retarding combustigphaseand increasing its angular duration. Now, the scope of the study on this
engine was that of being able to quantify and model the combustion delay and cooling effectsidiysthe
usage of WI. These results are later used to compare them with those obtained when-B§iiy LP

1.4.1.1 TorqueandBSFC

Using the data that arose from the tests of the WI campaign of this second engine, as Bfigppwelii23 and
Figurel.24, the impact on parameters suctiTasqueandBSFC were analyseéfigurel.25shows the raults

for a test at 3600rpm and 1.6NL in which the data has been normalized with respect to the maximum measured
values for each variable. BSFC rensatmost independent ofand depenglalmost exclusively on MFB50,

but Torque showa slight separation beeen the curves at differentatios. The explanation for this relies on

the fact that even if NL was kept constant, the calculation of does not compensate perfectly for the
injected water mass and its fresh air displacement effect, ngetir@induring the tests shownhigure 1.25,

even though NL was constant, the amount of fresh air was ngp&epttlyconstant in alt casesThe actual

intake air flowis lowerfor increased values of This effectis also affected by parameters such as the WI Start
Of Injection (SOI) and the injector atomization performaddd. To keep NL constant, boost pressure had to
be adjusted by less than 2Bt as previously stated, this correction did not ensure a perfectly constant intake

air flow.
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Figure 1.25- Normalized TorquandBSFC as a function of MFB50, for different values of r. Variables have been normalized with
respect to maximum measured values for this engine point. Engine point shown: 3600rpm and 1.6NL.

1.4.1.2 Combustio delay modelling

In this section, the goal was that of quantifying and model the SA increase that must be applied in order to
compensate for the delay introduced by WI and obtain a constant MFB50Riglue.1.24 shows the results

of a test at 3600rpm and 1.6NL that is used as an example to explain the observed effects and modelling
procedure. A dashed line is displayed indicating the SA needed ®vadn arbitrary MFB50 target of 20

CA aTDC for each ratio. For the same operating conditiéigure1.26 (a) directlyshowsthe amount of SA
thatmudsbe added (called @®@SA), with respect to that o
aTDC and compensate for the combustion duration increase introduced BigW#1.26 (b) shows the same
procedure ofFigurel1.26 (a) but for other representative cases oMRihd NL (still at an MFB50 of 20 CA

aTDC) that have been explored during the experimental campaign and it can be noted that there is a slight
change in slope depending on the considered case. It has been found that this trend corresponds to a linear
depemence on both NL and allowing the data shown to be described with a simple two variable linear
polynomial function (poly11) as shown in Equatidri0). This fit produces a surface with aAdt 0.96 and

a Root Mean Square Error {RSE) of 0.24 CA, when fitting the data shownhigure 1.26 (b). Figure 1.27

shows the surface that deandNL defmmed bygE§uatidid.®). a | i near
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Figure1.26-qpSA as a function of r, denoting the additional SA, wi
compensate combustion retarding and achieve a constant MFB50 of 20 CA aTDC. (a) for the case of 3600 rpm and 1.6 NL, (b) othe
representative RPM and NL cases during WI tests, each colour represents a different case.

Figure1.27-Pol y11 surface after fitting ®@SA as a funct iCoBlackof r an
dots represent experimental data for such combustion phase.

WwY0 n 1 A o60n 1 060 (1.10
As previously mentioned, the surfaceFigurel.27i s t hat of the @SA to act
of 20 CA aTbC. To further evaluate the validity o
of MFB50 different than 20 CA aTDC. The results of this validation are showigime1.28, in which 95%
of the engine points can be validated within an error of £1 CA, demonstrating that the surfaEeytnem
1.27 can also be used for values of MFB50 different than 20 CA aTDC.
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Figure 1.28 - Validation the poly21 surface froRigure 1.27, for combustion phase values differentth@2A a TDC. ®@SA err
refers to the difference between the experimentally mea:

1.4.1.3 EGT reduction modelling

As regards the cooling effedtjgurel.29s hows directly the EGT decrease
certainr ratio, for the same operating conditionFajure1.24. The procedure for the ¢
is anal ogue to that of the calculation of @SA, in
a certainr ratio, keeping MFB50 equal to 20 CA aTDC. Adar trend is observed like in the case of
combustion delay. Cooling of around 37°C was achieved withadr0.5. Figure 1.29 (b) shows this linear

trend for all RPM and NL cases (and an MFB50 of 20 CA aTDC) and it is noteddbkatliines tend to separate

when changing engine point. Tle&planationof this relies on the fact that lwen load is increased, overall
temperature ithe intake manifold is higher, causing the water that is injected with the same SOI to evaporate
mainly within the runners and not when inside the chaff#&dy reducing slightly the coilg effect at higher

| oads. As mentioned before, this effect creates a
Figurel.29(b) is a twovariable first grade polynomial (polyl11) as a functionafid NL as shown in Equation

(1.11). Figure1.30 shows the surface that arises from the poly11, producing a fit of the data witlofad. 87

and an RMSE of 2°C.
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Figure1.29-pE GT a stionaf MFB50, denoting the reduction of EGT when applying different r ratios, at a constant MFB50 of
20 CA aTDC. (a) for the case of 3600rpm and 1.6NL, (b) other representative RPM and NL cases during WI tests, each colour
represents a different case.

AEGT

Figure1.30-Pol y11 surface after fitting @EGT as a function of r a
dots represent experimental data for such combustion phase.

w00 n i A 00 nAf 1 00 (1.11)

The polyl11 surface frorRigurel.30i s t hat of the ®@EGT when obser\
CA aTDC. To further evalwuate the wvalidity of thi
MFB50 different than 20 £ aTDC. The results of this validation are showrrigure1.31, in which 99% of
the engine points can be validated within an error of £10 °C, demtmgttiaat the fit can also be used for
values of MFB50 different than 20 CA aTDC.
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Figure 1.31 - Validation of all tested engine points (not only with an MFB50 value of 20 CA aTDC) using the poly11 surface from
Figure 1.30. qEGT error refers to the difference heten the experimentally measurdelGT and that calculated from the poly11
surface.

1.5 Conclusions

The first experimental setup used in this chapter consisted of a commercial 1.4L GDI engine in which a
prototypal WI system was installed. Since the maindithis study was that of using W1 in search of increased
efficiency, this first setup was used initially to identify the implications of Wl on combustion phase, a variable
that is strictly related to engine efficiency. For tiigombustion model (WICMgapable of calculating the
necessary SA to achieve a desired MFB50, while considering the effects of Wl was developed. The main inputs
of the model are MFB50, RPM, NL and wafael ratio (). As a subsequent step towards achieving higher
efficiency, a corbustion controller (WICC), that uses the WICM, to manage WI for knock mitigation and
optimal combustion phase was developed. A detailed validation and evaluationpeffirenanceof this
controllerhas been carried on by a stepstep approach. THRT compatibility of the proposed approach
allows thecontrollerimplementation in a RCP environmeahd eventually in a production control systéin

first, a completelyoperloop configuration has been tested, showing thatWHEM is able tomanagea

MBF50 angle close to MFB50 target with a precisiot GfA even in presence ®¥1. Furthermore, the model

in combination with the proposed strategyctifsedloop knock control has been used to manage the knock
level applying both an actuation ofanda correction of SA. Through this configuratighe feasibility of

knock mitigation bythe usage oI without sensible variation in MFB50 (ifis not saturated) has been
demonstrated. In fact, the presence of variatiomslogs not significantly affe¢he combustion phase due to

the WICM compensation and the knock level can be stabilized to the established thrésbaaddition of a
closedloopon MFB50made available usinig-cylinder pressure sigredllows to better implement the WC

and extracthe highest engine efficienckeeping the combustion phase on the target as longadsge is not

saturatedThe fuel savings associated to the usage of WI have been finally quantified and it was found that a
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reduction of up to 16% could be achieved, #mel reason for this is not so much the improved combustion
phase but the lower mixture enrichment. The fuel that is usually used to cool the combustion chamber and to

avoid knock via the standard approach is how no longer necessary, and WI becométsite siftibts.

A second experimental setup was used, comprised of a commercialith6thargedsDI engine to
which a more productienriented WI system was mounted. The aim of the studies carried out on this engine
was to further explore the impact of \Wlother fundamental variables such as torque and BSFC, as well as to
model the combustion phase delay and EGT reduction effects of WI, and compare them to those®Ra LP
system, which this engine mounts as OEM equipment. BSFCsstwowe independentfdNI and only
dependent on MFB50, while torque had a slight dependence omdtie used but this was attributed to the
displacing effect that water has on the intake air, which is not perfectly accounted for during the calculation of
NL. The models thaarose from these studies to describe both combustion delay and EGT cooling were simple
polynomial functions with NL and asinput. Validation results showed that it was possible to estimate
combustion delay withiel CA and EGT cooling withie10°C inall the explored engine points.

As final general remarks on WI technology, based on the experience on both engines, it can be said that
the usage of WI is especially beneficial at high loads and that its main advantage in terms of fuel consumption
is given by the water substitution ofetlextra fuel on a rich mixture used for combustion chamber cooling.
More optimal combustion phase can be achieved with WI, given its knock suppression capabilities, but the
fact that WI itself delays combustion leads to a marginal benefit in terms of starbiefficiency
improvements. Additionally, the higtratios needed at high loads mean that water consumption could become
unpractical when considering a production application, which would require either a large water tank or the

driver to often refilla smaller water tank.
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2 Low-Pressuréxhaust Gas Recirculation

EGR consists of the recirculation of exhaust gases into the cylinder, and it can be used in two main
configurations, HigkPressure EGR (HEGR) and low-PressureEGR (LP-EGR) and lhe EGR ratiois
determined b¥quation(2.1).

0"0Y - a - (2.2)

Wherea anda  represent the masses of recirculated exhaust gases and fresh air entering the
cylinder during a cycle, respectively. In the case ofEGFR, the exhaust gases are mixed downstream the
compressor and are recirculafeaim before the turbine inlet, while e case of LEEGR, the exhaust gases
are extracted after the catalytic converter and inserted in the air flow before the compressor-E@R IsP
also generally cooled with a water/gas heat exchanger before mixing, leading to even greatef48jnefits
When using EGR, if intake manifold pressure is kept constant, inert exhaust gases will replace part of the fresh
air entering the engine and a tese in torque would be observed. For this reason, EGR acts not only as a gas
that absorbs heat and lowers combustion chamber temperature but also fedbeespeningof thethrottle
valveor closure of wastegaféo maintain equal torque productiaith respect to a situation of no EGR) and
thus reduces pumping losgé8]. In the case of gasoline turbocharged engines, EGR is therefore used at high
loads to reduce the need of a rich mixture for combustion chamber cooling but it can also be used at partial
loads to impove efficiency and reduce emissidbg]. In the case of HHEGR, the increase of EGR rate has
the disadvantage of reducing the amount of exhaust gases reaching the turbine and thus harming the
performance of the turbochard6e,53]. In the case of LIEGR this issue is not present but still, as the exhaust
gas isreinsertecbefore the turbocharger compressor, the volumetric flow that the compressor must supply is
incremented by the addition of the EGR and given that tv\fresh air contributes to power generation, the
compressor may nhow represent a |imiting factor fo
limit is due to its maximum speed imposed by mechanical constraints, and therefore it would Ineed to
specifically designed to compensate such limitai®j. Another distinction between these two types of EGR
systems is that the LP configuration has sloweradyios than the HP one, mainly since the gas being

recirculated in the case of LP must travel a longer path before reaching the combustion chamber.

Authors such as Lu et §16] have implemented LEGR on a boosted GDI engine and assessed its
benefits when used during a New European Driving Cycle (NEBiQure 2.1 showssome ofthe results
obtained by Lu, where the blue numbers represent the percenta§éGf ienefit and the red numbers the
percentage of the NEDC in which the engine has operated during the cycle. Mean BSFC improvements of
2.74% on low load, 4.03% at mid loads and 7.79% at high loads were registered, when compared to base

engine calibrationvithout EGR, demonstrating the rembrld advantage of the technology.
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Figure 2.1 - Benefits of using LIEGR when tested on a NED8ource[16].

Alger et al[54] carried out experimental tests on &llturbocharged GDI engine using {HGR,
analysing the effects on fuel consumption at both constant combustion phasing (to isolate effects of EGR as
diluent) as well as advanced combustion phasing (to include benefits of knock suppression and improved
MFB50). Figure2.2 showspart ofthe results presented by Alger, in which a BSFC reduction from 253 g/kwWh
to 240 g/kWh is observed when considering just the benefits of &GRdiluent. Further improvements are
obtained when using EGR to advance combustion phase, reaching a BSFC of 230g/kWh, but with high EGR
ratios of 0.2 point from which diluent benefits seem to have reached the maximum and the increased

combustion duratin starts having a negative impact on fuel consumption.
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Figure 2.2 - BSFC results for 1500 rpm / 12 bar BMEP with both retardedahdnced combustion phasirgpurce[54].
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Siokos et a[15] have also studied L-EGR on a similar setup, achieving a fuel consumption saving
of up to 16% while utizing EGR ratios oD.2to both achieve MBT and stoichiometric operation. Dilution
benefits alone (constant MFB50) have also been explored by Siokos, arriving to the conclusion that, as also
found by Alger, these tend to achieve their maximum benefitoahd0.2 EGR, as shown ifrigure 2.3.
Siokos also found a correlation between combustion duration and Coefficient of Variation (COV) of IMEP
and retains thad.2 EGR & too high to guarantee a low COV of IMEP for production standards given the

increased combustion duration introduced by EGR.
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Figure 2.3 - Results for the effect of combustion duration on B&E@function of LREGR dilution, with fixedMFB50 at MBT
(2000RPM, 3bar BMERSourcg15].

Falfari et al[25] have carried out several CFD studies when diluting mixtures wtBGR and WI,
observing a decrease in laminar flame speed of 19% when8iBBGR when compared 32% decrease
when usinga waterfuel ratioof 0.06 Cordier et a[19] have studied the simultaneous usage of Wl and LP
EGR, with the premise that EGR helps reidg cylinder heat wall losses and WI aids mostly to cool the
chamber and mitigate knock while allowing to improve combustion phase, premises already introduced by
Alger and Siokos. Results of this are showigure2.4, where the indicated efficiency losses associated to
the three cases of using only WI, only EGR and WI + EGR are shown. This evidences that the joint usage of
WI and LREGR had similar resulishen compared to only WI, with respect to MFB50 improvement, meaning
that most of the combustion phase improvement is given by WI. On the other hand, wall losses are most
significantly commanded by EGR. For this reason, the authors suggest using higfualatgios for knock
suppression and enhanced combustion phase, while also using no m@@HtBR so as not to introduce

an unnecessary combustion lengthening but still reduce wall heat losses.

51



M EGR 15% and W/F=0.5
s W Water (5%)

M EGR (15%)

E ?
2
>. ]
(%)
=
2
=
&,
L
-
S ] 1
=
£ .
<

1 |

1]

P “ c
2 3 @)
LN % . Co’b /‘b 4&0 m';,))(5 oy
T % % e,
J ) K 9
0, 4 (rd < “?‘/
% : <

Figure2.41 Comparison of indicated efficiency losses between 15% EGR dilution, 5% water dilution (DWI at 100bar) and the
combination of both (15% EGR and W/F=0.5 at 125bar of injection pressure), at 2000RPM 17bar IMEP [®purce

This chapter introduces the results that arise from experimental tests on a turbocharged GDI engine
with LP-EGR and port WI, to then compare these two technologies on the same base ehtprevatuate
their possible synergic benefits in maximizing engine performance and efficiency. The main contnititition
respect to the actual state of theiathe development ahathematically simpland robust LEEGR models
for compensating the corresponding combustion duration increment and the prediction of associated EGT
cooling effect which can be easily inverted to be used in a control strategy, especially to contrdiieis
acheved byawide experimental analysis to directly compareE®R and WI on the same engine, allowing
to quantify the performance of such solutions, separately and jointly, and to clarify if and how they may allow
reaching stoichiometric operation at very high spedifads.Additionally, a direct comparison of the engine
performance obtained with the traditional approach of mixture enrichment, the usage of WI and finally LP
EGR is made, making even clearer the comparison between these two technologies with rabpect to

traditional approach in a cloge-production setup.

At first, a brief description of the experimental setup used for th&GR is presentedhen, the
effects of LREGR onthe main combustion parameters sucM&850, EGT, Torque anBSFC are modedid
and subsequently compared to those observedWitirom Chapter 1Fast, contrebriented experimental
models are then presented, being able to calculate the combustion retarding effect and the cooling capabilities
of LP-EGR, like in the case of WIThe main limitations of each approach are also highlighédr this, the
effects of EGR and WI are confronted and a synergy between EGR and WI when used simultaneously is
investigatedFinally, three different engine calibrations were generated on the sagine, to directly assess
the benefits of implementing a LIEGR system and compare it with that of using WI or the traditional approach

of mixture enrichment.
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The main findings showm this chapter have been the subject of a publication by the aditthos o
thesis[37].

2.1 Experimental setup

The engine that was used for this study is the same that was described in Section 2.4 and the engine layout is
that of Figure1.22. The EGR setup is a cooled {BGR system in which the exhaust gases to be recirculated

are extracted after the Thr@¢ay Catalyst (TWC). From this point onwards, each time EGR is mentioned in

this work, it refers to cooled -EGR. An additional oxygesensor, apart from those used for mixture control,

has been installed in the intake manifold used to measure oxygen concentration. By comparing such value to
that of fresh air, the EGR ratio wastiematedhrough a series of models that are not displayed in this work for
confidential reasondDuring the experimental tests, the setting of variables such as SA, EGR and WI ratio,
wastegate position, among others, has been done via INCA softwaretiiahat ni cat es t o t he
ECU via an ETAS module. AdevelopmentECU has been used, allowing to overwrite @libration

parameters while experimental tests were being carried out.

Figure1.23 shows thegrid of engine points that has been used for the two experimental campaigns
that regard LEEGR. The first was just using EGR and the second used both EGR and WI together in the search
of a synergyThe procedure followed to carry out the SA and EGR sweeps were identical to those for the
exploration of WI. EGR ratios that of up to 0.12 (meaning 12%) were used, an such limit vatioserin
accordance with production applications that limit the @amof EGR to ensure combustion stability and low

cycleto-cycle variations.

As an examplekigure2.5 shows SA sweeps performed for EGR ratio up to 0.12 at 3000 rpm and 2
NL. The dots represent measured quantities, and quadratic fitting functions correctly reproduce the trend of
SA and EGT asa function of MFB50, for each SA sweep. The already mentioned impact of EGR in retarding
the combustion phase and cooling the exhaust gases is clearly sheigara2.5 (a) and (b), respectively.
From this figure it is also clear that EGR expands the combustion phase limits: towards lower values of MFB50
because of increased knock resistance (i.e., when reaching MAPO percentile maximum value), and towards

higher valuedbecause of cooler exhaust gases (i.e., when reaching 950 °C at the turbine inlet).
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Figure 2.5 - MFB50 vs SA curves (a) and MFB50 vs EGT curves (b), for different values of EGR. Dashed line indicatesstioé val
SA and EGT for each EGR case at an arbitrary MFB50 of 25 CA aEB@ine point shown: 3000rpm and 2NL.

As described previously, a SA sweep was carried out for each EGR ratio that was tested. For all the
tests, the maximum applied SA correspond$iédkinock limited SA (meaning that all most anticipated points
in each sweep possess a MAPO percentile value equal to that of the imposed limit), while the most retarded
SA corresponds to that in which the obtained EGT reaches the limit of 950°C (imposeddianical
protection of the turbine). As already mentioned, increasing EGR ratio could decrease torque production since
inert gas replaces a portion of fresh air. To avoid such effect and to maintain constant torque output for each
tested engine poingvery time EGR was increased, the amount of fresh air entering the engine-was re
established to its previous value. This was done by adjusting turbocharger wastegate position to increase boost,
thus increasing total gas mass flow through the compressdngbthis work EGR therefore represents an
addition of a certain percentage of inert gas to the intake air mass. In order to achieve this, the compressor
must handle higher volumetric flows and higher pressure ratios, for which it needs to rotateratgegte
This introduces a first limitation of the HPGR system for high loads when high EGR rates are necessary,
since the turbocharger achieves its speed limit, not being able to generate higher flow of both fresh air and
recirculated gas. This meansethchievable performance could be lower if compared with the traditional
approach of enriching fuel mixture for its cooling effect instead of using EGR. Another aspect that may
produce a limitation on LIEEGR application is the fact that the flow of reclatad gases is produced solely
by the pressure difference between the exhaust gases after the TWC and the compressor inlet. At mid/high
loads where exhaust pressure is sufficiently high this is generally not an issue, but at part/low loads, high EGR

ratesmay not be achieved.

Table2.1 contains the intake pressure values needed to achieve the mentioned constant fresh air mass
flow for each EGR ratio, showing a linear increase of absolute intake pressure with respectniouiiiech
EGR used. Such values demonstrate that for reaching higher EGR ratios the turbocharger would probably need

to be redesigned for the specific application.
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Table2.1 - Absolute intake pressure neededathieve constant fresh air mass flow (NL). Engine point shown: 3000 rpm and 2 NL.

EGR ratio Absolute intake pressur
0 2.35 bar
0.03 2.43 bar
0.06 2.49 bar
0.09 2.58 bar
0.12 2.64 bar

2.2 Implications ofLP-EGRon main combustion parameters

As done on this same engine with the WI system but now witEGR, the carried out experimental tests
were used to analyse its impact on the main combustion parameters and model the combustion delay and EGT
cooling effect.At the end of this section, a comparison between WI an&GR is done and a search for a

possible synergy is explored.

2.2.1.1 TorqueandBSFC

Figure 2.6 shows thempact of EGR on TorquandBSFC (normalized values are shown for confidentiality
reasons). As it can immediately be observed, the cafesth Torque and BSF&rresponding to different

EGR rati overlap almost completely, denoting an essentially unlsghaviour, depending only on MFB50

and thus SA. This is mainly because, as explained previously, the mass flow of fresh air into the engine is kept
constantfor all EGR ratios. These superposed curves also denote that when EGR ratieasedhe
addtional exhaust gases do not have further effects other than retarding combustion to a greater extent and

absorb extra heaivhen maintaining a given combustion phase.
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Figure 2.6 - Normalized Torquand BSFCas a function of MFB50, for different values of EGR. Values have been normalized with
respect to the maximum ones for this engine point. Engine point shown: 3000 rpm and 2 NL.
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Having established that the two parameters in which EGR has the most impahhbtestion phase

and EGT, the following sections concentrate on these two.

2.2.1.2 Combustion phase delay modelling

When analysing the oESRthasade popdediie is@applied thas in the ca¥él pf
observing the difference in SA and EGT, with respect to that &R, for different values of and a fixed
MFB50 of 5 CA aTDC.Figure2.5 (a) shows a dashed limadicating the SA needed to achieve an arbitrary
MFB50 target of 25 CA aTDC for each EGR case. For the same operating coridgime,2.7 (a) directly
shows t Wwith resp&idto that of no EGR, to achieve the established MFB50 of 25 CA aTDC and
compensate for the combustion duration increase introduced byHgERe2.7 (b) shovs the same procedure

of Figure2.7 (a) but for other representative cases of RPM and NL (still at a MFB50 of 25 CA aTDC) and it
can be noted that there is a slight change in slope depending on the considered case. It has bedn found tha
like on the case of Wthis coincided witha load @pendence that can be fitted with a simple-tagdables
polynomial function, with a quadratic dependence on EGR and a linear dependendikeriiit of Equation

(2.2). This fit produces a surface with an R2 of 0.99 aRMSE of 0.15 CA, when fitting the data shown in

Figure2.7 (b). Figure28s hows t he resulting surface that descri

6 6

0 0.02 0.04 0.06 0.08 0.1 012 0 0.02 0.04 0.0 0.08 0.1 0.12
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Figure27-pSA as a function of EGR, denoting the SA increase, wit
compensate for combustion duration increment and to achieve a constant MFB50 of 25 CA aTDC. (a) for the case of 30@0 rpm and
NL, (b) other representative RPM and NL cases during EGR tests, each colour represents a different case.
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As previously mentioned, the surfaceFigure2.8i s t hat of the @SA to achi
25 CA aTDC. To further evaluate the validity of this surface, itthese n used t o cal cul at e
of MFB50 different than 25 CA aTDC. The results of this validation are showigine2.9, in which 95%
of the engine pointsam be validated within an error of +1 CA (silfposed accuractarge), demonstrating

that the surface frorigure2.8 can also be used for values of MFB50 differéaint 25 CA aTDC.
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Figure 2.9 - Validation the poly21 surface frofigure28, f or combusti on phase values diff el
refers to the difference between the experimentally mea:
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2.2.1.3 EGT reduction mdelling

As regards the coolingffect observed when using IHGR, Figure2.10s hows di r e cathieyed t h e
when applying a certain ratio of EGR, for the same operating conditiBiyafe2.5. The procedure for the
calculation of the @EGT is analogue to that of th
is observed when applying a certain ratio of EGR, keeping MFB50 equal to 25 CA aTDC. EGT reduction of
around 60°C has beeachieved with an EGR ratio of 0.12. In this case, the fitting of data from all RPM and

NL cases (shown as a dashed linEigure2.10 (b)) can be performed simply Wit linear function depending

only on EGR, yielding a fit with an R2 of 0.98 and an RMSE of 2.4 °C. This model can be used to predict the
reduction in terms of EGT when applying a certain EGR r&ieen the simplicity of the linear functiorhe
invertedmodel may be used in an engine control strategy to calculate the necessary EGR ratio to achieve a

certain cooling effect for components protection.
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Figure2.10-@pEGT as a f unct i on uaidn of EGRwhendmplyingtdiffenegt ratios & EGRe al a constant
MFB50 of 25 CA aTDC. (a) for the case of 3000 rpm and 2 NL, (b) other representative RPM and NL cases during EGR tests, each
colour represents a different case. The dashed line in (b) septe the linear fit of all data present in the figure.

As previously mentioned, the linear fit shown in the dashed likggofe2.10( b) i s t hat of
whenobserved at a constant MFB50 of 25 CA aTDC. To further evaluate the validity of this linear fit, it has
been used to calculate the @EGT for cases of MFB5I
are shown irFigure2.11, in which 93% of the engine points can be validated within an error of 10 °€ (self
imposed accuradgrge), demonstrating that the fit that arises frbigure2.10 can also be used for values of
MFB50 different than 25 CA aTDC.
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Figure2.11 - Validation of all tested engine points (not only with an MFB50 value of 25 CA aTDC) using the linear fit arising from
Figure2.10(b). @EGT error red ebst woen htehelidxXmerinmental |y measured «
fit.

The observed cooling effect is mainly attributed to two factors. First, the combustion phase delay and
its increased duration that EGR dilution introduces. Secondly etiettmat the added recirculated gas absorbs
when introduced in the combustion chamber. Additionally, the exhaust gas that is recirculated contains a higher
specific heat than the fresh §?5], contributing even more to the lowering of EGT. This topic is discussed

further in thefollowing section where EGR is compared to WI.

2.3 Comparison between EPGR and WI

Having discussed the results obtained for EGR and WI, in this section a direct comparison of the results of
each strategy is done, using as an example one of the engine points testeddE@mbatid WI experimental
campaigns. This allows to identify a quantitative relationship between these two possible solutions,

establishing the ratios to be used in each case to achieve similar EGT reduction effects.

Figure212s hows ®@SA for both EGR and WI for the eng
rpm and 2.2 NL. This figure shows only one engine point, but the conclusions do not vary significantly when
making the comparison on the rest of the engine points. At first sight it seems that EGR has a much stronger
effect on combustion phase than WI, but some remarks need to be made to correctly compare the two solutions.
The use of EGR is limited by factorsich as combustion stability (quantified using as index the IMEP
Coefficient of Variation(CoV of IMEP)) as discussed in the following secti@s well as the previously
mentioned limit of increased compressor volumetric flow demand. WI on the other Inmbdssociated with
such compressor related issues but is limited in terms of maxindue to combustion stability and the
refilling frequency of the water tank in the final-board application. This container is sized so that the driver

must not refillit for long time intervals, in the order of several thousands of kilometres, imposing practical
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limits for the maximunr of around 0.6. Additionally, at highrates the water that is injected starts to create

oil dilution problems that affect engine lidation[19].

—EGR
—WI

O | | |
0 0.1 0.2 0.3 04 0.5

EGR or r RATIOS [

Figure2.12 - gBA as a function of EGR and r for the cases oEIGR and WI (when usegparately). The engine point corresponds
to 2400 rpm and 2.2 NL. EGR and WI ratios are expressed as fractions.

When looking aFigure2.13, where the cooling capabibis of both EGR and WI are compared, it is
immediately noted that the effects of EGR regarding cooling is comparable to that of WI or even greater within
the explored range. When analysing all engine points, an approximate equivalence of almost fivie to one
observed, meaning for example that a 0.03 of EGR ratio corresponds to 0. Thisfquantitative relationship
is not constant for all EGR arratios, at higher ratios the gap is further increased, meaning that even more
water would be needed. Theptanation of why EGR seems to have a greater effect than WI for a similar ratio
relies on the fact that the mass of intake air is around 14.7 times greater than that of fuel. It must be remembered
that the ratio of EGR andare referenced to two differepairameters, being EGR a ratio with the mass of

intake air as a reference, and ratio with the mass of injected fuel as a reference.
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Figure2.13- qEGT as a function of EGR and r for the casesREGR and WI (when used separately). The engine point
corresponds to 2400 rpm and 2.2 NL. EGR and WI ratios are expressed as fractions.

The EGR cooling effect is caused mainly by two factors. One is the absorption of heat by the additional
exhaust gasehat have been recirculated, and the other factor is the increased combustion duration caused by
the dilution of the fresh mixture and the higher specific heat capacity of EGRgadustion duration is
defined as the difference between MFB10 and MFE#), meaning the CA interval between the angular
positions h which 10% of the mixture has been burned and that when 90% has beenkigure.14 shows
how combustion duration increases with increasing EGR Bweeps irFigure2.14 (b) seem to present a
linear trend when compared to thosd-@fure2.14 (a) that clearly exhibit a parabolic trend. In fact, they are
both parabolic but the explored MFB50 rang€&igure2.14 (b) is much narrower than thatBigure2.14 (a),
making them look like linear fits rather than parabdlike slight difference in combustiaturation(inferior
than 0.5 CAbetweerthe @ases of no EGR and no WIkigure2.14 is generated becauambient conditions
were not exactly identical during both tdt is also to be noted that the increase in combustion duration
becomes more evident when considering high values of MFB50. This was verified not only on the engine point
shown inFigure2.14 but also on the rest of the explored operating conditions.
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Figure 2.14 - Combustion duration as a function of MFB50 for the different cases of EGR (a) and WI (b). Engine point shown
corresponds to 2400 rpm and 2.2 NL.

To identify how much EGR and WI increase combustion duration, a comparison is made between the
duration whenapplying a certain EGR ar and that of when none of these is used, that will be named

gCombustion Duration. Equatid.3) shows howggCombustion Duration is calculated.
w6 & G o (0B NED Qg O 0 '0pmm ;0 '0dm O "Op 1 R (2.3)

Using data fromFigure 2.14, @Combustion Duration curves are
procedur e i mpl SAmedqEGR durvésshown praviouslgp meaning that thg€ombustion
duration is calculated considieg a fixed value of MFB50 at each engine point and for each value of EGR and
r. Figure2.15shows a comparison between EGR and WI for the engine point of 2400 rpn2avid There
is a great similarity in the values Bigure2.12 andFigure2.15me ani ng t hat t he ®@SA i s
@Combustion Duration. Since the @®SA is the one ne
these two figures indicates that most of the increase in combustion duration occurs between the start of
combustion and MFB50, and not between MFB50 and MFB90. This could be explained by the fact that being
the initial stage of combustion the slowest (also that with the lowest tempd&at])ranixture dilution has a

greater impact on such stage.
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Figure2.15-pCombusti on Dur at i onrferte cased ofl HEGR and Wi (vehén ugeGReparmtely). This
represents the CA interval increase of MFBA®(with respect to no EGR nor WI), for a constant MFB50. Engine point shown
corresponds to 2400 rpm dr2.2 NL. EGR and WI are expressed as fractions.

Figure216( a) shows the correlation between @Combus
WI and for the same openag) condition ofFigure2.15. A linear trend clearly emerges in which the slope for
both solutions is very similar. This characteristic could be attributed to thé&diding a high load engine
point, temperature in the intake runner is high enough to cause most of the water to evaporate in the intake
runners and not inside the cylinder. When looking at lower load points for the same engine speed, such as the
one repoed inFigure2.16 (b), a slightly steeper slope was observed, possibly indicating that in such cases
more water was evaporating inside the cylinders (further contributing to EGT cooling) rather than itkéhe inta
runnerg17].
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Figure 2.16 - Correlation betweegCombustion Duration andEGT for engine point (a) 2400 rpm and 2.2 NL (b) 2400 rpm and 2
NL.
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2.4 Limitations of cooled LFEGR

In the previous paragraphs of this chapteme of the limitations of the EPGR system have been mentioned.

At high loads, a first limitation was identified by acknowledging that the volumetric flow and boost pressure
that he compressor must manage is increased proportionally with the increase in EGR ratio (asSablen in

2.1), leading to turbocharger speed issues and a performance cap given by turbocharger capabilities. A second
limitation, at low loads, is the fact that there might be not enough pressure défelbetween the gases after

the TWC and the intake duct before the compressor, to produce the recirculated mass flow needed to achieve

a desired EGR ratio.

Another factor that could impose a limit on the maximum EGR ratio is the incre@s&/aff IMEP.
This is dependent on both engine point and MFB50, but general trends have been confirmed for all engine
points.Figure2.17 shows a comparison between the CoV of IMERwatad while separately applying EGR
and WI, at 3000 rpm and 1.8 NL. For a constant MFB50 value of 20 CA aTDC, similar effects on CoV are
caused by EGR and WI, and the same happens when comparing values at an MFB50 of 25 CA aTDC. The
CoV increase when usinEGR or WI becomes more pronounced, with respect to the case of no EGR or no
WI, when considering higher values of MFB50. Given that the MFB50 is typically retarded with increasing
load (due to knock restrictions), this could impose a limitation on thénmian possible amount of EGR that
can be utilized. Every manufacturer imposes its own CoV limit but nevertheless these plots shoviEtABR: LP
is not more detrimental on combustion stability than WI, when the comparison considers ratios that produce
similar cooling effects. As commented in the case of the needed intake manifold pressure increase shown in

Table2.1, this increase in CoV IMEP could impose a consideratiothioredesign of engine components and

calibration.
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Figure2.17 - CoV of IMEP as a function of MFB50, for the values of EGR (a) and WI (b) ratios. The engine point corresponds to
3000 rpm and 1.8 NL.
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2.5 Synergyanalysis of combinedP-EGR and WiI

So far EGR and WI have been compared by analysing the effects they produce when used separately. At the
engine point of 3000 rpm and 1.8 NL, both technologies have been used simultaneously in search o a possibl

synergy. To do so, four SA sweeps were conducted by applying different combinations of EGR and WI ratios,

and finally verifying whether the results obtained for each SA sweep were indeed equal or not to the sum of
the observed effects of EGR and WI witested separately. The four SA sweeps were designed with the

following ratios of EGR and WI:

0.03 EGR and 0.3 .
0.03EGRand 0.4r.
0.09 EGR and 0.3 .
0.09 EGR and 0.4 .

P w DN PR

Three comparisons have been carried out, always considering the first caseias baselerence test.
The first comparison is between cases 2 and 1, in which only WI changes with an incrememt dhe.1
second comparison is between cases 3 and 1, in which there is only a 0.06 increment in EGR. And finally, a
third comparison wasvaluated between cases 4 and 1, with a 0.06 increase in EGR and.(Murmg all
these comparisons it is verified if the observed combustion speed and EGT decrease are equivalent to the sum

of those measured when testing EGR and WI separately, as shthwerprevious sections of this work.

Figure2.18andFigure2.20show the exprimental results for the four combinations of EGR and WI ratios,
highlighting each comparison.Figure 2.19 and Figure 2.21 show the effects of applying EGR and WiI
separately. From these four figures, it can éréfied whether the sum of the separate effects takenFigure
2.19 and Figure 2.21 are equal to those observed Rigure 2.18 and Figure 2.20. The results of these

comparisons are the following:

Comparison1: ASA_1=05CA < > ASAWI=0.6CA
Comparison 2: ASA 2=29CA < > ASAEGR=29CA
Comparison3: ASA_3=34CA < > ASAWI+EGR=3.56CA

Comparison 1: AEGT_1=5°C <& > AEGTWI=6°C
Comparison 2: AEGT 2=27°C < > AEGTEGR=28"°C
Comparison 3: AEGT _3=33°C < > AEGTWI+EGR=34°C
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Figure 2.18 - SA sweeps for the various cases when using EGR and WI simultaneously. The engine point corresponds to 3000 rpm
and 1.8 NL.
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Figure 2.19 - SA increase needed to achieve a constant MFB50, when using EGR aagarately (from previous tests). The
engine point corresponds to 3000 rpm and 1.8 NL.
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Figure2.20- EGT during the SA sweep for the four cases when using EGR and WI simultaneously. The enginegspiondsito

3000 rpm and 1.8 NL.
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Figure2.21 - EGT reduction at constant MFB50, when using EGR and WI separately (from previous analysis). Engine point shown
corresponds to 3000 rpm and 1.8 NL.

These resudt show that the sum of the individual effects of EGR and WI are equivalent to those
obtained when combining theand thusnot presenting any kind of synergy. Both in terms of combustion
phase delay and EGT reduction, the third comparison (combicesment of both WI and EGR) results to be
the sum of the first and second comparisons (separate increment of WI or EGR, respectively), aside from a

small difference that can be attributed to experimental errors and fitting of the curves shown inteach plo
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2.6  Production engine performance comparisontHE&R vs WI

As a result of the extensive experimental work carried out on betBGR and WI, the final objective of this

study was to take advantage of the engine fFagure 1.22 and the fact that it had both technologies, and
generate an engine calibration for each of these so as to extract the most performance out of the engine and
compare the results of EPGR and Win a close to production application. The criteria to generate the engine
calibrations for each case were based on the results of the previous experimental campaigns, being mostly a
knocklimited situation to determine the most anticipated SA value anB@&ielimit of 950°C to determine

the maximum admissible NL. To comply with the oncoming emissions regulations, EGRatiod were set
accordingly within feasiblen-boardapplication limits to comply with the previously described knock and

EGT limitations as well as allow fa= 1 operation when using EGR and WI.

The results of this activity were three different calibration sets: A first one, called traditional, which
corresponds to an engine calibration that does not use EGR or WI and uses theafragitimach of mixture
enrichment for combustion gas cooling, and two other calibrations, one for EGR and another one for WI, that
operate ab-= 1 while meeting the previously described critefiae selection of the and EGRvaluesused
by these calitationsis based omainlytwo criteria Thefirst criteria aimgo lower MFB50 as much as possible
while keeping knock level below an established threshloéseconctriteria is based onseries of industrial
application constrains for example not having excessive water consumgtignaranteeing a CoV of IMEP
that does not exceed a certain thresholte actual values afand EGRthat were usedamot be disclosed
because otonfidential reasondslhe following figures showtthe performance obtained from experimental
tests at WOT using these three calibrations. For confidential reasons, values of torque and BSFC have been

normalized with respect to the maximum value of the traditional approach.

Figure 2.22 shows how the traditional approachn achievehe highest performance in terms of
torque, followed by WI and then EGR. The reason for this is that the usage of rich mixtures allows for adequate
combustion gas cooling, but this is penalized by the greatly increased fuel consumption when compgared to th
other two calibrations, as shown fiigure 2.23. As explained in the previous paragraph, both the industrial
constraints that limit the maximumand EGR valugas wdl as the impossibility tancrease boost as much as
it would be necessary fally compensate the fresh air displacing eff@cevent these two calibrations from
reaching the performance of the traditional approAtlow engine speeds, boost cannotrieased as much
as necessary because turbine speed is not high enough to generate such boost. At high engine speeds, boo:
cannot be increased beyond a certain value betauseate such boost the turbine would have to operate
beyond itsmaximum allowd speed.WI gets closer than LEGR to the performance of the traditional
approach, mostly because, as sedfignre2.25, higher values of NL and thus higher amount of fresh air into
the cylinder are achieved with WI. The calibration with-EBR falls behind because of the forementioned
limitations of compressor volumetric flow and thus not being able to introduce as resbhair into the
cylinder as in the case of WI or the traditional approach. As showigure 1.25, achievable combustion
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phase for the cases of WI and-ElBR was sintar, still better than the traditional approach, confirming what
was stated on the conclusions of the previous chapter in which the advantage of these two technologies in
terms of fuel consumption reduction, and especially WI, relies on the fact thatevéxitichment is avoided

and not so greatly because of enhanced combustion phase.
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Figure 2.22 - Normalized torque for the three different calibrations.
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Figure 2.237 NormalizedBSFC for the three different calibrations.
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Figure 2.24 - MFB50 for the three different calibrations

Figure 2.25 - NL for the three different calibrations.
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