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ABSTRACT

Modern engines require precise control of variables to optimise drivability, power,
emissions and efficiency. Fuel deposits disrupt this balance by affecting components
such as fuel injectors, Exhaust Gas Recirculation (EGR) coolers, and intake valves. To
mitigate this, an understanding of conditions that promote deposits, their impact on
performance and prevention methods are essential. This study uses accelerated deposit
growth cycles to evaluate how fuel and additives as well as engine and fuel parameters
influence deposit growth, prevention, and removal on Gasoline Direct Injection (GDI)

injectors, GDI EGR coolers and Port Fuel Injection (PFl) intake valves.

An iterative method was established to create an effective accelerated GDI injector
deposit growth cycle, which alternated a sequence of high and low loads, with sequence
timing critical to deposit growth and additive effectiveness. Additives reduced injection
duration increase from 6.8 - 2.1 %, and to 1 % with a renewable fuel. Another method,
with an EGR cooler, showed that additives maintained exhaust Total Hydrocarbon (THC)
and soot levels, preventing EGR cooler deposits, decreasing pressure loss and intake
manifold temperature, with a predicted 1.2 % reduction in Brake Specific Fuel
Consumption (BSFC) compared to a base fuel. A deposit formation cycle on PFI intake
valves used an experimental rig with a novel design which can control parameters such
as valve and cylinder head temperature, air and fuel flow rates, and valve speed. 34.3
mg of deposits were generated in a 5 hr test whilst identifying a critical temperature of
210 °C for deposit formation, replicating real engine trends. This study provides a

detailed account of the rig’s design for future experimentation of a similar nature.



ACKNOWLEDGEMENTS

| would like to thank my main supervisor, Dr. Jose Martin Herreros, for his continuous
support, guidance, and dedication to ensuring | had the best opportunities throughout
my PhD. | also extend my gratitude to Prof. Athanasios Tsolakis, Dr. Soheil Zeraati Rezaei,
and Dr. Omid Doustdar for their assistance and commitment to fostering a supportive
research group. None of this would have been possible without the support of two
excellent technicians Jack Garrod and Kevan Charlesworth who's experience, expertise
and hard work was essential for the design and construction the experimental setup and
to my own personal development. | would also like to say a huge thank you to Mengda
Wu, George Brinklow and Nikhil Khedkar, for their fantastic efforts in assisting the

procurement, manufacture and running of experimental setups.

This PhD would also not have been possible without the support of my friends and family
who helped me to continue through some difficult times. I'd like to give a big thank you
to my amazing girlfriend Sashini Iddawela, who has been such a great supporter
throughout this journey. | am very grateful to my Aunt Sarah and Uncle Martyn as well
as my friends Diego Perez and Angharad Davies who gave me a home during the latter

stages of my PhD, without whom | would not have been able to complete my studies.

| too am incredibly grateful for my contacts in Spain, from Repsol and la Universidad de
Castilla la Mancha who gave me fantastic experiences and support. A huge thanks goes
to Fermin Oliva Mifiana, David Donoso Malagdn and Rafa Pitarch Berna from Repsol and
Luis Augusto from AVL for their work and collaboration throughout my study. Without

your hard work and expertise none of this would have been possible.



1.

2.

TABLE OF CONTENTS

INTRODUCTION ...ttt ettt ettt st s e e sne e e s e e nneesneens 1
0 = 7= ol =4 o 11 T PSRRI 1
1.2 RESEAICH FOCUS ...eoiniiiiiiiiietee et s 6

1.2.1 AiMS and ODbJECHIVES ... 7

1.2.2 NoVelty Of RESEAICH ...ccciiiiiieeeee e e e e 9
1.3 ThesSis OULIING ..eeiiiiee et s s 11

LITERATURE REVIEW ...ttt ettt ettt st sttt st e s 14
2.1 Gasoline Injection TEChNOIOGIES .......ccivviiiieieiiie e 14

2.0, 0 OVEIVIEW e s s s s s s s s s e s e s e s e se s e s e s e s e s e s e s e s e s e aesesnsenasasasanannns 14

2.1.2 Mechanism Of ACTION ....oiiiiiiiiieeee e s 15

D O 1 1=To o ] gl D LT 1= o TSRO 16

2. 0.4 GDI VS PRl sttt st be e s s 19
N [ oY [T o T ol ol oYU 1T o= SEUS 25

2.2. 1 OVEIVIEW ..oviiiiiiiiieieiitee ettt sttt e s s ba e e e s sra e s s nnnee s 25

2.2.2 Formation MechaniSms/ PrOCESSES .....uvvviieeeeiiiieiiiieeeeeeeeeeesieeeeeeesesesssnenees 26

2.2.3 Parameters Impacting Injector Deposits......cccceeeieiiiiiiiiiiii e, 26

2.2.4 The Impact of Fuel Deposits on Injection, Engine Performance and Emissions



B T R O LY =T oY1= YT 35

2.3.2 FOUIING MECRANISIM ...vviiiiciiiee ettt e e e aaeee s 35
2.3.3 Impact on Engine Performance.......ccccuueeeeiiiiee e 36
2.3, SUMIMAIY 1iiieieieieieieieresesesesesesssssesssssssssssssssesssssssssssssssssssssssssssssssssssssssssesssessssnes 39
2.4 INtake Valve DEPOSITS..cuiiii ittt e ettt e e e e e s serree e e e e e e e nnnneees 40
2.4. 1 OVEIVIEW ..oviiiiiiiiiiiiiiiiee ettt bbbt e s s ba e e s aba e e s s bneee s 40
2.4.2 Formation MechaniSms/ PrOCESSES .....uvuviiieieiiiiiiiiiiiieeeeesessiiiaeeeeesesesesassees 41
2.4.3 Parameters Impacting Intake Valve Deposition.......cccccccveeevvciieeeiiiieeeeesinenn. 44
2.4.4 Impact of Intake Valve Deposits on Engine Performance and Emissions...... 49
2.5 Deposit CoNtrol AdditiVES .......ueeiiecuiiiei et e e e s s aaee e 52
2.5.1 MECIANISIMS ettt ettt ettt e st e s ane e st esnaeesneeas 52
2.5.2 TYPES OFf AAAITIVES .eeeviieeieiitieeeee e e e et e e e e e e e naanr e 53
2.5.3 DCA N GDI ENGINES..uciiieieieieieiiieieieieiesese s s e s s e e s s e e s e s e s e s e s e s e s e s e s e s e s e s e s e s e s e s e e neas 54
2.5.4 ImpPact 0N EXNQUST....cccoiieeeeee e 55
PR TN D 17 N 1 I o o I o Fq 1 [T PR 56
2.5.6 Impact of Alcoholic Fuels on DCA Composition .......cccceeeeeeecciiiiieeeee e, 57
2.5.7 SUMMIAIY citiiiiieiii ettt eee e s s s e e et ettt e s s e e e e e e eatab e s e seeeeaasesbaaaseeeseennessnans 57
2.6 Accelerated Fouling Test Methods .......ccccvvvieeiiiieeiiiiireeeeee e e 58
2.6.1 OVEIVIEW ..oviiiiiiiiiiiiiiiic ittt a e 58
2.6.2 INJECLOT FOUIINE wevvviieiiieiieiitieeeee ettt e eese e e e e e e e et rareeeeeeseennsnnraes 58



2.6.3 EGR FOUIINEG w.eoiniiiieie ettt 64

2.6.4 Intake Valve FOUINNE ....cooiviiiiiieiiie ettt 65

3. METHODOLOGY ...ooiiiiiiiiiiesieesieesiee ettt st ettt see e st sse e st e s seesneesneesnseenneesaneens 70
3.1 Engine Setup and FaCilities. ...ccccuereeeiii e e 70

. 0t 00t I 1 0¥ =4 o T TP 70
T A VT I oo o Y=Y o TSR 72
3.1.3 Emissions and INStrumentation .......ccccceeviiiiiieiiieinee e, 74
3.1.4 Engine Instrumentation and Data AcQUISItioN ........ccceecvveeeriiieee e, 76
3.1.5 Fuel INJector ClEaNING......cccuueeeieciiie ettt e s e e e e saaeee s 78

3.2 Intake Valve Deposit Experimental Rig.....ccccoccveeeeriiiiei e 78
3.2.1 Proof of Concept TESTING.....uviiiiiiiiieceiiie et 78

4. GDIINJECTOR FUEL DEPOSITS.....otiiiiiiieeeeieesre et e 82
A1 INTFOAUCTION vttt sbe e snnee e 82
V0 Y/ =Y d o Yoo (o] Fo =4V 2SS 83

4.2.1 Development Procedure for Discovery of an Accelerated Injector Deposit

(oY gF- A To o I GV ol [ 83
4.2.2 ANalysis TECANIQUES .....uuuiiieieei e e e 90
4.3 RESUILS aNd DiSCUSSION ..uuviieiiiiiieiiiiiee et ee e ee et e et e e s s bee e e s saaa e e e e saaeee s 93

4.3.1 Development Procedure for Discovery of an Accelerated Injector Deposit

(oY gF- [ To) s I o LSRR 93

Vi



4.3.2 Effect of Fuel on Injector Deposits, Fuel Consumption and Emissions........ 113

A4 CONCIUSION ...ttt ettt e et e e e s eab e s nn e e snneesnneas 130
5. GDIENGINE EGR COOLER FOULING .....cccteiieitieniieeieenie ettt 133
5.1 INErOAUCTION . 133
LI V{11 d g T Yo Fo] o -V 2SR 134

5.2.1 Analysis of EGR Cooler Effectiveness and Impact on Engine Performance . 135

5.3 RESUIES @N0 DISCUSSIONS .uvieiiinieiiiiereeiiieeeeetteeeettaesesetsesssetsneseestsessestsnessssesnens 141

5.3.1 Impact of Fuel on Engine Operation Parameters and Carbonaceous Emissions

5.3.2 Impact of Fuel on EGR Cooler Performance ........cccccceeeeeeeccccineeeeeeee e, 146

5.3.3 Impact of Fuel-Derived EGR Deposits on EGR Cooler and Engine Performance

FOr VarioUs EGR SCENATIOS ...ccovvvvuieeieeieetiiiiieee e e eeeetetieeeseeeeeersaraesseseesresaransees 149

LS00 o ol [V Yo s TR 155

6. DEVELOPMENT OF AN EXPERIMENTAL METHOD TO INVESTIGATE FUEL DERIVED

DEPOSITS ON ENGINE INTAKE VALVES. ....cvvttiiiiiiieiiriieiereieiereieieresesesessseeesesesenenenenenennne 157
(O30 B ) oo 18 o1 o 1o WOV PR PSR 157
6.2 Design and ManUTACtUIE .....ccvvvieeieeieeccirreeeee et e e e e e e e enanrees 158

6.2.1 Product Design Specification.........cooccviiiieei i, 158

6.2.2 Design and Manufacture of the System to Modify Cylinder Head Temperature

Vii



6.2.3 Design and Manufacturing of the System to Modify Valve Temperature... 177

6.2.4 Design and Manufacturing of the System to Actuate Intake Valves ........... 188
6.2.5 Design and Manufacturing of the Fuel Injection System..........ccccccvveenneee. 199
6.2.6 Design and Manufacturing of the Air Intake and Extraction Systems.......... 202

6.3 Results and Discussion of Proof of Concept Testing........ccccceeevcvveeeiiciveeeecnnennn. 205
6.3.1 IMpact of TEMPEIAtUIE .......vveeeeiieee et 206
6.3.2 Distribution of DEPOSILS .....evviiiiieeiieiccieeee e 209
6.3.3 Control Variables ... e 217

6.4 CONCIUSIONS ...ttt ettt e s e e st e s st e s eabeessaneesnaneeeas 221
7. CONCLUSIONS AND FUTURE WORK.....cccuttiiiiiieniieieenie et siee et 222
7.1 CONCIUSIONS .ttt ettt ettt e st e st e e st e s eas e e s enneesnnneeeas 222
7.2 FUBUIE WOTK ..ottt s 225
8. LIST OF REFERENCES.......ccotteiteiieetteeieee ettt ettt et 228
9. APPENDICES ...ttt st ettt ettt st sae e et esae e et e e sae e e b e naees 247

viii



LIST OF FIGURES

Figure 1-1: Published Articles with a) Engine Fuel Deposits, b) GDI Injector Deposits, c)

EGR Cooler Fouling, d) Intake Valve Deposits in the title or abstract. .........cccceeeeiineennns 7
Figure 2-1: PFl and GDI injector 10cation (48). .....cccveeciieeiieeciee e 14
Figure 2-2: Types of stratified change (46)......ccceevieeevieeeiieeeeeeeee e 18
Figure 2-3: Mechanism of DDA (152). c.ueieiieeeiiieeiieeeieeeecteeeieeesvee e sveeesre e esaveeessaee e 53
Figure 3-1: a) Exhaust layout, b) Photographs of the exhaust layout.........ccccceeevveeennns 72
Figure 3-2: EMISSIONS PrODE. ....uiiiiiiiiei ittt st e e e e e s e e s eaeaeeeenns 76
Figure 3-3: Ohaus Pioneer scale being used to weigh a valve. .....ccccococeviviiieieinciieeenns 81
Figure 4-1: Flowchart of process used to develop accelerated fouling Cycle................ 85
Figure 4-2: Definition of Cycle Parameters. ........coooccieee i 86

Figure 4-3: Definition of Phases of injection duration change throughout a Sequence at

a) 1250 rpm 6 bar IMEP b) 1500 rpm 16 bar IMEP. .........ooeeeiiieeeeeeeeeeee e 92
Figure 4-4: SO0t emisSioNS CONTOUN MAP. . .uuiuiuiiiiiirrieiereiririrreiererrerrerrrmrrr——————————. 94
Figure 4-5: Photos taken after Cycle 7 a) no Additive, b) with Additive. .................... 105

Figure 4-6: Average increase in injection duration of all Sequences used in Cycles 4 and
6, averaged over a whole Cycle a) Initial Change, b) Post Start Change, c) Total Change.
Error bars represent 90 % confidence intervals. ......coeeeeeeeieeciiiieeeee e 109
Figure 4-7: Injection Duration Percentage Increase of Cycle 12 a) Evolution of Injection
Duration of both Setpoints combined, b) Percentage increase of Injection Duration, from

the start to the end, combined average of both Setpoints........ccccccveeeviicciiieeeeieciennnnns 115



Figure 4-8: Average increase in injection duration of both Setpoints of a Sequence and
their sum, averaged over a whole Cycle (including repeats) a) Cycle 7, b) Cycle 10, c)
Cycle 11, d) Cycle 12. Error bars represent 90 % confidence intervals........................ 117
Figure 4-9: Photos of the three injectors, clean, pre-test.......cccoccvevvcieeeiniiieeeenineenn, 125
Figure 4-10: Photos of external deposits and nozzle deposits from a) Gasoline Base Fuel,
b) Gasoline with Additive, c) Renewable Base, d) Renewable with Additive. ............. 125

Figure 4-11: Fuel consumption change throughout Cycle 12 (averaged across Setpoints).

...................................................................................................................................... 126
Figure 4-12: THC change throughout Cycle 12 (averaged across Setpoints). .............. 127
Figure 4-13: CO change throughout Cycle 12 (averaged across Setpoints).................. 127

Figure 4-14: Change in FSN at the end of the Cycle compared to the beginning. ....... 129
Figure 4-15: Evolution of soot at 1500 rpm 16 bar IMEP. .........cccceeeeiiiiiiieeeeeee e, 129
Figure 4-16: Soot Results (FSN) from the end of each Cycle with GPF. ....................... 130

Figure 5-1: Graph showing how speed and BMEP change for the first 2 Loops of the Cycle.

...................................................................................................................................... 134
Figure 5-2: Schematic showing the different scenarios used in analysis. .......c............ 137
Figure 5-3: Evolution of injection duration throughout test.........cccccceeveeiiiveeeeeieeennnnn, 142
Figure 5-4: Fuel mass fIOW Fate. .......oocoiiiiiieeiie et e e e 143
Figure 5-5: THC measured at EGR COOIEr OUL. .....cccuvvveiiiiieeieiiiieeeeeee e 144
Figure 5-6: Soot measured at ENZINE OUL. .......cooeieeiiiiieiiie et e e e e enans 145
Figure 5-7: EGR Cooler dP change with time.........ccccveiiiiiii e, 147
Figure 5-8: EGR Cooler Effectiveness change with time, all fuels. ..........cccovveeeeiinnis 148
Figure 6-1: Intake Valve Fuel Deposits Rig. ....ccoivecciiiiiiiee et e 160



Figure 6-2: Fuel injector 0CatioN.........cciviiiiiiiiiiiie e 161
Figure 6-3: Cylinder Head gasket plate design a) oil channels, b) gasket plate, c) 3D scan
AN CADD MOEL....ciiiiiiiiieieie et s e e e 164
Figure 6-4: EXTraction DOX.....cccuiiiiieiiiee ittt e e e saaee s 165
Figure 6-5: Heat Exchanger CADD a) 2D plates, b) Isometric view, c) Photograph with
INSUIRTION. 1.ttt e et e et e s ane e s sar e e seaeeesnnee e 167
Figure 6-6: Oil SyStemM deSIZN....cuiiiiiii i e e e e re e e e e e eaaes 170
Figure 6-7: PID electronics: Controller Box a) Internal wiring, b) User interface c)
Electrical SChematiC. ....ccuuiiiiiiiiee e 172
Figure 6-8: Valve heater and holder final design. ........cccoocieeeiciiee e, 178
Figure 6-9: Valve heater CADD model a) 3D scan, b) imported model of heaters and
holder, c) checking for collisions between holder and gasket plate, d) aligning upper
bracket with valves, €) Cross SECLION VIEW. .....eeviiiiiiiiiiiiiieeiee e 179
Figure 6-10: Cartridge heater bracket design a) jaws, b) upper bracket front view, c) base
plate, d) bolt holes and thermocouple placement, e) valve, f) valve attachment and
thermocouple, g) thermocouple bracket. .........oooocvrveeieiiiiiciice e 183
Figure 6-11: 3d print of Upper Bracket. .......eeeeeiieieciiiieeiee e 184
Figure 6-12: CNC machining process a) upper bracket on the clamping face of the pocket
NC after the underside had been cut, b) Pocket NC machine. .......c.ccccoevvnrreveenierinnnnns 185
Figure 6-13: Valve temperature controller box a) user interface, b) internal wiring c)
Electrical SChemMAtiC. ..coouiiiiiee e s 187

Figure 6-14: Camshaft control SyStem.........cooeviiiicciiiiiiiee e 189

Xi



Figure 6-15: Cylinder Head extension a) base and side plates, b) camshaft extension, c)

assembled extension (side), d) assembled extension. .........cccccceeeeeiiieeeeeciiee e e, 191
Figure 6-16: 2D design of Cylinder Head exXtension. .......c.cccceeeeviieeeeiniieeeescieee e 192
Figure 6-17: Drawing for seal to face plate adapter. .....ccccoveeiviiieiiiniiee e, 193
Figure 6-18: Camshaft @XteNSION.......uiiiiiiiiieecee e e 194
FIUIE 6-19: ValIVE COVEN. .uuiiiiiiiii ittt ettt et e e e s saaae e e s sabae e e e snaeee s 196
Figure 6-20: 3d Print deSISN. ...uueieeiiie i e e e e e et e e e e e s enanes 196
Figure 6-21: Camshaft lubrication SyStem.........ooccciiiiiiiii e 198
Figure 6-22: Fuel injection SYStEML.......ccuiiiiiiiee et re e e e 200
Figure 6-23: Fuel rail adapter a) full assembly, b) adapter, c) fuel rail inlet. ............... 201
Figure 6-24: Intake Qir diagram. .......cocoiiiiiieiee e e re e e e 203

Figure 6-25: Intake plate a) pipe connections and thermocouple placement, b) fittings to
(oY o [T G o} = | =N Lo ] o <SP 204
Figure 6-26: Extraction pipe and fittings. .....eeeeiieieciiiieiiee e 205
Figure 6-27: Impact of Valve Temperature on IVD mass: a) All results, b) Sum of valve

mass against mean temperature (deposit mass is measured immediately after the tests

and normalised against dUration). ........coooiceiiiieeeee e 208
Figure 6-28: 170 OC StatiC teSt IMaZES. uevvvieereeitecetee et e ceeeetee e eereeeteeereeereesaeeenreea 214
Figure 6-29: 210 OC StatiC teSt IMaEES. uevvuiierieieeietieeteectee et eteeereeeteeereeeteesaeeenreeas 214
Figure 6-30: 250 OC StatiC tEST IMaEES. uevvvieerieiieictie et eereeete et eteesreeeteeebeeeteesaeeenreeas 214
Figure 6-31: 330 OC StatiC tESt IMaEES. ueevvierreeereiereeere e e ettt eteeeereeereeereeeaeeereens 215
Figure 6-32: 370 OC StatiC tESt IMaEES. ueevveirreeereeereeereecteeeteeetee et ereeeereeereeereesareereens 215
Figure 6-33: 270 °C 9 hr dynamic test images (Valve 1). ...cccccoveeeeeeeecreeeeeereeeveenens 215

Xii



Figure 6-34: 290°C 9 hr dynamic test images (Valve 2). .....cccccveveeevececieceeceeeeeee 216

Figure 6-35: 250°C 2 hr dynamic test images (Valve 2). .....ccccceevveevececieceeceeieeee 216
Figure 6-36: 230 °C 2 hr dynamic test images (Valve 1). .c..cccccveveeeeeieccieceeceeeeeee 216
Figure 6-37: Control of temperatures a) Valve, b) Cylinder Head..........cccceevvveernnenns 219

Xiii



LIST OF TABLES

Table 2-1: Summary of standard valve deposition tests (138). .......ccccceeeviiieeeieiiieeenne 66
Table 3-1: Engine specCifications. ........ocoviiiie e 70

Table 3-2: Fuel properties (* approximate value for confidentiality, ** range of values

used for confidentiality). .....ccveeciie e e e e 73
Table 3-3: Emissions measurement equipment aCCUraCy.....cccovvuveeeerireeeeesiureeeesneneeeenns 75
Table 3-4: IVD proof of concept test conditions. ........cceeveuiiiiiiiiiie e 80

Table 4-1: Variables that were adjusted throughout accelerated fouling Cycle
(o LAVZ<] [T 0T 1T o T o Tol X1 SRS 86
Table 4-2: Summary of stability (1 hr) test results. The shade of red indicates how high a

value is comapred to the average. Setpoints in yellow were chosen for the next section.

Table 4-3: Summary of short Cycle test results (* first 9h continuously at 1500 rpm 16

bar IMEP, followed by cycling between 1500 rpm 16 bar IMEP (60 min) and 4000 rpm

7DAr IMEP (30 MIN). ciitttiiiiee ettt e et e s s e e e eeaabbrrereeeeeessssbbaereeeeees 100
Table 4-4: SOI at high 10ad SEtPOINtS. ......vviieieii i 103
Table 4-5: Adaptive testing with additive cycle results........ccccovvieeeeeiieiccciiiieeeeeeeees 105
Table 5-1: Engine operating SEPOINtS. .....ueeeiiii it e e e 134

Table 5-2: The impact of fuel, scenario and Setpoint on predicted intake manifold
temperature and the predicted impact on BSFC and MFB50. ......cccccoovvviiiniveeeeeeeeennnnns 150
Table 5-3: The impact of increased EGR Cooler dP due to fouling in the context of the
total dP found across 3 typical EGR SETUPS. ......cooveurrrerieeeeeieiiirreeeeeeeeeseinrreeeeeeeeeeanns 154

Table 6-1: System to modify Cylinder Head temperature: Specification..................... 162

Xiv



Table 6-2: PID Calculations SYMDBOIS.......ccuuieiiiiiiiiieriiee et 176

Table 6-3: System to modify valve temperature specification. .........ccccceevviiveeeeninnenn. 177
Table 6-4: System to actuate valve specification. ........cccecvieeiiiiiiie i, 188
Table 6-5: Fuel injection system specification. ........cccccevvciiieiiiiieee e, 199
Table 6-6: Air intake and extraction systems specifications. ........ccccoecveeiiriiieeiininennn. 202

XV



LIST OF ABBREVIATIONS

AT, yrp - Log Mean Temperature Difference

hg - Forced Heat Transfer Coefficient of Gas

P;,, - compressor in Pressure

P, - compressor out Pressure

Rionv,g - thermal resistance due to the forced convective heat transfer for the coolant
R conv,c - thermal resistance due to the forced convective heat transfer for the gas
Ry - Thermal resistance due to fouling

R,, - Thermal resistance of wall

Ty - bulk gas Temperature

T, - Compressor in Temperature

T,.t - Compressor out Temperature

T, - wall Temperature

kg - Thermal Conductivity of Gas

m - Gas Mass Flow Rate

1. - Compression ratio

n; - Indicated Efficiency

Ncomp - Adiabatic Compressor Efficiency

A - cooling surface Area

AIGN — Angle of Ignition

aTDC - after Top Dead Centre

BMEP - Brake Mean Effective Pressure

XVi



BSFC- Brake Specific Fuel Consumption
bTDC - before Top Dead Centre

CAD - Crank Angle Degree

CADD - Computer Aided Design Drafting
CCD — Combustion Chamber Deposits
CNC — Computer Numerical Control

CO - Carbon Monoxide

CO: — Carbon Dioxide

Cp - Specific heat capacity, constant pressure
Cs - Local soot concentration

d - Pipe Diameter

DCA — Deposit Control Additive

DDA — Deposit Dispersant Additive

DI — Direct Injection

dP - Pressure Difference

E100 - Evaporated Fuel 100 °C

E150 - Evaporated Fuel 150 °C

E70 - Evaporated Fuel 70 °C

ECU — Engine Control Unit

EDA — Exploratory Data Analysis

EGR - Exhaust Gas Recirculation

EGR% - EGR percentage of intake by mass

FSN — Filter Smoke Number

XVii



GDI - Gasoline Direct Injection

GDPI — Gasoline Direct/Port Injection
GPF - Gasoline Particulate Filter

H - Enthalpy

HC - Hydrocarbons

HP - High Pressure

ICE — Internal Combustion Engine
IMEP - Indicated Mean Effective Pressure
IVD — Intake Valve Deposits

K1 - Cooler shape coefficient 1

K> - Cooler shape coefficient 2

K4- Thermal conductivity of soot

K - Thermophoretic coefficient

L - Hydraulic Length

LED — Light Emitting Diode

LOESS - Locally Estimated Scatterplot Smoothing
LP - Low Pressure

MFB50 - 50% of Mass Fraction Burned
NA — Not Applicable

NO — Nitric Oxide

NO; — Nitrogen Dioxide

NOx — Nitrogen Oxides

Nu - Nusselt Number

XViii



OLED - Organic Light Emitting Diode
PDS — Product Design Specification

PFI — Port Fuel Injection

PID — Proportional — Integral - Derivative

PM - Particulate Mass

Pr - Prandtl Number

PWM - Pulse Width Modulation

Q - Heat Transfer

Re - Reynolds number

SOF - Soluble Organic Fraction

SOl — Start of Injection

SPI — Serial Peripheral Interface

SSR — Solid State Relay

St - Stanton Number

T - Temperature

THC - Total Hydrocarbons

To - EGR inlet temperature

T90 — 90% distillation temperature
Tc1 - Temperature of cold fluid, inlet
Tc2 - temperature of cold fluid, outlet
Th1 - Temperature of hot fluid, inlet
Th2 - Temperature of hot fluid, outlet

THC — Total HydroCarbons

XiX



TWC - Three Way Catalyst

u - Fluid velocity

U - Local overall heat transfer coefficient
v - Volume

y - Ratio of Specific Heats

XX



1. INTRODUCTION

1.1 Background

Climate change and pollution are urgent global challenges that necessitate significant
advancements in vehicle manufacturing, particularly with regards to efficiency and
emissions. The transportation sector accounts for approximately 15 % of total
greenhouse gas emissions predominantly from road vehicles (1). Additionally, urban air
quality has deteriorated due to pollutants such as NOx and PM, largely emitted by
conventional ICE vehicles using fossil fuels (2). Consequently, regulatory bodies
worldwide have implemented stringent emissions standards and fuel efficiency
requirements, compelling manufacturers to innovate and adopt cleaner technologies.
These advancements have led to significant improvements in ICE technologies, such as
turbocharged engines (3), direct fuel injection (4) and advanced exhaust after-treatment
systems (5). These innovations aim to enhance fuel efficiency, reduce emissions, and
meet the evolving demands of an environmentally conscious consumer base while

utilising the existing infrastructure for ICE vehicles (6).

One of these improvements is the GDI engine, which has improved the fuel efficiency
and performance of gasoline ICE by injecting fuel directly into the combustion chamber,
allowing for more precise control over the air-fuel mixture and combustion process. This
technology enhances thermal efficiency and power output while reducing fuel
consumption compared to its predecessor the PFl engine. However, GDI engines face

challenges with PM emissions. Despite the advancements in GDI technology, PFl engines



remain relevant due to their lower emissions of CO, HC, and PM, reduced frictional

losses, and lower costs (7) (8).

Fuel deposits present a significant issue for the efficiency and longevity of ICE in both
PFI and GDI configurations. These deposits accumulate on critical engine components
such as fuel injectors and intake valves in PFl engines, adversely affecting engine
performance, fuel economy, and emissions (9) (10) (11). In GDI engines the exposure of
the injector to the combustion chamber can result in deposits forming inside the
injectors. This process occurs when fuel evaporates within the nozzle, leaving behind
residual substances. It is primarily caused by the high-temperature environment in
which GDI engines operate. As fuel evaporates inside the injector, it leaves behind
carbonaceous deposits through mechanisms such as auto-oxidation and pyrolysis (12).
These deposits obstruct the injector nozzle, leading to distorted fuel spray patterns and
delayed injection timings, leading to poor combustion that results in reduced fuel
efficiency and increased PM emissions (13). Furthermore, delayed injection timing can
cause misfires and increased emissions of unburned HC and CO (14). The accumulation
of deposits also leads to higher injector tip temperatures, further exacerbating the
problem by creating a self-reinforcing cycle of deposit formation (15). This cycle of
inefficiency and increased emissions underscores the importance of maintaining clean
injectors by utilising technologies such as fuel additives for optimal engine performance
and compliance with emission standards (16). Addressing these issues is crucial for

optimising the environmental and operational benefits of GDI technology.



Another component that is impacted by deposits is the EGR Cooler. Deposits here cause
fouling which occurs due to the high-temperature gradient between the exhaust gas and
the Cooler walls, causing soot particles to be driven towards the wall through
thermophoresis. This is particularly pronounced in engines with high soot and
hydrocarbon emissions, as seen in GDI engines, especially those with high amounts of
injector deposits (17) (18). The soot accumulates on the Cooler walls, reducing its
effectiveness and increasing the pressure drop across the system. This deposition can
reach an equilibrium where the rate of soot deposit formation equals the rate of
removal, influenced by factors such as transient engine behaviour, soot concentration,
and EGR inlet temperature (19) (20). Additionally, hydrocarbon condensation affects the
soot packing structure and removal mechanisms, further complicating the fouling

process (20).

The consequences of EGR Cooler fouling include a reduced EGR rate and increased EGR
outlet temperatures and hence intake manifold temperatures, impacting engine
efficiency and emissions. A lower EGR rate diminishes the system's ability to lower
combustion temperatures, increasing the knock propensity and reducing the engine's
efficiency (21). Increased EGR outlet temperatures due to fouling can also increase
combustion temperatures, sometimes to the point where the hot EGR can increase
knock propensity more than the inert nature of EGR is capable of reducing it (22). This
can lead to higher PM and NOyx emissions due to less effective temperature control in
the combustion chamber (23). Ultimately, the increased intake temperatures and

reduced EGR efficiency result in higher emissions and lower overall engine performance,



highlighting the need for effective management of EGR Cooler fouling to maintain

engine efficiency and meet emission regulations (24).

Deposit problems are not limited to GDI engines, as PFl engines encounter similar issues.
In particular, these engines exhibit increased susceptibility to IVD, which can negatively
impact engine performance and lead to engine malfunction (25) (26). IVD in PFl engines
form primarily due to the evaporation of fuel that leaves behind heavy fractions of
hydrocarbons (27). Near constant contact between the fuel and the intake valve in PFI
engines leads to the accumulation of these deposits. This process is influenced by valve
temperature and boiling points of the fuel components. IVD contribute to poor cold
start performance due to impaired combustion and reduced valve temperature, which
can affect the valve's operation and engine efficiency (28). The deposits can also result
in increased frictional losses and a higher likelihood of engine knock, further

compromising the engine's performance (29).

Fuels and their additives play a crucial role in the formation of deposits on all engine
components. Components such as olefins, sulphur and heavy aromatics, can lead to
increased deposits due to their tendency to remain on surfaces (30) (10). Alcohol
content in fuels, particularly ethanol and methanol, has also been found to increase IVD
significantly (31) (32). The relationship between the evaporation points of fuel
components and the operating temperatures of intake valves and injectors has been
demonstrated to have a significant impact on intake valve and injector deposit

formation (30) (12).



Additives such as detergents can be employed to reduce deposit formation. These
additives, which typically consist of long-chain hydrocarbons with polar head groups,
attach to metal surfaces, preventing deposit formation and dispersing deposit
precursors (12). They also clean existing deposits by bonding to them and removing
them, and have been found to effectively clean dirty injectors to near original
performance (33) (16). Effective additives can reduce the mass of deposits to negligible
amounts at optimal dosages and operating temperatures, though they may become
unstable at higher temperatures (34) (35). Therefore, the appropriate selection and
dosing of fuel additives are critical in minimising IVD and maintaining engine

performance.

It can take years for deposits to form in regular engine conditions. Therefore, the long-
term fouling process needs to be accelerated under controlled conditions in order to
observe the performance of fuels and additives. Developing accelerated testing
methods for fuel additives is essential to reduce test time, costs, and fuel usage, making
the research process more efficient (35). These methods allow manufacturers to rapidly
evaluate the effectiveness of additives in preventing and cleaning deposits, as traditional
testing over the lifetime of a vehicle is impractically time consuming and expensive (36).
Physical simulations can replicate years of deposit buildup in a short time, whilst
significantly reducing the resources needed (37) (38). These tests demonstrate the
possibility of testing without running a full engine, which can allow for more control of
isolated variables and precise control of conditions (38). This approach provides a
controlled environment to test the efficiency of additives under specific, repeatable

conditions, in addition to enhancing understanding of the deposition processes (39).



1.2 Research Focus

Research on engine deposits has been increasing (Figure 1-1a), especially since the early
2000s with the rising popularity of GDI engines (currently representing 73 % of new
vehicles in the US and an ever-increasing global market share (40) (41)). Since the early
2000s legislative bodies worldwide have introduced low emissions zones in major cities,
which continue to increase in number as well as enforcing strict efficiency criteria on
manufacturers (42). To reach efficiency standards, GDI engines are a popular choice, but
with much emphasis being put on PM emissions in low emissions zones the importance
of studying technologies that are impacted by PM emissions and deposits such as GDI

injector deposits and EGR Cooler Fouling has increased (Figure 1-1b,c).

This study builds upon the current understanding of this field to equip future researchers
with knowledge to develop fuels and additives that can combat this ever increasing
problem. Although GDI engines are being developed at a higher rate than its
counterpart, PFl engines are still popular due to their relatively low cost and simplicity.
Therefore, it is important to represent PFl deposits in this study. IVD have been studied
for decades and are well understood (Figure 1-1d), therefore this study focuses more on

improving the efficiency of methods used to test for IVD when developing fuels.
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Figure 1-1: Published Articles with a) Engine Fuel Deposits, b) GDI Injector Deposits, c) EGR Cooler

Fouling, d) Intake Valve Deposits in the title or abstract.

1.2.1 Aims and Objectives

Aim 1:
The key aims of the research are to examine the factors that influence formation of fuel
deposits on critical engine components, including fuel injectors, EGR Coolers, and intake

valves, in both GDI and PFl engines.

Aim 2:
To gain insight into the influence of fuel composition and additives as well as various
engine parameters (e.g. temperature, mass flow rates, and fuel properties) on the

formation of these deposits.

Aim 3:
Investigate various methods for simulating the real-world, long-term formation of these

deposits in an accelerated manner, with the aim of improving fuel and additive



development for cleaner, more efficient engines. The creation of these accelerated
deposit growth cycles is documented in this study with the aim of providing a framework
for future researchers to follow, thus reducing the time required to create accelerated

cycles and thus saving on fuel consumption and costs.

To achieve these aims, the research is divided into the following objectives:

Objective 1:

Investigate the impact of different fuels and additives on the formation of GDI injector
deposits and how they impact the function of the fuel injector and thus understanding
the impact on engine performance and emissions. To do that, the development and
assessment of an accelerated fouling procedure that can both generate GDI injector
deposits rapidly and allow for the function of fuels and additives to be analysed has been
pursued. To create the procedure the impact of various testing techniques and engine
parameters on the formation of GDI injector deposits were detailed to create a

framework for the process.

Objective 2:

Study the impacts of different exhaust conditions on deposit formation in the EGR
Cooler, and the subsequent effect the deposits have on its own functioning.
Furthermore, the study will relate the impact of GDI Injector deposits to EGR Cooler
fouling and predicted effect of EGR Cooler fouling on engine performance. An
accelerated method to quickly generate EGR Cooler deposits has been developed,
allowing for the long-term impacts of using different fuel additives to be seen in a short

amount of time.



Objective 3:

Design, manufacture and evaluate an experimental rig and methodology that can
emulate the formation process of fuel-derived deposits on intake valves in an ICE across
a range of conditions. The system should allow different elements to be controlled
independently (e.g. valve temperature, intake air temperature, fuel injection
parameters, valve actuation) to study the impacts of various parameters on intake valve
properties and deposit formation. The system and method should create sufficient
deposits to allow the impacts of fuels and additives to be seen in a cost effective and

timely manner.

1.2.2 Novelty of Research

This study presents several innovative aspects, particularly its focus on the methodology
for creating fuel-derived deposits and their effects on various engine parameters
including engine performance and emissions. This approach allows future researchers
to understand the strengths and limitations of the techniques described, offering a
thorough account of the development strategies employed in accelerated fouling

procedures for both operational engines and physical simulations.

The Injector Deposits chapter presents several original elements, including a
comprehensive account of the methodology employed in the development of an
accelerated injector deposit growth cycle. This cycle is capable of generating GDl injector
deposits and evaluating the efficacy of an additive. Section 4.2 provides a detailed
description of the testing techniques, along with the analytical techniques used at each

stage of the cycle development. Much research has been conducted on the results from



accelerated deposit growth cycles but documenting the process of creating them is
novel and can assist future researchers with the arduous task of developing new cycles.
The increase in injection duration throughout various phases and transition points over
multiple engine conditions is analysed for the first time. This analysis technique allows
the assessment of the influence of different parameters on the formation of injector
deposits throughout different phases of a cycle, thereby facilitating the rapid
development of the accelerated fouling procedure. Once developed, this analysis
technique enables the behaviour of how GDI injector deposits are formed and removed

with different fuels and additives to be investigated.

The novelty in the EGR Cooler section lies in the contextualisation of the results and by
directly comparing how different additives impact EGR Cooler Fouling. Multiple studies
have independently assessed how fuel additives can impact engine exhaust composition
and how EGR Cooler fouling is generated, but none have done these two things in the
same experiment. Another novelty is that this study contextualises the effect of the
additives on EGR Cooler fouling on overall engine performance, by calculating the
predicted impact of the fouling on engine intake manifold temperature and EGR
pressure drop. Furthermore, these predictions help assess the trade-off between the
costs (out of the scope of this thesis) and energy expended in additive development and

the potential impacts on engine performance.

The PFI IVD experimental rig is an innovative design that, enables the simultaneous and
independent operation of various parameters: valve temperature, cylinder head

temperature, valve actuation speed, fuel injection parameters (pressure, pulse width,
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injection frequency), and intake air parameters (temperature, pressure, and flow rate)
in an authentic ICE cylinder head. Additionally, the detailed description of the design
and manufacturing process aims to facilitate the replication of similar constructions in
future studies, addressing the issues identified in this study and allowing for improved

experimental rigs to be built in less time and at less cost.

1.3 Thesis Outline

Chapter 1: Introduction

The introduction aims to provide an overview of the work carried out and to give it
context within the current state of research. The focus, aim and objectives of the thesis

are also established along with the novelty of the research.

Chapter 2: Literature Review

This chapter provides relevant background knowledge allowing the reader to
understand the research itself, why it is important and to give it context with respect to

other relevant work. It also aims to identify a gap in the current literature.

Chapter 3: Methodology

The experimental setup and specifics of the utilised equipment are covered in this
section. In-depth explanations of experimental techniques specific to a certain section

are covered in their corresponding chapters.
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Chapter 4: GDI Injector Fuel Deposits

This section starts by describing the process taken to develop a test cycle designed to
accelerate the formation of GDI fuel injector deposits in its own methodology section.
The section: Development Procedure for Discovery of an Accelerated Injector Deposit
Formation Cycle then proceeds to explain and discuss the results from the various
sections of the Development Procedure. Analysis is carried out using these results to
explain how engine and cycle parameters were changed in real-time based off of the
results. This analysis is then continued after the whole Development Procedure has been
explained in order to discuss the final impacts of various engine and cycle parameters
both on how the Cycle generated Injector deposits and how the Cycle allowed a Fuel
Additive to perform. The chapter then explores the potential mechanisms underlying
the different behaviours of the deposits when using a standard Gasoline fuel and a
Renewable fuel along with additives, and their influence on deposit growth.
Additionally, it examines the impact of injector deposits on injector performance and
the consequent effects on overall engine performance and emissions. The experimental

results of this chapter address Objective 1.

Chapter 5: GDI Engine EGR Cooler Fouling

This chapter builds on Chapter 4 by investigating the impacts of how injector deposits
can impact the exhaust makeup and how this in-turn impacts the EGR Cooler, located
downstream of the cylinder. The EGR Cooler experiences fouling, and to investigate the
impact of this another accelerated fouling method was developed. Analysis was

conducted on the results of the accelerated fouling procedures to observe the impacts
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of soot on EGR Cooler performance and predictions were made using similar
experiments from literature to estimate the potential impacts of this on engine
performance. The results of this analysis were done with a Reference Fuel and fuel
additives to compare the difference, and to allow the potential of fuel additives on EGR
Cooler fouling and engine performance to be judged. The experimental results of this

chapter address Objective 2.

Chapter 6: Development of an Experimental Method to Investigate Fuel Derived Deposits

on Engine Intake Valves

This chapter details the design and manufacture process of an experimental method
built to simulate intake valve fuel deposition. The final design and manufacturing
decisions are broken down for the overall product and its subsystems. The results of a
proof of concept test are then discussed to show how the experimental rig allowed for
the variation of multiple variables that were predicted to impact IVD, and how well this
simulates real deposits found in an engine. The final product described in this chapter

addresses Objective 3.

Chapter 7: Conclusions and Future Work

The main conclusions of the study are outlined and compiled in this chapter. Based on
the findings, recommendations are also given, and future directions for the work are

also covered.
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2. LITERATURE REVIEW

2.1 Gasoline Injection Technologies

2.1.1 Overview

PFlis a method whereby fuel is injected within the intake system before the combustion
cylinder, in comparison to GDI where the fuel is delivered directly into the combustion
cylinder. PFl was first introduced in the 1980s to improve upon carburettor technology
(43). GDI has been increasing in popularity since the 1990s to help engine manufacturers
reduce fuel consumption in an effort to meet emissions regulations (44) (45) (46) and by
2018 over 50 % of new light duty vehicles in the US were powered by GDI engines (40).
However PFl injection engines are still popular worldwide as they are simpler, easier to
maintain (43), and more resistant to low quality fuels (7) thereby making them popular
in cost sensitive markets (47). Hybrids between GDI and PFI (GDPI) which have multiple
injectors and inject fuel in both the port and cylinder in varying quantities are increasing
in popularity, with most manufacturers using either GDI or GDPI in over 80 % of their

new vehicles as of 2023 (40).

Injector
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Figure 2-1: PFl and GDI injector location (48).
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2.1.2 Mechanism of Action

The requirements of most fuel injection systems are to control the air-fuel ratio as
efficiently as possible whilst limiting harmful emissions (49). The ECU is used to control
the fuel injection system. At any given engine condition, the ECU will have a pre-
programmed air-fuel ratio which it will try to achieve based on engine speed, accelerator
pedal position and ambient conditions. This pre-programmed air-fuel ratio depends on
many variables according to the purpose of the engine, but its general purpose is to
generate sufficient power whilst maintaining efficiency, reducing harmful emissions,
protecting the engine or to help auxiliary engine components to function efficiently. The
ECU receives signals from various sensors in the air intake system to predict the air mass
flow rate at any given point. This includes mass air flow, pressure, temperature and
position of various intake components such as the compressor, throttle and intake valve
variable valve timing. All these inputs allow the ECU to build an accurate prediction of
the air mass flow rate and how it is likely to change in the following cycle. Consequently,
this allows the ECU to calculate the required fuel mass flow rate to achieve the desired

air-fuel ratio.

In GDI, the fuel is pumped from the fuel tank at low pressure, routed through a high-
pressure pump and a regulator to keep a stable pressure in the fuel rail. For PFl systems
the fuel rail is regulated to a lower pressure. In both systems the fuel injection is
controlled by the amount of time the injector is open and the rail pressure. The ECU
correlates injector open time and fuel pressure to generate fuel mass flow rate. This is

achieved by sending a very short digital signal which activates an armature in the
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injector, lifting the needle and allowing fuel to flow through. A high initial current is used
to rapidly open a needle but any small delays in the opening and closing times are taken
into account in the calibration of the control logic. In GDI systems the fuel then enters
the cylinder at high pressure, which is necessary to atomise the fuel ready for
combustion (50), whereas the fuel enters the intake port and is directed towards the

back of intake valve in PFl systems (51).

The ECU is only predicting the fuel flow that will enter the cylinder using calibration data
which can deviate from the real-world flow rate. A feedback loop has been installed to
account for this, and functions by placing an oxygen sensor in the exhaust which sends
a signal to the ECU (52). This allows the ECU to self-correct to obtain the desired air-fuel
ratio. However, this loop can only compensate for a certain tolerance of error in the
predicted fuel flow rate by adjusting fuel trim. Engine operation can be significantly

hindered if the predicted error is too large (36).

2.1.3 Injector Design

2.1.3.1 GDI

Homogenous

The two primary types of combustion in a GDI engine are homogenous and stratified,
which have distinct injector designs. Homogeneous operation aims to achieve an evenly
spread homogenous mix of air and fuel throughout the cylinder in time for the
combustion event. This is achieved by injection in the intake stroke to give the fuel
sufficient time to mix with the air (49) (53). To further assist mixing a high fuel pressure

of between 5-15 MPa is used with a multi-hole injector normally utilising a wide spray
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angle to increase air entrainment and decrease droplet sizes, which in turn aids fuel

atomisation and vaporisation, thereby promoting good combustion (49).

Stratified

Stratified injection aims to create a combustible cloud of fuel and air around the spark
plug to initiate flame growth, while the rest of the cylinder is diluted and lean. This is
achieved through precise late injection in the compression stroke (49). Location of the
injector, nozzle design, fuel pressure, airflow and piston design work in tandem to
achieve the desired fuel-air mixture around the spark plug. This is achieved in three main
ways: spray guided, air guided and wall guided (Figure 2-2). Spray guided injection is
when the injector is placed close to the spark plug. The fluid characteristics of the spray
guide the fuel towards the spark plug, as it is sprayed on directly (46) (50). Air guided
systems use the dynamics of airflow to carry the fuel to spark plug (46) (50) and often
have the injector placed further away from the spark plug (49). Similarly, wall guided
systems have the fuel injector placed further away (49) ,using the geometry of the piston
to guide the fuel to its destination (46) (50). Normally a combination of one or two of
these systems are used, along with a specifically designed injector nozzle to fit with the
mixing approach (49). Injectors utilising nozzles with multiple small orifices at their tip,
known as multi-hole injectors are often favoured because they create a fine atomised
mist of fuel leading to more stable fuel spray patterns with respect to in-cylinder

conditions and cyclic variations and due to their improved customisability (54).
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Figure 2-2: Types of stratified change (46).

2.1.3.2 PFI

PFI operation facilitates more homogeneous fuel distribution compared to GDI, as the
fuel has more time to mix with air. PFl systems have improved upon single point injection
by employing a dedicated injector for each cylinder. A critical design aspect is the
location of each injector. The simplest design places the injector outside the cylinder
head, aiming it at the intake port, while more advanced designs position the injector
within the cylinder head (55). The objective is to direct fuel towards the hot surface of
the intake valves. The intake valve, heated from combustion, facilitates rapid
evaporation of the fuel droplets (25). This process is essential for ensuring effective
vaporisation of the fuel, allowing for uniform mixture with the incoming air, thereby

promoting efficient combustion.

Positioning the injector near the intake valve ensures that a portion of the injected fuel

collides with the hot intake port and valve surfaces, forming a liquid film on these
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surfaces (56). However, the liquid film can have negative implications such as pooling
and puddling if the surface is too cold and does not allow for fast evaporation. This can
significantly affect combustion behaviour (57) and is best avoided through optimised
injection timing and fuel spray characteristics, allowing for the optimum air-fuel mixture
formation process (51). Research indicates that directing the fuel spray towards the
intake valves leads to improved, in-cylinder fuel distribution, which is crucial for
optimising combustion efficiency and minimising emissions in spark ignition engines

(58).

2.1.4 GDI vs PFI

2.1.4.1 Fuel Efficiency

Increased fuel efficiency is one of the key advantages of GDI compared to PFI (59) (60),
with reported estimates of improvement of up to 15 % (7). Gains have been attributed
to reduced pumping losses, improved mixture thermodynamic properties, increased
compression ratio and reduced heat transfer. Conversely GDI was found to show

reduced combustion efficiency and increased frictional losses compared to PFI.

Pumping Losses

Alkidas et al (7) tested at 7 setpoints split across near idle conditions, low load and
medium load. The near idle and low load conditions both use stratified injection and
medium load used homogenous injection. Fuel savings due to reduced pumping losses
were largely due to stratification at lower loads reaching as much as a 26 % increase in
efficiency compared to PFl. This is because the diluted charge allows for a low load to

be achieved without the need for much throttling (53). The perceived benefit diminishes
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to about 2-3 % as the load increases and a homogenous charge is used. The remaining
increase is likely due to reduced throttling due to EGR being used in the GDI engine and
not the PFl. The impact of EGR on pumping losses will be discussed later, in more detail,
in the EGR section. Minimal EGR was used in the PFl engine possibly because it would

have deteriorated the combustion.

Evaporative Cooling

The evaporative cooling generated by the injected fuel is greater in GDI compared to
PFl, due to direct injection into the cylinder (61). This is because the majority of the
evaporative cooling is done on the intake valve in PFI, as this is where most of the fuel
is impinged. In contrast, the fuel is predominantly vapourised by the air charge in GDI
(62). This allows for higher peak pressures to be achieved without damaging the engine
and reduces the chance of engine knock (63), thereby allowing for an increased
compression ratio (62). The reduction in knock also reduces the amount of fuel
enrichment and spark retardation at high loads, which is done more aggressively in PFI
to protect the engine (64) (65). Injecting excess fuel reduces fuel efficiency and also
increases PM,HC and CO emissions (66) (67). The reduced knock propensity allows for
more aggressive engine downsizing and boost pressure from turbochargers (59). This
allows for the specific power to be increased, reducing low load engine operating time

and can thus reduce pumping losses (3).

According to the equation for thermal efficiency of an Otto cycle engine (Equation 2-1)
an increase in compression ratio directly increases thermal efficiency. Alkidas et al (7)

demonstrated that GDI cooling benefits could increase the compression ratio from 9.4
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to 11.2. This yielded an increase in efficiency of 3 % across all conditions. The increased
compression ratio allows for increased maximum power output (63) and lower

temperatures also increases volumetric efficiency, further increasing power (62).

Another benefit of reduced in cylinder temperatures is the increase in the charge
mixtures ratio of specific heats (7). Equation 2-1 shows that an increase in the ratio of
specific heats will increase efficiency. This is further enhanced by lean operation at low
loads and by the presence of EGR in the GDI engine as both of these dilute the charge

and help with cooling (65) (68).

The reduced in-cylinder temperature also resulted in lower heat losses from the
cylinder, resulting in higher efficiencies, even when piston surface area was accounted

for, as increased piston surface area would increase heat transfer in the GDI engine (7).

m=1- 1 Equation 2-1: Otto cycle efficiency (69).

rcy1

Fuel Delivery and Control

Direct injection into the cylinder allows for better control of the fuel and air mixture in
GDI engines. As there is no delay with the fuel travelling from the place of injection to
the cylinder as in PFI (49), more precise control of the mixture can be achieved (70) (71),
resulting in better driveability (49) primarily due to improved transient response (70)
(4). GDI can also take advantage of different injection strategies not available to PFI,
such as splitting injection over intake and compression strokes and strategies revolving

around late injection timing, both of which can greatly improve efficiency and emissions
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(7) (46). Split injection allows the total fuel load to be split over multiple injections. This
allows for better mixing and improved homogeneity, comparable to a PFl engine,
helping to decrease PM and HC emissions (72) (73). Stratification can only be used in
GDI and allows for the potential of significant efficiency gains. However, there are some
practical limitations that hinder stratification. Fuel stratification can only be used at low-
medium loads, as the stratified spray gets too large with large loads which in turn
increases soot emissions (50). Another disadvantage of fuel stratification is that it can
lead to increased HC and PM emissions (5). As emissions regulations have got tighter
regarding HC and PM emissions, the market has generally shifted away from stratified
injection and back to its homogeneous counterpart (5). Therefore, homogenous mixture

preparation will be the primary focus of the rest of this study.

Frictional Losses

A negative of GDI compared to PFl found by Alkidas (7) was increased frictional losses
especially at low loads. This is due to the reduced pumping losses at low loads creating
higher in-cylinder pressures. On top of this the increased compression ratio added more
pressure across all loads. However, this was less of a problem at high loads, due to the

frictional losses being a smaller proportion of the total power.

Combustion Quality

PFI has increased combustion efficiency compared to GDI, this is due to better mixing of
air and fuel, as the air-fuel mix has more time to mix homogenously (64). Using stratified

injection worsens the combustion quality in GDI further due to sub-optimal mixing (74).
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2.1.4.2 Emissions

The poor mixing in GDI engines also leads to rich spots forming around the spark plug,
thereby increasing PM, HC and CO emissions (75) (8). A greater proportion of fuel
condenses on the surfaces of the combustion chamber, a phenomenon known as fuel
impingement, which leads to increased PM, HC and CO emissions in GDI engines (76)
(77). As the injector is directly exposed to these increased emissions in GDI engines,
there is a greater probability of fuel deposit formation compared to PFI (46) (49). The
spark plug is also impacted by poorer combustion quality as it causes quicker electrode
degradation (50) (46). However, elements of PFlI design can also lead to increased
emissions especially if high amounts of liquid fuel films are found in the port and valve
surfaces. This can lead to increased HC and PM emissions (78) and incomplete
combustion (57). This liquid can be inducted into the cylinder further negatively

impacting combustion quality and hence emissions, especially during cold starts (79).

2.1.4.3 Exhaust Aftertreatment

PM emissions are harmful to human health and the wider environment (80) (81), thus
their reduction has become a target of regulatory reform (82). A GPF is necessary in GDI
engines to be compliant with these regulations (83). This can make a GDI engine more
expensive to develop than a PFl, while concurrently reducing fuel efficiency (84). The
decrease in efficiency is primarily due to increased exhaust pressure and the GPF
regeneration process (85), as more soot requires more filtration, resulting in increased
back pressure. Regeneration is a process whereby excess accumulated soot in the filter

is oxidised, which is necessary to prevent the GPF from degrading and prevents the
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pressure drop from increasing further (86). Regeneration can be passive at conditions
where exhaust temperature is high, as the conditions are sufficient to oxidise soot with
excess oxygen, which is abundant in a decelerating engine (87). However, the converse
applies at low load conditions where the exhaust temperature is not sufficient for
oxidation and regeneration has to be done actively either via delayed ignition or air
injection, both of which incur a fuel penalty (88). Therefore, reducing PM emissions is
critical to reduce the accumulation of soot in GDI engines, to ensure exhaust back

pressure and frequency of active regeneration are kept to a minimum.

The majority of gasoline engines operate at stoichiometric conditions and use a TWC to
reduce tailpipe emissions. TWC are able to control emissions of NOx, CO, and HC during
stoichiometric combustion conditions (89). TWC technology is also effective in low-
oxygen exhaust conditions typical of gasoline engines, ensuring efficient reduction of
harmful pollutants (90). This is possible due to sufficient concentrations of reducing
agents in a rich exhaust environment, which allows the TWC to efficiently catalyse the
oxidation of CO and HC as well as the reduction of NOx (91). Conversely, the TWC does
not operate well in a lean environment with an abundance of oxygen and a scarcity of
reducing agents (92). The poor operation of a TWC in lean conditions means that
additional aftertreatment is required if a gasoline engine is to run lean, such as during
stratified operation in a GDI engine. These treatments can be expensive and numerous,

examples include Lean NOx Traps (LNT) or Selective Catalyst Reduction (SCR) (93).
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2.1.4.4 Warmup Time

Alkidas et al (7) hypothesised the impact of other factors relating to GDI efficiency
compared to PFl which were not tested in their experimental setup. These included
slower warmup times of the engine and aftertreatment systems due to the improved
efficiency of the GDI engine, which results in less heat being ejected to the engine block
and the exhaust. This results in reduced efficiency during the warmup phase, as the
engine stays colder for longer, increasing frictional losses due to cold oil (59).
Additionally, in order to increase the temperature of the aftertreatment into its
operating window the engine operates in a manner to allow more heat to exit via the

exhaust, reducing efficiency, and this operation will last longer with GDI (94).

2.2 Injector Fouling

2.2.1 Overview

The injector within the combustion chamber is exposed to a harsh environment in GDI
engines, which leads to an increased proneness to fouling. Reduced combustion quality
due to poorer air-fuel mixing (64) and increased PM, HC and CO (75) (8) also increase
the likelihood of injector fouling (46) (49). This fouling has a negative impact on the
performance of the injector, which consequently impacts engine performance and

emissions.
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2.2.2 Formation Mechanisms/ Processes

Fuel is deposited on the inside and outside of the injector. The scale of deposition and
resulting impact on performance varies greatly depending on properties of the fuel,
engine operating conditions and engine geometry. The deposits are generally formed in
two different ways, low temperature auto-oxidation and high temperature pyrolysis,

also called coking, or carbon deposition (12).

Carbon deposits are normally created at temperatures above 350 °C, as hydrocarbons
decompose into elemental carbon and hydrogen or polymerise/ condense into larger
polycyclic aromatic hydrocarbons, which can nucleate, forming even larger deposits.
Metal catalysis of carbon deposition uses decomposition as the primary mechanism,
whereas non-catalytic, thermal carbon deposition, utilises polymerisation. At lower
temperatures when the fuel is in liquid form the reactions of alkyl radicals generating

hydroperoxides and other products can cause deposit formation (95) (12).

2.2.3 Parameters Impacting Injector Deposits

2.2.3.1 Temperature

Temperature is a key parameter that influences deposit creation. According to Bacho et
al (96) the maximum injector tip temperature should be more than the T90 of the fuel
to accelerate deposit formation. In other words, volatilisation of 90 % of the fuel volume
at the injector tip is needed to form deposits. Henkel et al (16) conducted a study where

they measured the temperature of the injector tip and observed that as its temperature
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increased, combustion products would accumulate on the nozzle, potentially resulting
in increased PM emissions. This suggests that higher injector tip temperatures may
contribute to the formation of deposits and increased emissions in GDI engines.
Conversely Slavchov et al (15) found that external deposits decreased at high

temperatures.

Medina (97) identified that the tip temperature plays a crucial role in the drying process
of the injector tip, with higher temperatures leading to enhanced evaporation of the
overlying fuel film. The study emphasises that liquid vapour pressure is strongly
influenced by the tip temperature. Critical factors that impact tip drying include
temperature and residence time of the overlying fuel film, which are subject to engine
operating conditions. Engine temperature has also been found to impact deposit
formation. Rounthwaite et al (98) found that higher engine temperatures can increase
the severity of deposits. Moreover, Cheng et al (99) noted that temperature rise

significantly impacts the performance of GDI injectors.

2.2.3.2 Injector Design and Injection Strategy

The structure of the injector, as discussed by Zhang et al (100), plays a significant role in
determining the fuel film deposited on the injector tip, which in turn impacts, fuel
atomisation, PM emissions and the likelihood of deposit formation (12). The injector
position can also have an impact, such as in wall-guided GDI systems, where the fuel

injector tip temperature is low due to the distance from the flame front and the air
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movement around the injector tip. This low tip temperature contributes to reducing the

amount of residual fuel, which can impact the formation of injector deposits (12).

The surface where the deposits form also has an impact. A non-catalytic surface may
reduce the heat transfer of the surface and act as an inert substrate to collect carbon
deposits which are normally thermally initiated in the liquid phase. Conversely, a
catalytic surface can interact with the reactive species in the fuel to increase the number
of deposits. Aradi et al (101) found that larger amounts of deposits were found on

stainless steel walls compared to when using a glass insert.

The injection strategy employed can also impact fuel deposition. Split injection can
decrease PM and HC emissions and thus injector deposits (72) (73). Sarmast et al (102)
found that by adjusting the start of the first and second injections and varying fuel mass
ratios, split injection can influence mixture formation and combustion processes,
potentially enhancing combustion efficiency and reducing emissions, which may
indirectly affect deposit formation on injectors. While split injection shows promise in
terms of combustion control and emission reduction, it can also lead to negative
impacts. Wang & Zhao (103) observed that narrowly spaced split injections with short
dwell times could lead to increased cycle-to-cycle variation and emissions. This
demonstrates the challenge of optimising injection strategies to balance combustion

efficiency, emissions, and deposit formation in GDI engines.

The fuel injection quantity is crucial in GDI engines, requiring precise modulation to

achieve optimal combustion and minimise fuel deposition (104). Timing of injection also
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influences deposit formation as it can significantly influence PM emissions. According to
Szybist et al (105) advanced injection timing can lead to fuel spray impingement on the
piston, resulting in higher PM emissions, while delayed timing may not allow sufficient
time for proper air-fuel mixing, potentially contributing to deposit formation on
injectors. He et al (106) agreed, also finding that fuel injection timing has a significant
impact on PM emissions and could be reduced by retarding injection. Qin et al (107)
demonstrated an initial decrease of PM emissions while advancing injection timing
followed by a subsequent increase after 340 CAD bTDC. These findings highlight the
complexity of optimising injection timing to minimise deposits while ensuring efficient
combustion and emissions control. The research also shows how small changes in the
injection delivery strategy can impact emissions and efficiency and thus any deposits in
the injector that could disrupt the injection timing and delivery are likely to have an
impact on the ability of an engines ECU to suitably control engine emissions. Therefore,
ongoing research efforts are essential to refine understanding and develop guidelines
for selecting the most suitable injection timing strategies in GDI engines (106) (13), and

to more deeply understand how this can impact/ be impacted by fuel deposits

Xu et al (12) demonstrated that increased injection pressure can suppress the formation
of injector deposits by improving the rate of deposit removal, indicating that higher
pressure levels can contribute to maintaining cleaner injectors and reducing deposit
buildup. Furthermore, higher injection pressure has been associated with a decrease in
PM emissions in GDI engines (13). However, there are conflicting findings regarding the

impact of injection pressure on injector deposits. While higher injection pressure can
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enhance air-fuel mixing and promote better evaporation, potentially reducing deposit
formation (13), it can also present challenges. Li et al (108) observed that increasing
injection pressure from 5 to 40 MPa significantly affected PM and HC emissions,
highlighting a complex relationship between injection pressure and emissions which can

influence deposits.

2.2.3.3 Fuel Characteristics

Distillation Properties

Some key fuel properties impacting deposition are its distillation temperatures such as
T90, defined as the temperature at which 90 % of a fuel evaporates, or E150, defined as
the volume of evaporated fuel at 150 °C. Aradi et al (101) found that increasing T90
reduced fuel injector plugging. Kinoshita et al (109) found similar results, where a T90
which was below the injector tip temperature would result in the evaporation of the
liquid, leaving behind deposits. Conversely, high T90 led to a greater proportion of the
fuel remaining as liquid and washing away with the next injection. The role of injector
tip temperature is controversial as the claim made by Kinoshita et al (109) that T90 being
higher than the injector tip has a significant effect on deposits was not supported by the
test on 11 different fuels by Aradi et al (101). Other studies have not been able to
demonstrate statistically significant correlations between T90 and injector deposits
(120). Aradi also admitted that the data found in their results was too limited to establish
definitive fuel composition cause and effect (101). A review paper by Xu et al (12)
seconded that correlation between fouling and T90 needs to be further investigated due

to the abundance of confounding factors involving fuel and engine parameters.
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Olefins, Aromatics and Sulphur

Olefins are another factor that can influence the likelihood of a fuel to generate injector
deposits. Studies have shown that higher olefin content in fuels can lead to an increased
tendency to form deposits in injectors and intake valves (111) as well as PM emissions
(12). Aromatics also impact injector deposits, as studies have demonstrated the
aromatic content of gasoline can significantly increase the formation of PM emissions
(112) (113) which has an established effect on fouling. Heavy aromatic components,
such as those with a carbon number of C9 and above, have been found to contribute
significantly more to PM emissions compared to lower aromatic compounds (114).
Another key fuel constituent that can impact injector deposits is sulphur content (12).
Similarly to aromatic and olefin content, higher sulphur content leads to increased PM

emissions (13).

Oxygenated Fuels

Many modern gasoline compositions are mixed with oxygenated fuels such as ethanol.
The inclusion of these components can also impact PM emissions from GDI engines. A
study by Fatouraie (112) highlighted the importance of considering oxygenated content,
along with carbon chain length and thermo-physical properties, in understanding the
factors contributing to PM emissions. The presence of oxygen in fuel can influence the
formation of injector deposits. A study by Slavchov (15) proposed an adsorption-
precipitation model for the formation of injector external deposits in internal

combustion engines. The model suggested that the combination of high temperature

31



and the presence of oxygen dissolved in the fuel can initiate reactions leading to deposit
formation. A study by Stepien (115) found that gasoline blends containing 10-20 % (v/v)
ethanol or butanol showed a logarithmic increase in injection duration due to deposits,
whereas standard gasoline fuels showed a linear increase. Alcoholic fuels would initially
generate more deposits but then stabilise quickly, whereas standard gasoline fuels
exhibited continually increasing deposits. This was due to alcoholic fuels exhibiting
intensive early deposit precursor formation but showing less sediment build-up and

higher rates of removal than standard gasoline after the initial phase.

2.2.4 The Impact of Fuel Deposits on Injection, Engine Performance and

Emissions

Deposits formed in the injector have a negative impact on injection and engine
performance. Fuel injectors are designed to accurately meter fuel to the engine and
deliver it in a precise pattern of fine droplets. Since the fuel passages are small, injectors
are highly sensitive to small amounts of deposits in the critical regions where the fuel is
metered and atomised. These deposits can reduce fuel flow and alter the spray pattern,

degrading driveability, decreasing power, fuel economy and increasing emissions (95).

Reduction in flow rate is due to partial or complete obstruction of the injector nozzle
caused by deposits (12). Jiang et al (14) found that fuel injectors had lost 23.5 % of
nominal flow rate after a 55 hr deposit accumulation test. A reduced flow rate results in
an increased injection duration being required to maintain the flow rate at pre-fouling

levels. Increased injection duration can alter the spray pattern, droplet size distribution,
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and fuel atomisation. This can subsequently negatively impact fuel-air mixing,
combustion efficiency, and emissions control in the engine (13). These findings
correspond with the 20 % and 93 % increase in HC and CO respectively observed by Jiang
et al (14). Wang et al (116) found that a fouled injector consistently generated higher
PM emissions of up to 58 % compared to a clean one across all engine conditions.
Sandquist et al (117) found an increase of 80 % in HC emissions and significant misfires
after a 60 hr “dirty up test”. Similar results were also found by Zhang et al (33) who
attributed increased PM emissions to the injector tip-wetting effect, as fuel trapped in
the deposits on the tip-dome of the injector could lead to diffusion flames and cause

higher particulate emissions.

Pre-existing deposits on injectors have also demonstrated an impact on formation of
further deposits. According to Slavchov (15), average temperature of the injector
surface rises as deposits accumulate and act as insulating layers which impede heat
dissipation. Consequently, as the injector tip temperature increases, it can initiate a
cycle where higher temperatures facilitate further deposit formation, establishing a self-

reinforcing mechanism.

Henkel et al (16) observed that fouled injectors reduced the quality of fuel atomisation,
resulting in larger droplet sizes and reduced evaporation. This can cause deeper spray
penetration, due to increased mass of the droplets resulting in less deceleration from
air resistance. Reduced atomisation and increased penetration depth both increase wall
wetting, which in turn increases PM emissions. This highlights the impact that injector

deposition has on spray formation, which detrimentally impacts combustion efficiency
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and emissions. The disrupted spray pattern and in-cylinder charge motion (118) can lead
to incomplete combustion due to poor mixture preparation causing rich spots, which
ultimately leads to increased PM emissions (119). This is especially prevalent during cold
engine starts (120). Yue and Reitz (121) found similar results, demonstrating the quality
of the fuel-air mixture around the spark plug (influenced by the spray pattern) is crucial
for ignition and combustion efficiency. Any disruption in this mixture can result in higher

emissions and reduced engine performance.

The precise pattern of fuel injection is critical for achieving some injection strategies.
The ECU can compensate for small amounts of deposition via fuel trim, but high levels
of deposition and any levels of spray distortion may not be accommodated within its
computation. This results in reduced combustion quality, causing a loss in power and
exhaust emission deterioration (15). In spray guided systems, injector deposits can
distort the spray pattern, leading to uneven fuel distribution and incomplete
combustion, impacting fuel distribution and combustion efficiency. In air guided
systems, deposits can hinder the proper interaction between fuel droplets and air,
impacting vaporisation and mixing processes. For wall guided systems, deposits on
injector tips can alter fuel flow and spray characteristics, potentially leading to

incomplete combustion and increased emissions (122).

34



2.3 EGR Cooler Fouling

2.3.1 Overview

Another area of interest with regards to engine deposits is in the EGR system. These
systems function by recirculating a portion of the engine's exhaust gas back into the
engine cylinders, which aids in decreasing the combustion temperature (123). EGR is
present in PFl and GDI engines but is predominantly used in the latter due to their higher
operational compression ratios and temperatures which lead to increased knock and
NOx emissions (124). EGR can mitigate the negative impacts of this by reducing peak
temperature (68) (125), whilst retaining the benefits of GDI. EGR also improves thermal
efficiency, (24) (68) primarily through reductions in heat (126) (127) and pumping losses
(68) (21) (128). These benefits have led to EGR equipped engines achieving brake
thermal efficiencies of over 40 % (129) (130), whilst maintaining low emissions levels.
This is especially important given the recent trend in engine downsizing, which is
accomplished by reducing engine displacement and using a turbocharger to increase
specific power. However, increased specific power increases knock propensity, which

both GDI and EGR can reduce (124).

2.3.2 Fouling Mechanism

EGR is often used with a heat exchanger (Cooler) to cool the exhaust gases, increasing
intake density, reducing knock and reducing in-cylinder heat transfer (68) (131) (127).
The high temperature exhaust gases and high levels of soot and HC emissions in GDI

engines create a harsh environment for the Cooler. The high temperature gradient
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between the exhaust gas and the Cooler walls drives the soot particles towards the wall
through thermophoresis, which increases with higher Cooler inlet temperatures and
soot concentration but decreases with flow velocity due to deposit removal (17) (18)
(132) (19) (20) (133). This contrasts with the formation of internal injector deposits,
which adhere to the nozzle via auto-oxidation and high-temperature pyrolysis, as here
the mechanisms are pre-dominantly thermodynamics and shear stresses which
gradually push and pull soot from the walls, resulting in a more porous and fragile
deposit structure. Soot deposition reduces cooler effectiveness and increases pressure
drop. Eventually the system reaches an equilibrium where the soot deposit thickness
reduces thermal conductivity and hence thermophoresis to a level where soot is being
deposited at the same rate it is being removed. The equilibrium is highly affected by
transient engine behaviour, soot concentration, EGR inlet temperature and can vary
greatly depending on the type of engine and test cycle. Condensation from HC also has
a significant impact on both the packing structure and removal mechanism of the soot

(19) (20).

2.3.3 Impact on Engine Performance

2.3.3.1 High Load (Knock)

Fouling can reduce EGR Cooler effectiveness to an extent that the knock mitigation
benefits of EGR are outweighed by the increased knock propensity due to higher intake
temperatures. The mechanisms behind knock mitigation are primarily due to the
dilution of the gases with a cool inert gas (21). Fischer (22) showed that an increased

EGR outlet temperature significantly reduced the impact of EGR on BSFC and exhaust
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temperature. Fischer et al (22) demonstrated an increase in EGR rate decreases BSFC at
lower EGR Cooler outlet temperatures due to the MFB50 being advanced, which also
allows for lower exhaust temperatures. Siokos (21) demonstrated the relationship
between EGR and intake temperature with respect to knock. Increasing EGR rate
reduces knock propensity until the intake temperature is high enough to induce knock.
This was demonstrated by Fischer et al (22) who showed that with higher EGR Cooler
outlet temperatures, an increase in EGR rate did not reduce BSFC with increasing EGR
rate. Similar results being found by Bozic (23) who found that end-gas temperature was
the primary cause of knock as similar peak end-gas temperatures had similar levels of
knock, regardless of EGR rate. Szybist (24) (127) found that EGR ability to mitigate knock
was diminished at high boosted loads. This is disadvantageous as knock is most likely to
occur at high loads. Furthermore, EGR Cooler fouling is most prominent at high boosted
loads because the high exhaust temperatures will lead to more thermophoresis. A
combination of EGR knock mitigation effectiveness being reduced and high EGR Cooler
fouling rates at high boosted loads, results in high EGR rates being likely to increase
knock more than it can reduce it. However, EGR is still beneficial at high boosted loads
even with little knock mitigation due to its ability to limit exhaust temperatures,
protecting exhaust components and limiting the need for over-fuelling. Over fuelling is
a method where excess fuel is injected into the engine, causing the temperature to drop
as the fuel is evaporated, however this drastically reduces fuel efficiency (21). As smaller
downsized engines with high boosted loads and hybrid vehicles become more important
in reducing the impacts of global warming so too will the need to limit EGR Cooler

fouling.
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2.3.3.2 Low Load (Efficiency)

The benefits of EGR vary with speed and load. Knock is unlikely at low loads and
increasing intake temperature at these conditions can be advantageous. This is often
done through internal EGR with higher temperatures than external cooled EGR. This was
studied by Siokos (21) who found that internal EGR increased efficiency at lower loads
more than cooled external EGR, mainly due to reduced pumping losses. Similarly, Alger
(128) conducted tests with HP uncooled EGR which performed more efficiently than
cooled EGR at low loads. Higher intake temperatures can also increase the typically long
combustion duration of high EGR rate engine operation, assist combustion stability and

vaporisation of fuel (131).

2.3.3.3 Pressure Drop

EGR Cooler fouling also results in an increased pressure drop across the Cooler, which
can have varying affects depending on the setup of the powertrain components,
including engine (turbocharger and aftertreatment) and can especially impact lower
load conditions. There are three common setups for EGR: LP, HP pre-intercooler and HP
post-intercooler. LP takes exhaust gases post-turbine and recirculates it pre-
compressor. Both HP setups take the exhaust pre-turbine and deliver it post-compressor

with one delivering it before the intercooler and the other after.

The most common design in an HP loop is post intercooler to make use of the vacuum
found downstream of the throttle, as pre-throttle designs often have an insufficient
vacuum to induce EGR flow (particularly at low speed and high load) (131) (134). An

alternative design involves re-introducing the EGR pre-intercooler and moving the
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throttle upstream, but this reduces the control of the throttle over air flow and is not
preferred (128) (131) (134). Throttling to induce EGR at high loads when it is not
normally required will increase pumping losses and more throttling will be required with
an increased pressure drop from fouling. At high loads, exhaust temperatures are high
and a highly effective EGR Cooler is necessary to cool the EGR in post intercooler setups,
whereas in pre intercooler setups the EGR outlet gas can be further cooled by the
intercooler, making them less susceptible to EGR Cooler fouling. Therefore, pre-
intercooler setups such as LP are favourable at higher loads where low intake manifold
temperatures are critical in order to reduce knock. LP also requires no additional
throttling at high loads. At low loads the pressure difference across the EGR loop is often
higher with HP compared to LP due to the low pressures post throttle (128) (131) (134)
making HP less sensitive to rises in pressure drop due to fouling. It is therefore beneficial
to reduce fouling at all speeds and loads to allow for either setup to be used depending

on the criteria of the engine design.

2.3.4 Summary

The above literature review has demonstrated the importance/ impacts of controlling
intake manifold temperature and exhaust back pressure at both high and low load and
with LP and HP external EGR configurations. The formation of deposits on the EGR
Cooler (EGR cooler fouling) has a direct impact on both phenomena as it would increase
intake manifold temperature and exhaust backpressure with demonstrated detrimental
consequences on fuel economy, tailpipe emissions and engine malfunction. Therefore,

this work aims to comprehensively investigate the reduction of EGR Cooler deposit
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formation by using fuel additives and thus their impacts on fuel economy, emissions and
EGR Cooler performance. The study has developed a new accelerated cycle with varying
engine operation conditions (temperature, flow rates, exhaust composition) to
understand the impact of fuel additives on injector deposits and its consequences on
fuel flow rate (injection duration), particle and gaseous exhaust emissions as well as the
effectiveness and dP of an EGR Cooler. The potential impacts of EGR Cooler fouling on
engine performance are predicted considering the cooler effectiveness experimental
results and by comparing this to literature. The impacts of EGR Cooler effectiveness on
intake temperature for HP post intercooler, HP pre intercooler and LP loops were
assessed. EGR cooler dP was compared to the pressure difference across the EGR loop

for each setup.

2.4 Intake Valve Deposits

2.4.1 Overview

A further engine component that is susceptible to fuel deposits is the intake valve. This
is primarily a problem with PFI systems, as the intake system is fully exposed to fuel
spray. This is in contrast to GDI, where exposure is only partial (113). IVD can negatively
impact engine performance and can cause engine valves to get stuck and cause engine
malfunction in extremes (26). PFl engines have established advantages over GDI engines
with regards to lower CO, HC and PM emissions, reduced frictional losses and reduced
cost (referenced in 2.1.4.2). It is therefore of importance to investigate the deposits

associated with PFl systems.

40



2.4.2 Formation Mechanisms/ Processes

The two most researched mechanisms for the formation of IVD are those created by fuel
and oil. There are many factors that impact both mechanisms and this has led to
different studies having variable results. Some studies claim that fuel parameters are
the main reason for deposit creation (30) (31) (34), while others claim that oil has a much
more significant impact than fuel (29) (135) with some evidence that engine oil cleans
or prevents deposit buildup (136) (137). Research also acknowledges that fuel has a
significant impact alongside engine oil (27) (28) (10). The possible reason for these
contrasting views is that it is difficult to isolate all the variables found in an engine.
Factors such as valve temperature, intake temperature, fuel boiling points, fuel
composition plus additives, oil composition and additives, valve and intake geometry
and engine speed and load can affect whether deposit formation is oil or fuel based. This

review will now elaborate on this in more detail.

2.4.2.1 Fuel Based Deposits

Formation of fuel deposits in a PFl setup is primarily due to the injection of fuel directly
onto the back of the valve or into the intake system upstream of the valve. This
maintains the valve in near-constant contact with the fuel (27). Cheng (27) suggests that
fuel derived deposits originate from heavy fuel fractions in liquid form which are
condensed in the intake system. This liquid fuel forms on the valve tulip and the heat of
the intake valve turns it into solid deposits. Another formation mechanism is suggested
by Stepien (138) where the precursors to deposits are partially oxidised fuel in the

gaseous phase. The formation process involves radical-initiated reactions producing
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oxidation products that condense on hot surfaces. This is followed by pyrolysis or

polymerisation.

Daneshgari (30) found similar results, whereby formation of deposits on the intake valve
is caused by the high-boiling components of the gasoline, such as paraffin and polycyclic
aromatic hydrocarbons, which could act as pre-cursors to deposit formation. The
deposits were then formed via graphite crystal buildup through crystallisation, within a
certain temperature range. Ramadhas (28) came to a similar conclusion, demonstrating
deposition on intake valves is linked to higher temperatures, driving fuel vaporisation

and oxidation of components.

Both Cheng and Daneshgari (27) (30) also found that fuel injection had the potential to
wash away deposits. Daneshgari found that deposit formation started on the injector
side of the valve and eventually formed on the opposite side, with the injector side
having more deposits generally (30). Similarly, Esaki (29) also found that the injection
could have a cleaning effect as they found that one third of the deposits were washed
away on the intake side of the valve due to fuel dissolving the existing deposits which
also prevented further deposits. This claim is also supported by Gail et al (10) who found
a washing effect of the fuel, especially if they were comprised of heavy olefins. In
addition to washing, the injection cooled one side of the valve by 80 °C compared to the
shadow side, and as will be discussed later the valve temperature plays a significant role

in deposit formation.
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2.4.2.2 Oil Based Deposits

Oil can find its way onto the intake valve in several ways, for example via the valve stem
guide (28) and crankcase blowby fumes (137). Oil was found to both generate and clean
deposits in a similar fashion to its fuel-based counterpart. Following their preliminary
results with fuel-derived deposits, Cheng (27) doped the fuel in their engine with 0.25-2
% engine oil to assess its impact. They found some oils generated significant thick
deposits and others either cleaned the fuel deposits or had negligible impact. Cheng and
Bitting (27) (31) suggest that oil and fuel derived deposits look visibly different. Bitting
reports fuel deposits look like a “cauliflower” and are dry and “flakey”, with a larger
impact on engine drivability. Conversely, Cheng suggests that fuel derived deposits are
thin and porous whereas oil deposits are thick, wet and “oily”. However, after
conducting further research Cheng suggests that fuel derived deposits can also often
appear “oily” as well and concludes that the two deposits cannot be differentiated

purely by looks and that the morphology is more dependent on valve temperature.

Esaki et al (29) proposed a mechanism for the formation of oil derived IVD. The process
consists of three stages: initial, growing and final. The initial stage occurs when there are
no deposits at low temperatures. The larger components of oil and fuel drain off the
surface of the valve, leaving smaller components which become viscous due to thermal
or oxidised reactions causing adherence. Subsequently, the growing stage starts after
the agglutination, where the deposits continuously accumulate on the valve. At this
stage, the rates of oxidative reactions, such as dehydrogenation, partial oxidation, and
hydroxylation, competitively increase with increasing valve temperature in the outer

portion of deposits. The oxygen concentration then drops around the partially oxidised
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products, causing carbonisation to occur in the inner regions of the deposits. This inner
region sees an increase in pre-carbonised products coming from parent materials. In the
final stage, the deposits become amorphous and carbonaceous aggregates. The amount
of deposits changes with repeating cycles of growth and breakaway. Injected fuel was
found to either dissolve or suppress the oil deposits throughout these stages, with Esaki
reporting only a few heavy fractions of fuel among the deposits. They did not find much
evidence supporting a direct contribution of the fuel to the formation of deposits.

However, they demonstrated dissolution of fuel into engine oil increased deposits.

2.4.3 Parameters Impacting Intake Valve Deposition

2.4.3.1 Temperature

Cheng (27) suggested the main parameter that impacts either oil or fuel having the
dominant effect on deposition is the boiling range of these substances. This theory is
supported by Daneshagari (30) who suggests the relationship between the boiling point
of a fuel and operating temperature of the valve is the determining factor in the
formation of fuel deposits. Daneshagari (30) suggested that two temperatures relating
to the fuels boiling point are of significance. These are the Nukiyama temperature and
the Leidenfrost temperature. The Nukiyama temperature is above the boiling
temperature, where many bubbles form within the fuel, significantly increasing the
evaporation rate of the fluid up to a point when the fluid has a minimum contact time
on the surface. The fuel droplets start to become spherical at a higher temperature
(Leidenfrost), thereby reducing heat transfer to the droplet and increasing the amount

of time the fuel remains on the valve. Daneshagari (30) reported that the
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aforementioned temperature points were below the operating window of most intake
valves, provided high boiling fractions of a fuel were removed. This suggests that there
is a critical temperature where the formation of IVD will be influenced predominantly

by fuel composition, a finding that was corroborated by Cheng (27) and Repsol (35).

Valve temperature seems to be one of the most important parameters impacting intake
valve deposition. Cheng, Daneshgari, Repsol and Nomura (27) (30) (35) (139) found that
IVD peaked at temperatures between 200-250 °C and Repsol (35) also found that the
deposited mass was negligible at temperatures below 70 °C and above 300 °C. This is
due to the Nukiyama and Leidenfrost temperatures described above and because at low
temperatures no boiling occurs. As temperature is increased rapid evaporation around
the Nukiyama temperature results in many deposits, then as the temperature is further
increased to the Leidenfrost temperature the evaporation rate decreases and
consequently so does the deposition rate. Then after this temperature the deposits
become hard and brittle, negatively impacting the consolidation of the deposits (30)
(27). Stepien (138) also suggests that above a certain temperature deposits levels reduce

because of the lack of condensation of precursors.

2.4.3.2 Fuel Characteristics

The composition of fuels and their additives play a key role in intake valve deposition.
As mentioned in section 2.4.3.1 the boiling point of the fuel is a critical parameter with
regards to what temperature deposition occurs at and is probably responsible for why
researchers testing at similar valve temperatures find very different results regarding

the morphology and chemical composition of the deposits. The addition of certain
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hydrocarbon chains can have an impact on deposition, likely due to changing boiling
points and consequent change to the Nukiyama and Leidenfrost temperatures (30). Gail
et al (10) found that adding olefins from C6-C12 had no significant effect but adding C-
16 olefins with a high boiling point contributed to washing the fuel. This is similar to
what Daneshgari (30) found when using a fuel with significant amounts of high boiling
point substances added to it. Ansomboon (140) found that higher olefin content led to
an increased tendency to form deposits, as when olefin content in gasoline increased

from 5 to 10 %, deposits increased by 30.6 %.

Gail (10) also found that aromatics impacted deposits. Increasing the number of
aromatic rings increased the mass of the deposits but by a small amount. However,
heavy aromatics such as triphenylmethane increased the deposit mass more
significantly. This was attributed to aromatics with three or more rings and heavy

aromatics with a boiling point over 340 °C remaining on the valve surface.

Alcoholic content has also been found to impact IVD. Chapman (32) found that E85 (85
% Ethanol, 15 % Gasoline) market fuels generated over double the IVD of a baseline
gasoline fuel, whereas E10 generated less than half. Bennett (141) also reported that
baseline ethanol fuels generated more IVD than baseline gasoline by a significant
amount. Bitting (31) found that 10 % ethanol generated four times as many deposits as
a base fuel with no additives. Other alcohols have also been reported to increase IVD
with Bitting (31) reporting that IVD increased by 6 % with a 3 % methanol blend and that
a 10 % oxinol fuel generated 2.5 times more deposits than the base fuel with no

additives.
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2.4.3.3 Engine Operation Conditions

Engine conditions also play a critical role in the generation of IVD. Cheng (27) found that
intake temperature showed a significant negative correlation with IVD. Fuel was
observed to have completely vaporised in the intake manifold at temperatures above
110 °C, corresponding to a reduction in deposit mass to negligible amounts. This was
attributed to high intake temperature vaporising all the fuel and leaving behind no liquid
fuel to form deposits. Cheng also demonstrated a similar relationship between coolant
temperature and deposit formation to that found with valve temperature, but this is
largely attributed to the direct impact that coolant temperature has on valve
temperature. This was also the case with spark timing where Cheng (27) found that
changing the spark timing in isolation also showed the exact same trend as changing
valve temperature and this was also attributed to spark timings direct correlation with
valve temperature. Cheng also found that engine load had a similar effect on valve
temperature and hence deposits. They found that medium load conditions generated
the most deposits as at low load the valve temperature was too low and at high loads
even though there was more fuel available to generate deposits the valve temperature
was above the critical temperature and this had a dominating effect, thus deposits were
low. Gail (10) also found that low-medium loads generated the most deposits, especially
with respect to deposits made per unit of fuel consumed. They demonstrated cyclic
loads with periods of acceleration and idling increased deposit formation. Air-fuel ratio
was also found to impact valve deposition as Cheng (27) found that rich air-fuel ratios
generated the most deposits, despite the cooling effect of fuel. This can be explained by

the abundance of fuel available for deposit generation, but this effect would depend on
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the valve temperature. Another factor that influences valve temperature is pre-existing
deposits. Grant and Mason (34) found that valves with existing deposits had
temperatures that were 2-5 °C higher than that of the clean valves, which would affect

the production of further deposits.

2.4.3.4 Other Parameters

Other investigated parameters included valve timing, coatings, valve rotation and EGR.
Valve and injection timing can have an impact on how the fuel is atomised and the
amount of fuel that impinges on the inlet valve. Depending on the timing of the injection
with respect to valve timing the fuel may evaporate, puddle or rebound (142) and the
atomisation and impingement on the valve can significantly impact valve deposition.
Bitting (31) found that valve coating delayed initial build-up of deposits although overall
deposition was unchanged. Cheng (27) concluded that valve material had minimal effect
as formation processes were more physical as opposed to chemical. Similarly, valve
rotation was found to have little effect on the overall deposited mass but did allow for
a more even distribution of the deposits. Therefore, flow over the valve was less
disrupted and the additives had a larger surface area of deposit to impinge upon thus
helping with cleaning (27). The effect of EGR on IVD formation was also investigated by

Cheng (27) but was found to have minimal effect.
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2.4.4 Impact of Intake Valve Deposits on Engine Performance and Emissions

2.4.4.1 Drivability

IVD can have an adverse effect on engine performance. They have been proven to
reduce fuel economy, power and driveability while increasing CO emissions (9). The
impact of IVD on efficiency and CO emissions was initially reported by European markets
but later became a problem for their American and Japanese counterparts (27). This was
a well-known problem at the time especially when carburettors were used but the
problem still persisted with PFl as they are more closely controlled in terms of fuel
management and are therefore sensitive to changes in air-fuel ratio (27). The problems
created by IVD are especially prevalent during cold start conditions (34). Bitting (31)
found that IVD mass was directly related to warm-up drivability concerns. This was
primarily attributed to porous “sponge” like deposits that absorb fuel which results in a
leaner mixture than expected in the combustion chamber. This is especially problematic
in fast/lean burn engines or engines with a narrow control window for combustion (9).
Daneshgari, Costa and Cheng (143) (144) (27) corroborated these findings. The problem
was exacerbated in transient conditions (145) and is a current phenomenon
demonstrated by Costa (144) who proved that the IVD are capable of absorbing as much
n-heptane and isooctane as is delivered into the combustion chamber per cycle, which
demonstrated the sponge-like properties of the deposits having a significant impact on
fuel absorption. Arters (146) tested the drivability index of engines with and without IVD

and found the presence of IVD increased the frequency of misfire/partial burn cycles
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and lower IMEP during acceleration periods. This would be felt by the driver as stumble,

hesitation and lack of power. These characteristics were also reported by Gething (147).

2.4.4.2 Engine Power

The fuel absorption problem with IVD does not manifest when the engine is warm,
however other issues persist (31) (27). Tupa and Koehler (9) reported that there are
generally two types of deposits that impact drivability. One type are low deposit
volumes that are uniformly spread over the intake valve tulip area and tend to create
drivability problems after 12,000-38,000 km of driving. This type causes the sponging
effect discussed in section 2.4.4.1 and is only a problem during cold start. In contrast,
heavy and thick deposit types create large enough structures to physically disrupt air
flow over the valve. Consequently, power is restricted at high loads and fuel economy,
combustion behaviours and emissions are impacted at low loads. Tupa reported that a
simulation in Japan using two machined valves representing valves with 30,000 km and
50,000 km worth of deposits resulted in a power decrease of 5-25 %. This experiment
was repeated more recently and showed a full load power loss of 4 % and 1.9 % at part
load (145). Taniguchi (148) also reported power loss of 5-10 % depending on the type of
valve (with clean valves having lower losses compared to dirty ones), with power losses
of 25-35 % for extremely dirty valves. This demonstrates a very considerable impact of

IVD on performance.
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2.4.4.3 Efficiency and Emissions

In addition to power losses, efficiency and emissions can also be impacted by IVD.
Evidence shows deposits increase NOx emissions (149). Taniguchi (148) demonstrated
dirty valves produced around double the NOx emissions of clean valves across a range
of spark timings, with a maximum reported increase of around 1000 ppm. Tupa (9)
reported that during engine idle, CO emissions increased by 5-20 % after 10,000 km of
driving and then were further increased by 10-35 % after 50,000 km of driving (these
distances represented 0 % and 50 % intake port restriction due to deposits respectively).
Tupa also reported that fuel economy dropped from 1-2 % to 5-7 % at the same
distances. Glawar (145) found that the deposits increased combustion duration by 3
CAD, thereby decreasing fuel economy. Price (150) also found a statistically significant
increase of fuel consumption by 1 % (p < 0.05) A study by Merola (142) observed soot
emissions reduced when less fuel deposits were on the intake valve as the lower amount
of deposited fuel induced the formation of less intense diffusive flames that are sources
of soot particles. Engines that are designed to rely on precise delivery of air (e.g. high
swirl and lean burn) were also found to be significantly disrupted by IVD. This is because
air swirl into the cylinders can be greatly disrupted by deposits, degrading vehicle
drivability (147). This is corroborated by Taniguchi (148) who found that heavy IVD could
drop peak power by 34 % in high swirl engines. The swirl ratio was found to decrease by
44 %, which could lead to greater cycle-cycle variations and further drivability problems,

as well as causing the rate of combustion to retard.
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2.5 Deposit Control Additives

2.5.1 Mechanisms

Maintaining low deposit levels in engines is crucial for optimal performance and using
DCA is an effective method to accomplish the above (151). DDA are a common type of
DCA used for cleaning injectors, intake valves and other engine components. They are
dissolved in fuel using a nonpolar hydrophobic group and bind to deposit particles with
a polar hydrophilic group (152) (12). Certain DDA have the polar group joined to the
hydrocarbon chain directly, whereas other DDA have the polar group joined through a
molecule such as polyisobutylene-succinimide. The polar group adheres to deposits and
uses detergent action to remove deposits from metal surfaces (152). DDA can provide a
protective coating to stop deposition on metal surfaces (153) (12). To guarantee DDA
fuel solubility and aid in clearing deposit particles, a carrier oil is usually employed in
conjunction with them (152). They work in two modes: keep-clean (prevent deposits)
and clean-up (remove existing deposits). DDA can be utilised at different doses
depending on the needed function and are frequently found in multifunctional additive

packages (12).
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Figure 2-3: Mechanism of DDA (152).

2.5.2 Types of Additives

Cheng (27) observed that a polyether-amine addition reduced deposits by 10 %.
According to Ansomboon et al (140), the most successful DDA resulted in a considerable
reduction in deposits, from 176.9 mg with baseline fuel to 13.9 mg. Daneshagari (143)
demonstrated additives and paraffins could impede or prevent the formation of
deposits. Dispersants for gasoline detergents are frequently made of polyolefin amines,
particularly polyisobutylene amines (PIBA) (152). 200 ppm of PIB (polyisobutylene) in
gasoline maintained intake valve cleanliness in an Opel Kadett engine during a standard
CEC (Coordinating European Council) F-05-A-93 test, while 30-150 ppm of poly-1-butene
oxide as a carrier fluid and 0.1 % PIB were found to be beneficial in the CEC F-16-T-96
process (154). Combining polyolefin amines with polyetheramines (PEA) has been
shown to prevent CCD, making them an effective DDA (155). DDA based on PIB-
succinamide, PIB-amine, polyisobutene-amino alcohol, and PEA can prevent and
eradicate IVD in both keep-clean and clean-up modes due to their exceptional heat

stability in high-temperature zones (152). In gasoline engines, a mixture of a succinimide

53



detergent, a fluidiser (PEA, polyether, or a combination), and a Mannich detergent is a

highly successful way to reduce IVD (156).

2.5.3 DCA in GDI Engines

DCA can prevent injector deposit buildup in GDI engines, but they have to withstand the
temperature regime which varies from 60-150 °C at the fuel injector (157). Zhang et al
(33) conducted a 55 hr test comparing additivated fuel with regular fuels. They found
that additivated fuels performed better at maintaining fuel flow rate through injectors.
PEA are a standard DDA for both PFl and GDI (151). Their high efficacy has kept them in
use despite being older (Generation IV). PEA contain primary amino groups attached to
the end of a polyether backbone (152). Additives for GDI engines use poly butene amines
and PEA with a narrow molecular mass distribution and synthetic oils as carrier fluids,
effective up to 400 °C (157). Combining aromatic esters of polyalkyl-phenoxyalkanols
with PEA provides a fuel additive that controls engine deposits and is correlated with
the octane requirement increase (ORI) (158). The latest generations of Mannich bases
(Generation V and VI) are capable of preventing deposit formation and removing
existing deposits in combustion chambers (151). These additives have demonstrated
effectiveness in preventing fouling at injector tips (159) (151). Tests comparing Mannich
bases and commercial PIBA and PEA based additives in a GDI engine revealed that
Mannich bases performed six to seven times better than commercial additives (151). In
another test, the best PEA additive reduced flow by 8 %, while the best Mannich base
reduced it by 3 %, with the worst Mannich base achieving 5.7 % reduction (151).

Conversely, China et al. (39) reported superiority of PIBA in a study comparing them to
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Mannich bases and PEA. Detergents have been found to increase deposits in some
situations, making it important to use the correct dosage, typically between 400 and

1000 ppm (12).

2.5.4 Impact on Exhaust

DDA account for approximately 40-50 % of the additive market, emphasising the
importance of studying their effects on emissions (153). While detergent additives do
not directly impact exhaust gas emissions, they reduce deposits that negatively impact
engine performance. As mentioned previously deposits can increase many engine out
emissions, therefore reducing these deposits with DCA is critical. Zhang (33) concluded
that DDA are beneficial for reducing NOx emissions and can significantly impact PM
reduction. PM emissions from deposits are a particular concern in GDI engines and DCA
have been proven to reduce them (16). Henkel (16) also found that DCA could
successfully clean dirty injectors, reducing PM emissions to pre-fouling conditions. This
is especially important in the modern day with legislative bodies imposing ever stricter

environmental standards regarding PM to protect the health of their citizens (13).

As discussed in section 2.2.4, fouled injectors lead to increased soot emissions, creating
a negative feedback loop where the higher soot levels create further injector deposits,
which subsequently increases EGR Cooler fouling (160). This demonstrates how the two
types of fouling are linked and this study aims to investigate the two phenomena
together. Fuel additives have been shown to prevent this negative feedback loop and
thus reduce EGR Cooler deposits (12). EGR Cooler deposits reduce the thermal

conductivity of the Cooler walls and constrict the pipe diameters leading to reduction of
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Cooler effectiveness and increased exhaust back pressure, leading to friction loss and
increased dP (161). This may ultimately lead to engine failure (162). The direct
relationship between DCA and EGR Cooler Fouling have not been studied in the same

test in literature before and this study aims to fill this research gap.

2.5.5 DCA in PFI Engines

Studies on IVD and PFI deposits and their effect on emissions have been inconclusive.
Research indicates that reducing IVD with fuel detergents can lower HC and CO
emissions compared to untreated fuel. However, there have been observations of a
negative effect on CO and NOx emissions, likely due to increased CCD (152). A U.S. study
reported increased engine knock with more DDA (163). A Venezuelan study (164) found
that DDA significantly reduced CO (6-10 %) and HC (13-24 %) emissions in test trucks,
although NOx emissions increased by 2-3 % and fuel economy improved by 0.5-1 % (28).
An evaluation by the European Commission, ACEA, and EUROPIA estimated that using
detergents could reduce CO emissions by 10-12 %, HC by 3-15 %, NOx by 5 to -5 %, and

improve fuel economy by 2-4 % (165).

Repsol (35) successfully employed DCA to decrease IVD to minimal levels; nevertheless,
some deposits were caused by mild instability at higher temperatures, indicating that
dose and valve temperature are important factors in efficacy. Deposit levels rose with
valve temperature in additivated fuels but dropped in non-additivated fuels, according
to Grant and Mason (34). Additionally, they observed that certain additives were more

or less successful at decreasing deposits depending on their composition. According to
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Bitting et al (31), while certain commercial additives increased IVD, the proper dosage

of additions decreased deposits in fuels containing alcohol and additives.

2.5.6 Impact of Alcoholic Fuels on DCA Composition

Modern fuels often contain a percentage of ethanol which significantly alters its polarity
and solubility, complicating the dissolution of gasoline’s conventional detergent-
emulsifying additives and leading to deposit formation. There is evidence demonstrating
increased deposit formation attributed to ethanol-containing fuels with standard
additives compared to their non-ethanol counterparts (166). Similar issues were noted
by Brennan and Yeakey (167). As a result, Engines fuelled with ethanol blends require
specially formulated detergent additives with different chemical structures that are

soluble in ethanol-gasoline mixtures of any ratio (152).

2.5.7 Summary

DDA usage provides several significant advantages (152). These additives help maintain
a clean fuel supply system, ensuring that fuel flows smoothly and without obstruction.
This cleanliness promotes uniform fuel injection, which is crucial for optimal engine
performance. Additionally, DDA enhance combustion efficiency, leading to a more
complete burn of the fuel, which improves engine performance and reduces noise and
vibrations. As a result, the overall driving experience is smoother, with better engine
responsiveness and power. Furthermore, the use of DDA can lead to lower fuel
consumption and reduced maintenance costs, as the engine remains cleaner and more

efficient. Finally, these additives contribute to a decrease in harmful exhaust emissions,
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making the vehicle more environmentally friendly. By understanding and effectively
utilising these additives, the performance and longevity of engines can be significantly

enhanced, along with reduced environmental impact through lower emissions.

2.6 Accelerated Fouling Test Methods

2.6.1 Overview

Fouling on all the components mentioned so far builds up slowly over the lifetime of an
ICE. Thus, it is necessary to create an accelerated test procedure that can replicate years
of deposit build up in a short time in order to test the effectiveness of fuels and the
impact of varying engine conditions on deposit formation. This helps fuel and engine
manufacturers to rapidly develop products that can reduce the formation of deposits. It
also allows researchers to understand the deposition process as well as additive function

in less time and at lower cost.

Several methods have been reported in literature for various types of engine deposits.
These methods vary depending on the variable investigated. A few methods use full
scale engine tests and others use benchtop experimental rigs to simulate engine

conditions.
2.6.2 Injector Fouling

Accelerated injector fouling tests generally vary fuel and additive properties as well as
physical parameters to observe their effect on deposit formation. Some standardised

tests have been developed, such as the CEC F-98-08 DW10 cycle for diesel injectors (168)
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(169) (170) (171). There is no standardised test to quantify GDI deposits from the
American ASTM or European CEC. All gasoline related fouling tests only analyse PFI
engines (172). The CEC has been working on developing a method since 2016 and
Volkswagen have developed an inhouse procedure (172) (36). This is similar to the
DW10 test, which consists of “keep clean” test, followed by a “dirty up” test and
concluded with a “clean up” test. The “keep clean” tests assess how a fuel can prevent
deposit build up, while the “clean up” test uses a fuel on injectors that have previously

been fouled via a “dirty up” test to investigate how effective they are at cleaning.

The types of tests described in literature vary in specific aspects. Some tests use engines
controlled by dynamometers (39) (33), while others let the engine run free to save on
operating costs (96). A few tests also use whole vehicles (173). Time taken to run the
tests also varies, with some short tests lasting less than a day (39) and some taking
multiple days (33). The “keep clean” test by the CEC lasts 48 hr (36) with the aim of
assessing if fuels can keep the injector pulse width from increasing above 5 % of its
original value (11). The CEC expects a fuel to maintain an injection pulse width increase
below 25 % during a 48 hr “dirty up” test and a 90 % injector pulse width recovery is

expected after a 24 hr “clean up” (36) (11).

The results from accelerated fouling methods vary greatly, impacting the ability of the
difference between a reference fuel and an additivated fuel to be assessed easily. Some
short tests produce significant deposits, while others lasting days observe minimal
change. For example China et al (39) observed that a reference fuel resulted in a 20 %

loss in injector flowrate and the additive reduced this to a 2 % increase over the test.
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Conversely, Zhang (33) only saw an average fuel flow rate loss of 2.3 % and 1.8 % for a
reference fuel and additive respectively. Evidence proves that adequate methodology is

superior to duration of a test where quantity of deposits is concerned.

It is important to find the correct engine speed, load and an effective cycle to operate
the test. Some studies run at constant load for the entire test (e.g. standard CEC GDI
tests, Zhang (33), Henkel (16) and Joedicke (174)) and some run cyclic tests (such as
China and Rivere (39)). The standard Diesel DW10 cycle starts at 20 % load for 2 min,
then ramps up to 60 % load in steady state for 7 min. This is followed by a sharp drop to
20 % load. This cycle repeats itself, increasing to 80 % load and the next cycle is at 100
% load. The 100 % load condition is repeated 4 times as the whole sequence repeats
itself. The CEC GDI test runs at steady state of 2000 rpm / 56 Nm for a “keep clean” test
and the “Dirty up” and “Clean up” cycles work similarly to the DW10 cycle. Afton
chemical used the CEC cycle and saw varying results with reference fuels from 5-50 %
increase in injection time over 48 hr (36). China and Rivere (39) repeated a 6 min cycle
160 times to generate significant results. The cycle started with 30 s at idle followed by
a 15 s ramp up to 5000 rpm / 2.5 bar BMEP where the engine stayed for 300 s, then the
cycle ramped back down to idle to repeat the cycle. China and Rivere (39) chose a high-
speed low load condition as they had found from previous tests that this achieved a high
injector tip temperature. Badawy (175) also used a transient cycle sweeping from idle
to 8 bar IMEP at 2000 rpm over 54 hr. They observed an average flow rate difference
between clean and coked injectors of 5.6 %, significantly less than other transient cycles
such as that done by China and Rivere (39). Henkel (16) ran their test at multiple steady

state conditions, starting at 2000 rpm / 2 bar BMEP for 30 min then moving to 2500 rpm
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/ 6bar BMEP for 4 hr, before reverting to 2000 rpm / 2 bar for 30 min. This was followed
by a clean-up test. Henkel (16) reported significant changes in emissions and combustion
which was attributed to deposits. Joedicke (174) managed to achieve a 23.5 % reduction
in injector flow rate after a 55 hr steady state test at 2000 rpm 5 bar, significantly more
deposits than Zhang (33) who also used a steady state test for a similar time. A similar
30 hr steady state test at 2000 rpm/ 5 bar with the addition of a cold start was performed
by Jiang (14) however they only saw a 2 % change in injector pulse width, a considerable
contrast to the 23.5 % reduction in flowrate by Joedicke (174). Another factor that can
assist deposit formation is a hot soak at the end of the test to allow the deposits to

stabilise (171).

The varying results throughout the above mentioned studies can be attributed to
varying engine injector strategy or design and air motion and differing fuel compositions
among other differences. It is therefore important to understand the engine that is being
used in order to make an adequate accelerated fouling cycle. Brinklow et al (171) aimed
to do this by mapping their engine prior to running the fouling tests. The parameters of
interest were the fuel return temperature, EGR rate, injection timing, duration and
pressure. As discussed in section 2.2.3, these parameters all have an impact on the
formation of injector deposits. High fuel return temperatures were targeted as they
correlate to high fuel temperatures and high EGR rate was expected to make high in-
cylinder PM emissions. Two operating points were identified. One was a high-power
point to increase injector temperature, which was followed by a low power point with
low injection pressure and fuel flow rate to let the deposits stabilise. The effect of the

total test duration was studied. It was reported that an 8 hr cycle alternating between
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high and low load every 15 min, followed by a 4 hr soak, could generate deposits that
restricted injector flow by 11 %, a greater value than when they ran the 44 hr DW10
cycle on their engine. The cycle was repeated up to 4 times, but the injector flow rate

loss plateaued after the first 2 cycles.

The speed and load of the proposed high power operating point was investigated. It was
found that increased speed had more of an impact on deposit formation than load. This
was theorised to be due to higher loads having increased fuel pressure for only a small
increase in injector tip temperature, and higher speeds leading to more injections per
second. The high pressure of these injections can induce a shear force on the injector
wall, sharply increasing temperature. This was also observed in a study by Kinoshita
(109) who found that when maintaining load, an increase in speed would generally

increase injector nozzle temperature.

The time spent at each operating point was also proved to have an impact. It was
concluded that more deposits were generated by spending less time at the high power
point. This is possibly due to less time being spent at operating points where the high
fuel pressure and fuel flow rate can wash away the deposits. A longer time at lower
injection pressure could allow more time for deposits formed during the high injector

temperature phase to solidify.

The frequency at which the engine cycled between the two phases was also important.
It was found that higher frequencies resulted in more deposits. This is because the
injector is still hot from the high power setpoint, but the pressure and flowrate are low

enough to not wash away deposits at the transition point from high to low power. This
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may help to explain how China and Rivere (39) achieved high deposits in a short test, as
they cycled between loads every 6 min. The addition of a high-speed idle test proved
useful as it increased injector flow loss by 109 %, due to the poor quality of combustion

promoting the production of soot.

An injector flow loss of 11 % was observed with a baseline fuel following a 20 hr test
utilising the above conditions. Two additives were used showing flow losses of 8.72 %
and 7.27 %. This is a significant difference and demonstrates the value of research into
optimised shorter test cycles, improving the cost-effectiveness of additive testing for

manufacturers.

The study by Brinklow (171) is one of few studies that explains in detail how an
accelerated injector deposit formation cycle was created and this study aims to build on
this knowledge. In addition to this a novel concept in this study is not to purely assess
the different parameters that can impact the rate at which injector deposit growth can
be accelerated but also to outline an approach that will assist with finding these
parameters as quickly as possible. This study will detail the steps taken with different

trials to aid future researchers to use the same techniques or improve upon them.

The level of control of the engines parameters also impacts how effectively an
accelerated fouling method can be created. For example China and Rivere (39) had
control of the lambda control loop, blow by, EGR, intake temperature, coolant
temperature, fuel temperature and fuel pressure. Some of these variables were found

to have a significant impact on deposit formation (such as fuel temperature), while
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others had negligible effect (such as EGR, blowby and intake temperature). Strict control

of these parameters improves reliability and replicability of the experimental design.

The injector cleaning process is also important and varied from study to study. Some
studies used the same injectors that were cleaned between different tests (39),while
others used new injectors in every test (33). Most studies used ultrasonic cleaning

methods with a cleaning fluid for the injectors (39) (36) (33).

The type of fuel being used also makes a difference This is likely due to the relationship
between T90 and the injector temperature previously mentioned. Some tests such as
the DW10 use additives like zinc to purposefully increase deposit formation (171).
Different engines also have distinct maps and hence different injection strategies which

will cause great variation between engines at the same speed and load.

2.6.3 EGR Fouling

Accelerated fouling methods are also used to generate deposits in EGR systems. As the
EGR Cooler is not within the combustion chamber there are less parameters impacting
it. As mentioned in section: 2.3.2 the main parameters that impact EGR Cooler fouling
are exhaust temperature, flow velocity and particle concentration. These factors
generally have less trade-offs with each other compared to those that impact injector
deposits. For example, a hot injector tip might be needed to create deposits, so high
speeds and loads might be suitable in this sense, however this will also impact the fuel
pressure, injection timing, lambda and so on, making it difficult to obtain the optimum

condition for fouling. In contrast, generating exhaust conditions with high
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concentrations of soot, low flow velocity and high temperature are factors that can be

more easily controlled with EGR fouling and do not necessarily conflict with each other.

As the EGR is outside the engine it is easier to make custom setups, such as that done
by Abarham (176) who artificially heated the walls of the Cooler to observe the impact
of temperature gradient on deposition. The Cooler was specially designed out of Pyrex
to allow for observation of the process. Storey et al (37) used a custom surrogate tube
instead of a full size EGR Cooler as they could achieve better control of the conditions.

A similar approach was taken by Lance et al (177).

Most studies use the engine as a deposit generator when researching EGR Cooler fouling
(176) (37). The Cooler is not often used in a functioning EGR system as this can add
variability to the process. This is because EGR Cooler fouling can affect engine
properties, thereby impacting exhaust composition, temperature, and flowrate, all of
which perpetuate Cooler fouling. Therefore, it is recommended to extract exhaust gases

circulating in the cooler away from the engine.

2.6.4 Intake Valve Fouling

The accelerated methods for testing IVD also vary greatly between different studies.
There are standardised tests ran by the American ASTM and the European CEC. The CEC
methods include CEC-F-05-93 performed in an OHC 4-cylinder engine, where the engine
runs through a 60 hr low load test profile on an engine test stand. The intake valve
weight is measured along with a rating of the IVD and photos. The CEC-F-16-96 test is

conducted on a 1.9 | water cooled boxer otto engine type 2 series. A drive cycle is used
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with a cool down and soak phase along with a compression test. The sticking tendency
of the intake valve is studied at low temperature during the compression test. The CEC-
F-20-98 is performed on a 2 | 4-cylinder engine with 4 valves per cylinder. A 60 hr low
load test profile is used on an engine stand. The studied outcomes are intake valve mass,
CCD mass and piston top deposit mass (36). The deposits are expected to be kept below
a certain mass when using an additivated fuel. Typical IVD mass for base and additivated

fuels are shown in Table 2-1.

Table 2-1: Summary of standard valve deposition tests (138).

) o Typical Deposits
Test Engine Test description —
Base fuel Additivated fuel
MB M102E 200-500
CEC F-05-93 5 60 hr dyno <30 [mg/valve]
2.3dm [mg/valve]
MB M111 300-800
CEC F-20-98 60 hr dyno <50 [mg/valve]
2.0dm?3 [mg/cyl]
ASTM D BMW 318i i <100<50
16 000 km vehicle | 290 [mg/valve]
5500 1.8 dm?3 [mg/valve]
ASTM D FORD 300-1000
100 hr dyno <50 [mg/cyl]
6201 2.3dm?3 [mg/cyl]
Chrysler PFI
ASTM D ) 20-40 [% flow
2.2dm3 16 000 km vehicle <5 [% flow loss]
5598 loss]
Turbo
Chrysler PFI
ASTM D 25-50 [% flow <10 [% flow
2.2dm?3 44 hr dyno
6421 loss] loss]
Turbo

Different approaches have been taken in other studies to generate IVD, with variable
control of parameters. For example Cheng (27) had good control of many engine
parameters such as coolant temperature, spark timing and intake temperature. Cheng
(27) used a single cylinder engine with two injectors in the intake system. They used a

fuel trap to filter liquid fuel in the intake manifold, which led to no deposit formation.
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Conversely, significant amounts of deposit were formed when the fuel trap was
removed. Having this level of control in the setup helped to characterise the impact of
liquid fuel. They also had control over oil leakage, by collecting any potential oil leaks
from the valve stem seal in an oil cup placed on the stem. This additional level of control
allowed confirmation that all deposits were fuel derived. Cheng successfully generated
103 mg of fuel derived IVD in 180 hr, with sufficient deposits after 2 hr to repeatably

observe the impacts of different fuels on deposits formation.

The methods used to measure deposits varied between testing strategies. Repsol (35)
measured the weight of a small metal bushing placed close to the valve in the intake
port before and after the test. The instrument had thermocouples in it allowing for the
temperature to be recorded. This saved time as the engine did not need to be
disassembled to remove the valves after every test for weight measurement. Cheng (27)
used a custom built intake valve that had four pieces of metal laying on a machined part
of the valve tulip. They covered a quarter of the valve each and could be removed
independently to assess how deposit formation varied around the valve. Each quarter
piece also had its own thermocouple to record exposure to fuel injection and airflow

and how this impacted temperature.

Other examples of experiments conducted on engine test rigs can be found here (29)
(28) (31) (10). Bitting (31) found that different cycles were needed for different engines
to represent results seen in the field when conducting engine dynamometer tests. They
reported that a 60 hr transient acceleration/ deceleration cycle was more representative

of real-world results than a test that moved between various steady state conditions
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every 5 min. They also found that a different test consisting of a cycle with a 2 min idle
followed by various accelerations and decelerations helped to attain more realistic
results in larger engine sizes. Gail (10) used low and high load cyclic cycles alongside a
low load steady state cycle and the standard CEC cycle. They found that that the
constant speed low load cycle generated the most deposits in 100 hr, but the cyclic low
load cycle generated the most deposits per unit of fuel consumed. It is important to
consider the amount of fuel consumed as IVD tests can be between 50 and 100 hr long
and multiple tests may be needed to quantify the impact of fuel additives. Maintaining
low fuel consumption while maximising deposit formation is essential to ensure the

testing process (and fuel development by extension) is cost-effective.

Physical simulations performed on experimental rigs can be utilised to further enhance
cost-effectiveness. Lacey et al (38) created a bench top laboratory test that could
generate IVD in a short period of time. This was done by constructing a physical
simulation of the intake manifold with a fuel injector, intake runner and valve. The valve
stem was hollowed out so a small electrical heating element could be inserted, allowing
for precise control of valve temperature. This is a key advantage in comparison to using
regular engines, as the temperature can be isolated and controlled without impacting
related parameters. Air is passed through the constructed intake manifold and valve via
a pre-heated compressed air tank. The results from the apparatus were found to
correlate well with standard BMW and Ford IVD tests. The test also only lasted 20 hr,
thus time was saved in the test duration compared to the standard 60 hr cycles, and

money was saved by negating the need for a full engine and dynamometer setup.
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Daneshgari (30) used an even simpler simulator, where they passed fuel over a heated
aluminium bar. The bar was heated so that one end was 400 °C and the other was 120
9C, representing the temperature range of intake valves. The bar was tilted so that fuel
drops could slide from the hot to the cold end. This allowed them to investigate the
impact of temperature and boiling points on intake valve deposition. The simulator was
subsequently used to identify which temperatures were most likely to create IVD, which

helped develop a test cycle to create IVD in an actual engine.

The current study aims to build upon the methodology of physical simulations found in
literature. The results from the above studies show that simple experimental rigs can
replicate the results seen in real engines, mainly with respect to valve temperature.
However, valve temperature is impacted by several factors such as valve speed, air and
fuel mass flow rates and coolant temperature among others. The novelty of this work is
the design of a rig that allows for the physical simulation of all these variables to
understand their impact on fuel derived intake valve deposits in a real engine cylinder
head. The experimental rig built in the current study aims to allow the user to investigate
these variables and determine which variables are truly necessary to allow a simulation

to accurately replicate a real engine.
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3. METHODOLOGY

This chapter outlines the methodologies employed in the experimental research,

including the set-up of the engine test cell, engine type and characteristics,

instrumentation, control and emissions analysis for both the GDI Injector Deposits and

EGR Cooler Fouling Chapters. The proof of concept test plan for the Intake Valve Deposit

Experimental Rig is also described here.

3.1 Engine Setup and Facilities.

3.1.1 Engine

The experiments were conducted using the engines detailed in Table 3-1. These are both

modern production GDI engines utilising a multi-hole injector, which are water-cooled,

four-stroke and turbocharged.

Table 3-1: Engine specifications.

Engine Specification

Injector Study Test Engine

EGR Cooler Study Test Engine

Compression ratio 10.5 10.5
Displacement 1.1991 1.3951
Stroke 90.5 mm 80 mm
Bore 75 mm 74.5 mm
Emissions Standard | Euro 6 Euro 6b
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A schematic of the exhaust layout used in both the GDI and EGR Cooler tests, along with
photos of the physical setup for both experiments are presented in Figure 3-1, which
illustrates the placement of the emissions measurement probes and other
instrumentation. The exhaust gases went away from the engine via the EGR Cooler, with
a Low Pressure Loss (LPL) valve (Valve 1) being used to control volumetric flow rate
through the EGR Cooler system. This was controlled so that the pressure difference
between P1 and P3 measured at the start of a test cycle would remain constant, for each
engine operating condition respectively. This was used in conjunction with Valve 2 which
assisted to keep the engine back pressure constant throughout the test and to maintain
constant EGR flowrate. During the engine warm up phase Valve 3 was shut with Valve 4
remaining open, to divert exhaust away from the EGR Cooler until the engine stabilised.

The valve positions were then reverted to begin testing.

The engine was controlled using a dynamometer, which facilitated power absorption
from the engine. The dynamometer was used to measure brake torque and the
rotational speed of the engine. The engine speed and load were controlled separately,
with torque control allowing for accurate adjustments. The ECU could not be controlled
in the Injector Study and EGR Cooler Study test engines. In both experiments involving
the engine, an engine map was created so ECU variables could be related to engine

operating conditions.

71



OBS2200
P3-T3

a) P1-T1 P2-T2 \
EGR [
Valve 3 Valve 1 ‘—I—’
* Flowmeter

=

Valve 2

Ll |

Valve 4

N‘( Electronic valve to control flow through EGR.

S415
Smokemeter
and ME[(A 1230

On-0Off valve, to control flow between free
branch and EGR branch.

Exhaust flow is controlled keeping the differential pressure
between P1 and P3 the same.

P1, P2 and P3 are pressure measurement points.

T1, T2 and T3 are temperature measurement points.

Figure 3-1: a) Exhaust layout, b) Photographs of the exhaust layout.

3.1.2 Fuel Properties

The Base fuel properties for all experiments are shown in Table 3-2. For the Injector
study one additive was used with both the Base Gasoline and Renewable fuel and for

the EGR Cooler Fouling experiments three separate additives were used initially, and the
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best performing additive was then used for further comparative experiments with a

Reference Fuel. The details of the additives cannot be disclosed in this study. The

reference and Base Gasoline fuels were chosen to represent commonly used fuels in

commercial vehicles that were available at the time of experimentation, with the

renewable fuel chosen as a representative of commonly used ethanol blended fuels.

Table 3-2: Fuel properties (* approximate value for confidentiality, ** range of values used for

confidentiality).

Base Gasoline

Base

Reference Fuel

Parameter (Injector Study) Reltlewable Fuel (EGR Cooler
(Injector Study) Study)
Density at 15 °C [kg/m3] 735 *765 728.6
Octane Index [-] 97.5 95.8 95
Oxygen Content [%m/m] 1.7 ** >3 <6 0.7
Ethanol [%v/V] 0.34 *¥*>5 <20 7.8
Methanol [%v/V] 0 <1* 0.5
Ethyl tert-butyl ether [%v/V] 10.56 <1* 0.9
Aromatics [%v/V] 224 *30 42.5
Olefins [%V/V] 16 *5 29.0
Vapour Pressure [kPa] 74.3 58.9 71.7
Initial Boiling Point [°C] 31 37.1 29.0
E70 [%] 33.4 39.8 42.5
E100 [%] 60.9 48.7 65.0
E150 [%] 91.6 75.5 95.8
Calorific Value [MJ/L] 30.2 29.8 Not provided
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3.1.3 Emissions and Instrumentation

The concentration of emissions in the engine exhaust was measured using the Horiba
OBS 2200 system for gaseous emissions (NOx, THC, CO, CO;). The OBS 2200 utilises
several different methods for accurate detection under varying environmental
conditions. The system employs Non-Dispersive Infrared (NDIR) detection for CO and
CO,, Flame lonisation Detector (FID) for THC and Chemiluminescence Detection (CLD)
for NOx. The accuracies of each emissions measurement are displayed in Table 3-3, in all
cases the emissions were measured using “Range Low” if the concentration was

suitable, in order to improve the accuracy of measurements.

During operation, the OBS 2200 continuously measures emission concentrations and
records data such as exhaust flow rate and environmental conditions including
atmospheric temperature, humidity, and pressure. The OBS 2200 was able to sample
emission concentrations at a frequency of 1 Hz. It measured concentrations of CO and

CO; as percentages, while other species such as NO, NO;, and THC were measured in

ppm.

Soot was measured using the AVL 415SE (Smoke Meter), which utilises the filter paper
method to determine the FSN and soot concentration in mg/m3. The AVL Smoke Meter
employs a variable sampling volume and thermal conditioning of the exhaust gas to
ensure consistent results. A user-defined volume of exhaust gas is extracted from the
exhaust pipe using a probe which is subsequently drawn through clean filter paper. The
volume of exhaust gas drawn through the filter paper is then measured using an orifice

flow meter. The blackening of the filter paper caused by soot is detected by an optical
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reflectometer head. From the degree of blackening and a calculated effective length,
the soot content in the exhaust gas is calculated. As a result of the sample volume being
near constant, the measured values remain accurate over the period of sampling. A
microprocessor controls and monitors the whole measuring procedure, which is carried
out entirely autonomously including the calculation of the paper blackening and
effective length. Soot was also measured via a Horiba Mexa 1230 PM by a Diffusion
Charging (DC) method. Hot dilution was considered to prevent nuclei mode, with the

dilution ratio of the soot diluter set to approximately 40.

The emissions were collected from the exhaust using a probe, as illustrated in Figure
3-2. The probe was positioned in the transverse axis of the exhaust pipe, with multiple
smaller orifices machined into it, facilitating an even distribution of the exhaust. All the
emissions analysers were also routinely purged throughout all experimental test
procedures via an electronically controlled three-way valve which switched between

diverting ambient air or the exhaust through the analysers at a fixed frequency.

Table 3-3: Emissions measurement equipment accuracy.

Emission Analyser Repeatability Range Low Range High
co Horiba OBS 2200 | +2.5% of full scale | 0-0.5vol % 0-10vol %
CO, Horiba OBS 2200 | +2.5% of full scale | 0—-5vol % 0-20vol %

. 0 -1000 0-10,000
THC Horiba OBS 2200 | * 2.5 % of full scale
ppmC ppmC
NOx Horiba OBS 2200 | + 2.5 % of full scale | 0—100 ppm | 0—3000 ppm
Soot AVL 415SE + (0.005 FSN + 3 %) 0-10 FSN N/A
Horiba Mexa 1230 0 to 1000
Soot + 1 % of full scale N/A
PM ug/m?
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Figure 3-2: Emissions probe.

3.1.4 Engine Instrumentation and Data Acquisition

Pressure transducers were used to monitor the pressure at certain places along the gas
route. Endress + Hauser DELTABAR 5 PMD75 and ABB 266DSHHSSB2A1 pressure
transducers were used for the pressure difference across the EGR Cooler and LPL valve
as these were critical measurement points and these transducers are specifically
designed for measuring pressure differentials as well as being highly accurate and
robust. They also have additional communications capabilities allowing them to be
easily integrated into the control system required to maintain near constant exhaust
back pressure throughout the experiments. Calibrated K-type thermocouples were used

to measure the temperature.

For the experiments in the injection duration chapter the injection duration and spark
timings were measured using a current probe which was linked to an encoder, whereas

in the EGR Cooler Fouling study they were measured from the engines ECU.
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The equipment used for data acquisition along with their repeatability is listed below:

Fuel Measurement Equipment: AVL PLU Fuel balance (+ 0.3 %) for fuel
consumption measurement.
Injection and Spark Timing Measurement System:

o Kistler Kibox.

o Chauvin Arnoux Current Probe e3n.

o Kistler 2614C11 encoder (+ 0.5 CAD resolution).
Intake Flow Measurement: ABB flowmeter (+ 0.8 %).
Temperature Measurement: Type K thermocouples (+ 1.5 °C or £0.4 %).
General Pressure Measurement: Keller PR-33X transducers (+ 0.05 % of full
scale).
Pressure Difference across EGR System: Endress + Hauser DELTABAR 5 PMD75
pressure transducers (+ 0.05 %).
Pressure Difference Across LPL Valve: ABB 266DSHHSSB2A1 (+ 0.06 %).

Lambda: measured using MEXA 7000 Oxygen sensor (£ 0.5 % of full scale).
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3.1.5 Fuel Injector Cleaning

For both the GDI and EGR Cooler tests the following cleaning method was employed at

the end of every test:

e Dismount injector and take photographs.

e C(Clean the injector using a detergent mix (e.g. Spezialreiniger Alkalisch 5 %) in an
ultrasonic bath for 90 min.

e Take photographs of clean injectors.

e Place the injectors back in the engine.

3.2 Intake Valve Deposit Experimental Rig

The details of the design, manufacturing and assembly processes of the rig are explained
in chapter 6, where the completed components and the final rig are presented with
calculations and discussions explaining how the final designs were created. The

completed rig was then tested using the below methodology.

3.2.1 Proof of Concept Testing

To determine whether the finished product complied with a PDS (described in chapter
6), a proof of concept test was executed. The mass of the IVD was examined at various
valve temperatures to see if the experimental rig could successfully generate deposits
similar to that of an ICE. It was determined from literature that the most important
factor impacting the formation of IVD was valve temperature. Prior research suggested

that most deposits formed within a critical temperature range. This critical temperature
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was to be determined by preliminary testing. Testing the temperature control system's
capacity to precisely regulate the valve and Cylinder Head temperatures was another
aspect of the proof of concept. The behaviour of various control parameters was

recorded and used to assess the control system's performance.

Two sets of preliminary tests were carried out (Table 3-4). The first set of tests were to
test the ability of the experimental rig to operate with dynamic tests. This began with
an initial 2 hr exploratory dynamic test which was conducted to identify any potential
issues with the equipment, which was then followed by a 9 hr dynamic durability test.

Static tests were then run to give a comparison between the results.

The following static tests were then used to study the impact of changing the valve
temperature while keeping all other variables the same. These tests used static valves
as it reduced complexity and hence setup time allowing for more testing to be done per
day. To enable one test to be executed per day the duration was reduced to 5 hr, the
decision was then made to increase the fuel flow rate but to maintain the air-fuel ratio
for these shorter tests, with the theory being that this would increase the chance of
observing significant IVD in the short duration. These tests aimed to identify the critical

temperature for IVD formation outlined in section: 2.4.3.1.
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Table 3-4: IVD proof of concept test conditions.

Fuel
Cylinder ) ue )
. Valve Intake Intake | AirMass | Mass Air- [Camshaft
Duration Head
Test Temperature Temperature | Pressure | Flow rate | Flow Fuel Speed
(hr) o Temperature o )
(°Q) (°C) (°C) (bar) (kg/hr) | rate | Ratio | (rpm)
(kg/hr)
. 1 2 240 67 27 2 9 0.77 11.76 620
Dynamic
2 9 290 67 20 2 9 0.77 11.76 620
3 9 290 67 20 2 9 0.77 11.76 0
4 5 330 67 22 2.7 13 1.11 11.76 0
S 5 5 370 67 22 2.7 13 1.11 11.76 0
6 5 250 67 22 2.7 13 1.11 11.76 0
7 5 210 67 21 2.7 13 1.11 11.76 0
8 5 170 67 18 2.7 13 1.11 11.76 0

To measure the mass of the deposits, the valves were weighed before and after the test
using an Ohaus Pioneer scale with 0.1 mg precision, with typical IVD mass ranging from
2.5-20 mg per valve. After each experiment each valve was measured three times with
the mean being used as the final result, the valves were then partially cleaned and finally
fully cleaned (with 3 measurements and a mean being taken after each step). Post-test
the valves were left for at least 12 hr to allow deposits to solidify and any residual fuel
to evaporate. This was followed by the partial clean consisting of a 5 min soak in ethanol
so the solidity of the deposits could be analysed. The mass was measured again, and
then the full clean occurred, where the valves were thoroughly cleaned using a solvent
and manual abrasion with a cloth to remove the deposits as completely as possible. This
clean mass was used as the pre-test mass for subsequent tests. The IVD mass was
calculated as the difference between the first post-test measurement and the pre-test
mass. This process was repeated for all following tests to ensure accuracy and
consistency in the results. Each valve was marked so the two valves could be
differentiated and so that the orientation could be determined. The orientation was

kept consistent between tests.
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Figure 3-3: Ohaus Pioneer scale being used to weigh a valve.
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4. GDI INJECTOR FUEL DEPOSITS

4.1 Introduction

As previously noted in the literature review and research focus sections, there is a
growing interest in GDI engines due to their enhanced fuel efficiency compared to PFI
engines. However, one of the challenges associated with GDI technology is the potential
accumulation of fuel deposits on injectors, which impact engine performance, PM and
gaseous emissions as well as fuel efficiency. It is therefore beneficial to address this issue
to maintain the advantages of GDI technology while minimising its environmental and
operational drawbacks. This is particularly pertinent considering the regulatory

requirements concerning PM emissions.

The composition of the fuel and the presence of any fuel additives can influence the
formation of deposits. This chapter examines the influence of a conventional Gasoline
and a Renewable fuel, in conjunction with an Additive, on the formation of injector
deposits over the course of an accelerated injector fouling test cycle. Furthermore, the
impact of the Additive on both fuels is investigated to assess the importance of
developing additives that are specifically tailored to fuels with different properties. A
comprehensive examination is conducted to ascertain the influence of varying fuels and
additives on the formation of injector deposits and how different engine operating
conditions can influence the formation of injector deposits. In addition to this the impact
of the deposits on engine PM and gaseous emissions as well as fuel consumption is

studied.
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The methodology employed to create the accelerated fouling cycle is also explained,
with the aim of addressing the lack of existing literature about which engine and cycle
parameters can be exploited to create injector deposits in a relatively short period of
time. This is a crucial aspect, as fuel and additive developers require a method to
simulate the formation of injector deposits in a shorter timeframe, which would
otherwise take years in the real world. This chapter also considers the techniques used
to develop the accelerated fouling cycle from the outset, given the limited existing
literature on this topic as well. This represents an area of inefficiency in the testing of
new fuels and additives, as a significant amount of work is often required to first develop
the fouling cycle with a new engine before fuel testing can commence. This chapter aims

to provide a framework for such a process.

4.2 Methodology

4.2.1 Development Procedure for Discovery of an Accelerated Injector

Deposit Formation Cycle

The methodology for finding an accelerated deposit formation test cycle involved
multiple steps including initial mapping, lean and agile experimentation, sequential
experimentation and the final test cycle. The overarching philosophy with the technique
employed to find the final test cycle was to vary multiple test parameters
simultaneously, as opposed to a more thorough but time consuming One-at-a-time
(OAT) approach. This allowed for rapid identification and optimisation of engine and

cycle parameters that lead to significant injector deposit formation, which is essential
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for testing the impacts of different fuels and additives efficiently. The primary method
for assessing the level of the injector deposits was through monitoring injector duration

time and from visual inspection of the injectors before and after the test cycles.

The engine, cleaning and exhaust layout described in the main methodology section was
used to conduct experiments on injector deposits. This chapter starts with defining a
process used to generate a test Cycle which accelerates the formation of fuel-derived
deposits on the fuel injectors which is then utilised to study the impact of Renewable
fuels and Additives on deposits formation. The process used for the development of the
Cycle is shown in Figure 4-1. Special attention was paid to certain parameters which
were understood to relate to injector fouling including but not limited to the parameters
in Table 4-1. It must be noted that engine control parameters could not be recorded or
modified (locked ECU), but they could be measured indirectly via methods outlined in

the main methodology section.

For the following chapter the definitions of various parts of the developed test Cycle are
displayed in Figure 4-2. Where a Cycle refers to the entire test Cycle, a Sequence refers
to one repetition within the Cycle, and the Sequence is then made up of varying engine
Setpoints (engine operating conditions) with a ramp between them if multiple Setpoints

are used.
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Table 4-1: Variables that were adjusted throughout accelerated fouling Cycle development process.

) . Speed (1250 to 4500 rpm) and load (6 bar
Engine Setpoints
IMEP to full load)
Number of injections, fuel temperature,
Fuel Injection Parameters injection pressure, SOI, and injection
duration
Combustion Parameters MFB50, AIGN
Exhaust and Emissions Soot concentration, THC, CO, exhaust
Parameters temperature
Cycle Characteristics Sequence duration, Setpoint duration

Engine Speed (rpm)

IMEP (bar)

Engine Speed (rpm)

IMEP (bar)

Cycle (Whole Test)

1500 \
1400
1300
1200
1100

14

12

10

8

6

4 L

5 10 15 20 \ J 25 0
Time (hr)
Sequence
\
( Setpoint Ramp Setpoint \

1400
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w
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Figure 4-2: Definition of Cycle Parameters.

86



The first stage of the Cycle development process was to identify key Setpoints using the
above parameters. This was achieved by reviewing literature to identify engine output
parameters that showed a correlation with injector deposit generation. Once this was
established a set of preliminary experiments (engine mapping) were carried out, which
consisted of running the engine for a short duration (approximately 2 min) across a wide
range of engine speeds (1250 to 4500 rpm) and loads (6bar IMEP to full load). This
information was then analysed so that engine Setpoints could be correlated to potential
engine output parameters that could impact injector deposit formation. The method
employed in the analysis of this section of the procedure was an Exploratory Data
Analysis (EDA), where visual plots consisting largely of contour maps and bar graphs
were made to identify key Regions of the engine map. As the ECU could not be modified
it was also vital to identify how ECU parameters reacted at different Setpoints, and the

engine mapping process provided this.

The chosen Setpoints were further explored and measured over a longer duration (1 hr)
to confirm the experimental results found from the engine map and to explore if any
amount of injection duration increase could be seen. An increase in injection duration
would indicate a restriction in the injector nozzle and hence the potential presence of
injector deposits, providing a method for assessing injector deposits in-situ. Visual
analysis of the injectors was also used to identify the presence of deposits. The analysis
of both the map and the 1 hr tests were used to build an understanding of how the
engine behaved at different Setpoints and this data was used to determine which

Setpoints would be used for further exploratory testing. The data was also added to
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what is shown as the Data Pool in Figure 4-1. The Data Pool was used throughout all

stages of the procedure and was continuously updated and used to inform decisions.

The second stage of the procedure consisted of a variety of Cycles composed of Setpoints
selected from the results of the EDA from the previous stage. In addition to engine
parameters that were known to impact injector deposit formation, literature was also
reviewed to study which Cycle parameters (such as those shown in Figure 4-1) impacted
injector deposit formation. The first Cycles were relatively short in total duration (7.5 hr)
cycling between high speed — low load Setpoints and low speed - high load Setpoints.
These short tests provided a lean startup, where minimal time and resources were used
to build foundational knowledge on how a multitude of engine and Cycle parameters
impacted the outputs (Figure 4-1). The Setpoints and Sequences that showed the most
change in injection duration or displayed characteristics such as high soot or other
parameters indicating high potential levels of injector fouling were chosen to propose
longer (22.5 hr) Cycles. These Cycles varied further Cycle parameters such as Sequence
and Setpoint duration. The results from these tests underwent another EDA after each
iteration so that the input parameters of each iteration could be compared to the

outputs and then adapted in an agile manner.

The governing principle of this phase was to adaptively modify parameters in a
simultaneous manner, thereby facilitating the acquisition of a comprehensive Data Pool
with a lean number of tests. The ensuing results were then subjected to real-time
analysis through a comparison with established literature and results from the Data

Pool. This approach enabled the rapid implementation of agile iterations, where
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multiple variables were changed simultaneously. An agile iteration is when the plan for
each iteration is loose with the results of one test changing the plans for the following
ones as the acquired knowledge in the Data Pool changes, making the tests agile. This
allowed for the identification of the most influential parameters with greater speed.
Once the results of the EDA showed a wide range of data on which parameters had a
correlation with injection duration increase, the parameters were tested further in the

next stage.

The following test Cycles were then run for at least 37.5 hr with a Base Gasoline fuel
(Table 3-2) and different doses of an Additive (The details of the Additive are unable to
be disclosed in this work). The Cycles were changed adaptively with the aim of assessing
which Cycle and engine parameters could not only generate deposits in a short period
of time but also changed the behaviour of the Additive so that a clear difference could
be seen between the Additivated and Base test results. The Cycle duration was also
increased to between 50-75 hr for the later, more finely tuned Cycles so that any small
differences between the Additive and Base Gasoline test results would be clearer. After
each iteration the process shown in Figure 4-1 was followed where firstly the injection
duration increase was analysed. If the increase was significant then the Cycle was
repeated with the Additive if there was any prepared. This is an important factor as the
Additive was both time consuming and expensive to create, meaning if the Additive was
still being produced, time should not be wasted waiting and instead further Cycles
should be ran to add to the Data Pool. After each Cycle an EDA was done to add more

results to the Data Pool. When a Cycle demonstrated that it could both successfully
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show a significant increase in injection duration and a noticeable difference between
the Base and Additive fuels the process was complete. This process provides a method
for future researchers to follow, to effectively create their own test Cycle for additive
testing, saving on cost, fuel and time used in the process of developing accelerated
fouling procedures. The different Cycles also allowed for an understanding of how the
Additive functioned at various engine and Cycle parameters, which can aid in the

development process of the Additive.

The final test Cycle was then run with a Renewable fuel (Table 3-2) with the same
Additive as was used with the Gasoline. Both the Base Gasoline and Renewable test
Cycles were repeated to ensure repeatability. The results for these tests were analysed
in more detail to observe how each fuel and Additive combination impacted injector
deposit formation. The impacts of the deposit formation on engine performance were
also analysed via changes in carbonaceous emissions and fuel consumption. A final
round of tests was then run using a GPF in order to assess the likely impacts of any

increase in soot levels in a modern vehicle with a GPF.

4.2.2 Analysis Techniques

To analyse how different sections of a Sequence impacted injection duration, the
Sequence was split into multiple Phases, displayed in Figure 4-3 which shows the
injection duration evolution over both Setpoints over the course of one Sequence. To
analyse the data, the raw data was first smoothed using a LOESS function. Three Phases

of the Sequence were then identified, Initial, Post Start, and Total, which are labelled in
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Figure 4-3 where the beginning and the end of each Phase is measured by using the
average injection duration in a window of £ 1 min. Note this timing was sometimes
changed for example in Cycles where a Setpoint duration might be less than 5 min, the

transition point from /nitial to Post Start was brought forward to approximately 2.5 min.

To analyse the evolution of output parameters over a whole Cycle firstly the Initial Phase
data shown in Figure 4-3 was filtered out so that the evolution over the whole Cycle was
comparing data that was recorded at a consistent section in each Sequence. Then a
trendline using the LOESS function as seen in Figure 4-3 was used on the filtered
Injection duration results. The LOESS line at this stage used a small window for the locally
estimated values, to allow the LOESS regression curve to follow the raw data more
accurately, thus any raw results that deviated from this line by more than 15 % were
removed as anomalies. 15 % was chosen as the limits of the data as this is where the
vast majority of the data lied. The LOESS regression was then repeated with a larger
window size on the filtered data to capture the trend over the whole Cycle as opposed
to small changes within a Sequence. As the data was measured at 1 Hz over multiple
hours, the data was then finally condensed by averaging the results of each hour in order

to save on computational time.

To calculate confidence intervals for results showing the evolution of parameters over
whole Cycles, the Standard Error at each hour was calculated from each repeat of a Cycle
with the same fuel. As the Standard Error was calculated at each timestep using only
two samples from different days these confidence intervals represent the probability of

how much a trendline will vary from day to day. As repeats were only executed for the
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Base fuel runs, the Additive runs used the same confidence intervals as their Base
counterparts, normalised to their own values. Confidence intervals for Sequence
analysis, e.g. comparing how much the Initial, Post Start and Total Changes varied
between fuels, used data from every Sequence in a Cycle that used the same fuel

(including any repeated runs).
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Figure 4-3: Definition of Phases of injection duration change throughout a Sequence at a) 1250 rpom 6 bar

IMEP b) 1500 rom 16 bar IMEP.
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4.3 Results and Discussion

4.3.1 Development Procedure for Discovery of an Accelerated Injector

Deposit Formation Cycle

4.3.1.1 Identification of Setpoints

Engine Mapping

The process began with sweeping the engines operation range to create a contour map
of various engine parameters (Table 4-1) against engine speed and load. High soot
emissions Regions (defined by engine speed and load) are identified in Figure 4-4: Region
1: mid/high engine speed (3000-4500 rpm) and low load (4-10 bar IMEP); Region 2: low
speed (1000-2250 rpm) and mid load Region (12-19 bar IMEP); Region 3: low/mid-
engine speed (2000-3000 rpm) and high load Region (19-23 bar IMEP). Setpoints that
lied within these 3 Regions were selected for longer 1 hr duration tests, represented by
white dots on Figure 4-4. Region 1 was chosen as it had high levels of soot (Figure 4-4)
and presented a high level of THC and CO emissions. Region 2 was also highlighted due
to its high levels of soot and the high load aimed to create high in-cylinder temperatures.
Furthermore, Region 3 was also selected primarily due to the high THC and CO

concentrations, respectively.
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Figure 4-4: Soot emissions contour map.

Further engine parameters were considered in the selection of the Setpoints, such as
injection strategy. Setpoints located in Region 2 used a split injection strategy. This was
to investigate what was discussed in section 2.2.3, that injection strategies can impact
PM emissions which can then in turn impact injector deposit formation, thus, some of
the selected Setpoints with 2 and 3 injection events were chosen. Injection timing has
also been shown to impact PM emissions and combustion chamber deposits, so
Setpoints across a range of SOl values were employed. Injector tip temperature could
not be measured directly but it was hypothesised that there are other parameters which
could represent thermal effects on injector deposits. AIGN and MFB50 could be used to
be qualitatively relate with injector temperature, and to observe if the deposits had any

impact on combustion duration and flame growth, so Setpoints with varying values for
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these parameters were also chosen. As mentioned in section 2.6.2 higher fuel
temperatures can increase injector deposits. To investigate this some Setpoints were

chosen in high fuel temperature Regions.

The engine map effectively gave an overview of how key engine parameters behaved
across a range of Setpoints providing a fundamental foundation of knowledge to inform
future decisions. This was necessary as the engine did not have a locked ECU so
parameters such as fuel pressure, SOI, AIGN and more could not be regulated and thus
the map was necessary to choose Setpoints for the next stage. The process could be
made faster by having control of the ECU and therefore control of some of the
aforementioned important parameters. Another improvement could be to have more
measurement points such as a way of measuring injector tip temperature directly, such

as that done by Kinoshita et al (109).

Stability of Setpoints

The soot, THC and CO emissions were further measured during a longer measurement
time (1 hr) than in the case of the engine mapping. The obtained trends were the same
with regards to which Setpoints generated high soot/ THC/ CO in the engine mapping.
The 1 hr tests allowed for the repeatability of the original map to be confirmed,
especially with regards to soot as this seemed to vary significantly throughout the test,
which was attributed to settling time. During the 1 hr tests the engine would finish the
1 hr run at one Setpoint and immediately ramp to the next Setpoint. In some cases, the
soot level took approximately 20 min to settle after the ramp. This demonstrates the

need to check the results of an engine map where not much settling time was allowed
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between Setpoints. The mapping procedure was adequate in identifying which Regions

were likely to have high soot and then the 1 hr tests confirmed this.

Table 4-2 shows the increase in injection duration divided by the increase in fuel
consumption during the 1 hr duration experiments for the Setpoints. The normalisation/
compensation of dividing the increase in injection duration by the increase in fuel
consumption is to account for the variability in fuel mass flow rate due to uncontrolled
parameters such as ambient conditions and various ECU/ dynamometer control
variables, which could impact injection timing. The increase in fuel consumption could
be due to injector deposits as mentioned in the literature review section 2.2.4, but this
was deemed unlikely in these short tests, especially as with close analysis of the fuel
consumption rate, the fuel consumption would often jump sporadically and not
gradually increase like what would be expected with deposits. It is important to identify
this as if not it could lead to some Setpoints appearing to be much more effective than
they actually are after 1 hr. This was only necessary for these 1 hr tests due to their
relatively short duration meaning a small fuel consumption change could cause a
significant percentage change of injection duration. In addition to this in longer tests the

likelihood of an increase in fuel consumption being due to deposits is increased.

Once compensated for by fuel consumption, the increase in injection duration was
deemed too small to be of much significance after such a short test. Only three Setpoints
showed greater than 1 % increase and these were generally at low fuel flow rates with
low injection duration times to begin with, where a small random change would be a

greater percentage of the total duration time, thus amplifying the percentage increase.
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In addition to this there was often some random variation in most engine parameters

during the first 10-15 min as the oil temperature settled after a speed or load change,

so percentage changes were taken with reference to an average around the 20" min

and the 60™ min, essentially making the tests shorter. It was therefore deemed

important to allow the engine and dynamometer control systems such as the coolant

temperature, air temperature and exhaust flowrate control mechanisms time to settle

in future tests.

Table 4-2: Summary of stability (1 hr) test results. The shade of red indicates how high a value is

comapred to the average. Setpoints in yellow were chosen for the next section.

Setpoint Injection
duration/Fuel Soot 0 THC

Speed | IMEP consumption (FSN) CO (%) (ppm)
(rpm) | (bar) (% Increase)
1500 14 0.20 0.003 0.65 527.81
1500 16 -0.55
2000 14 0.61 0.002 0.51 479.02
2500 8 0.69 0.000 0.35 536.25
3000 8 0.36 479.68
4000 8 0.50 424.42
4000 6 0.41 487.23
4000 7 0.40 466.53
4500 10 -0.08 0.010 0.53 368.89
2000 21
2500 23
1750 18
2000 18
3500 7
2000 11
3000 14 0.13 0.001 0.46 420.64
1250 6 -0.11 0.000 0.60
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Summary

Time was saved in the 1 hr tests by targeting Setpoints that had interesting parameters,
identified by the EDA from the Engine Mapping process. However, this could be
improved by making the 1 hr tests either longer or shorter, because it took
approximately 20 min for some readings to stabilise at each Setpoint the test could be
made faster by only testing for 20 min rather than 1 hr. This would be a viable technique
as the 1 hr duration was not long enough to see significant change to injection duration.
Therefore, if tests longer than 20 min are to be ran, they should be made longer than 1
hr so that more information can become clear, helping to advise decisions in later Cycles,
otherwise 20 min would suffice if the aim were only to test repeatability of the engine

map.

4.3.1.2 Identification of Sequences

The results of the 1 hr steady state tests were analysed to identify which Setpoints had
the best potential to generate injector deposits, and these were combined in a Cycle to
allow for simultaneous analysis of the impacts of different Sequences that transitioned
between high and low load and the impact of engine parameters on injection duration

over a longer time period than 1 hr.

Lean Variable Startup

Two Cycles (Cycle 1 and Cycle 2) composed of two steady state Setpoints were
determined from an EDA of the Data Pool. Both Cycles were composed of a 90 min
Sequence repeated 5 times leading to a total duration of 7.5 hr each (Table 4-3). Cycle 1

consisted of a high speed-low load (Region 1) Setpoint and a low speed-high load (Region
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3) Setpoint. 4000 rpm 8 bar IMEP was chosen as it showed the highest soot emissions of
all the high-speed low load Setpoints (Table 4-2). 1500 rpm 16 bar IMEP was chosen due
its high output of soot, CO and THC, its multiple injection strategy and high fuel
temperature. 2000 rpm-21 bar IMEP was chosen in Cycle 2 to represent a slightly higher
speed and load than 1500 rpm 16 bar IMEP with poor combustion quality evidenced by
its high levels of CO and THC and moderately high soot concentration (Table 4-2). It also
had a later SOl than 1500 rpm-16 bar IMEP which was thought to be an interesting point
of investigation. 4000 rpm 7 bar IMEP was selected as it had similar results to 4000 rpm
8 bar IMEP, but with a lower load, in an attempt to find the lowest load at 4000 rpm that

could produce stable and consistent results.

Both Cycles showed a reasonable increase in injection duration over the Cycle. Cycle 1
led to an increase in injection duration at the high load Setpoint, but not at the low load
Setpoint. Cycle 2 also led to an increase in injection duration at the high load and the

low load Setpoint contributed more towards injection duration than in Cycle 1.
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Table 4-3: Summary of short Cycle test results (* first 9h continuously at 1500 rpom 16 bar IMEP, followed

by cycling between 1500 rpm 16 bar IMEP (60 min) and 4000 rpm 7bar IMEP (30 min).

Setpoint gi?;;’g; dl?r};liliin Injection duration
Speed | IMEP . Start End %
Cycle (fpm) (bar) | (MM (h) (CAD) | (CAD) Ch;nge)

1 1500 | 16 60 s 25.9 26.59 2.7
1 | 4000 | 8 30 28.497 | 28.24 0.9
2 | 2000 [ 21 60 s 4562 | 46.86 2.7
2 | 4000 | 7 30 2722 | 28.02 3.0
3 1500 | 16 * o 2582 | 26.78 3.7
3 | 4000 ]| 7 * 28.16 | 28.23 0.2
4 1500 | 16 60 ., 26.22 | 26.91 26
4 | 4000 | 7 30 2716 | 27.64 1.8
5 1500 | 16 60 225 3097 | 31.37 1.3
6 | 2000 | 21 60 o 4532 | 46.14 1.8
6 | 4000 | 7 30 2690 | 27.50 2.2

Agile Iterations

The next iteration was Cycle 3 with a longer duration of 22.5 hr, which was proposed
based on the Setpoints from Cycles 1 and 2 that increased the injection duration the
most. Cycle 3 simultaneously tested the impact of these Setpoints and also tested steady
state testing against cyclic by combining 9 hr at steady state at 1500 rpm 16 bar IMEP
followed by 9 hr cycling between 1500 rpm 16 bar IMEP and 4000 rpm 7bar IMEP. The
injection duration quickly increased up until the first 9 hr (steady state operation).
However, when the cycling started the rate at which the injection duration increased

reduced.

Based on the current Data Pool, three new Cycles also with a duration of 22.5 hr were

investigated (Cycle 4, Cycle 5 and Cycle 6). Cycle 4 retained the Sequence of Cycle 1, but
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7 bar IMEP was used instead of 8 bar IMEP for the low load to address an injection
control issue. The low load Setpoint of 7 bar IMEP was more effective than the 8 bar
IMEP used in Cycle 1 as the low load injection duration also increased during Cycle 4.
Cycle 6 kept the Sequence of Cycle 2 but with a longer duration. Increasing the Cycle
duration while maintaining the Sequence did not lead to a larger injection duration
increase. Cycle 5 was planned to further observe the impacts of running at steady state
at the same Setpoint that successfully increased injection duration in Cycle 3, however
the results showed the lowest injection duration increase so far. Suggesting that steady

state testing may not be as effective as cyclic testing.

4.3.1.3 Analysis of Sequences and Setpoints

Cycling Between Loads

The impact of cycling between low speed-high load and high speed-low load was
identified in section 2.6.2 as an effective way of making deposits. The short test Cycles
successfully demonstrated this, as all Cycles that used this method increased the
injection duration significantly. This combination works well because the high
combustion temperatures at high load increase the fuel injector tip temperature above
the fuels T90 allowing deposits to form, however at high loads the high fuel pressure
also washes away the deposits. Therefore, the transition point from high to low load can
be beneficial as there is still residual temperature from the high load Setpoint but the
fuel pressure will be less. The high frequency injections at high speed can also help to
keep the injector at a relatively high temperature (171). This can be observed by noting

that, despite Cycle 3 increasing injection duration during its steady state phase, the pure
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22.5 hr steady state test (Cycle 5) exhibited the lowest combined injection duration
increase of all. In contrast, the Cycles that varied their Setpoints demonstrated greater
injection duration increase. An EDA was carried out using figures such as Figure 4-6 to
provide a more detailed examination of this phenomenon. It suggests that in both Cycles
4 and 6, the transition point from high to low load is where the majority of deposits are
generated, this will be discussed in more detail in section 4.3.1.4: Cycling Between

Loads.

Impact of Setpoints

The results from the previous Cycles were analysed to identify an effective Cycle moving
forward. The high load Setpoint was chosen to be 1500 rpm 16 bar IMEP from Cycle 4 as
it showed the largest overall Injection Duration Increase in Table 4-3. Closer analysis of
the Phases of the Sequences shown in Figure 4-6 suggested that the combination of
Setpoints used in Cycle 6 showed more of an increase in the average Sequence injection
duration increase. However, the overall results from Table 4-3 were deemed to be more
reliable, as explained in section 4.3.1.4: Cycling Between Loads. A combination of both
results from Table 4-3 and Figure 4-6 provided useful information in regards to choosing
a Cycle that was likely to create deposits and this was added to the Data Pool over time
as more Cycles were completed. This iterative based adaptive understanding was

integral to the process of creating the accelerated fouling Cycle.

1500 rpm 16 bar IMEP was also chosen as it generated more soot, as demonstrated in
Table 4-2. It is possible that the fuel temperature also impacted injection duration as at

1500 rpm 16bar IMEP the fuel temperature was on average 2 °C higher than at 2000
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rom 21 bar IMEP. This was found in literature (178) (179) to make a significant impact
on injector deposits and this helps to support that theory. Both Setpoints also used
multiple injections with the first injection being at a similar time, however the second
and third injections were later at Setpoint 2000 rpm 21 bar IMEP (Table 4-4). In theory
a later SOl should generate more deposits as the injector tip temperature will be higher
at the time of injection. From these results though it seemed this either had no impact
on deposits or it had a smaller impact than other parameters such as soot concentration
and fuel temperature. Perhaps the reason for this is because even though SOI2 and 3
are later at 2000 rpm 21 bar IMEP they are not late enough to see a significant rise in
injector tip temperature above the T90 of the fuel. This is because at the latest SOI of
111 CAD bTDC the piston is only approximately a third of the way through the
compression stroke and the intake valve has likely only just closed, thus the temperature
will not be much higher here than at the CAD of SOI3 when operating at 1500 rpm 16
bar IMEP. To investigate this further an open ECU would be needed to study the impact
of SOl independently, however this was not possible with the setup and was beyond the

scope of the study.

Table 4-4: SOI at high load Setpoints.

Setpoint
SOl 1 SOl 2 K
Speed IMEP (CAD bTDC) | (CADbTDC) | (CAD bTDC)
(rpm) (bar)
1500 16 256.5 212 129
2000 21 262 150 111
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Summary

The short test Cycles saved time by using a Lean Variable Startup, utilising two short 7.5
hr long Cycles, which proved sufficient in duration to observe injection duration increase
but short enough that 2 Cycles could be ran in a day. This quickly confirmed that cycling
between Setpoints chosen from the Data Pool had potential to generate deposits. The
longer 22 hr tests built on this and helped to identify any anomalies and closer analysis
of the Sequences (section 4.3.1.4: Cycling Between Loads) gave more insight into what
was an effective test Cycle. These tests achieved this whilst simultaneously testing the
effectiveness of steady state and cyclic Cycles. In total 105 hr were used to add
knowledge to the Data Pool regarding the impacts of varying Cycle parameters and using
different Setpoints in different combinations. As will be discussed later this information
was useful for future adaptive iterations thus proving the effectiveness of this style of

testing.

4.3.1.4 Adaptive Testing with Additive

For the next stage of testing the high speed-low load Setpoint of 4000 rpm 7 bar IMEP
was chosen as it generated high amounts of soot in the 1 hr long tests and as discussed
transitioning to high speed-low load from low speed-high load was likely to be effective
at making deposits, so this Setpoint was tested further. Cycle 4 was increased in duration
to 37.5 hr and named Cycle 7, this can be seen in Table 4-5. The Cycle successfully
created deposits as shown by the 4.81 % increase in injection duration and by the
photographs in Figure 4-5. This was achieved in 10.5 hr less than the Cycle duration of

the standard CEC test (48 hr) (36), satisfying one objective to develop an accelerated
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injector fouling method in a short amount of time. However, further testing was

required to investigate Additive behaviour.

The Cycles that were tested are shown in Table 4-5, they were iteratively changed in the
manner outlined in Figure 4-1. The decisions made and a discussion of the Cycle results
with respect to both Cycle and engine parameters can be found below. Further
discussion involving the Additive can be found in section 4.3.1.4: Summary of all

Developmental Procedure Results.

Table 4-5: Adaptive testing with additive cycle results.

. . , Injection duration (%
High load Setpoint Low load Setpoint increase) / (% per 10 hr)
fuel Fuel used per
Speed IMEP |duration| Speed | IMEP |duration Duration, . injection
Cycle . R pressure Base Additive .
(rpm) (bar) (min) (rpm) (bar) (min) (bar) total (hr) duration%
increase (kg)
7 1500 16 60 4000 7 30 200 37.5 4.81/1.28 |4.85/1.29 43.6
8 1500 16 30 1500 11 30 242 50 2.81/0.56 NA 63.3
9 1500 16 30 1250 6 30 185 50 6.5/1.3 NA 22.6
10 1500 16 15 1250 6 30 185 48.5 4.42 /0.91 | 3.15/0.65 25.8
11 1500 16 5 1250 6 15 185 62 4.31/0.7 | 4.88/0.77 29.2
12 1500 16 15 1250 6 45 185 75 6.76 /0.9 |2.09/0.28 23.7

Figure 4-5: Photos taken after Cycle 7 a) no Additive, b) with Additive.
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Setpoint Duration and Choice of Low Load Setpoint

Firstly, tests were run to search for a new low load Setpoint and also to investigate the
impact of Setpoint Duration. Cycle 8 reduced the high load Setpoint duration but
maintained the same low load Setpoint duration. The high speed-low load Setpoint from
Cycle 7 was swapped for a low speed-mid load condition in Cycle 8. Cycle 9 further
reduced the speed and load which proved effective as a larger injection duration than
Cycle 8 was observed in Cycle 9. The speed was reduced based off the theory that the
Additive needed more residence time (time between injections) on the injector to clean
the deposits, and a lower speed would allow this. Furthermore, the fuel pressure is 15
bar higher at 4000 rpm compared to 1250 rpm so this could also contribute to the
Additive not having enough time on the deposits, as it gets washed away. When
comparing Cycle 7 and Cycle 8 to the other Cycles in Table 4-5 the additives ability to
prevent injection duration at the low load Setpoint of 1250 rpm 6 bar IMEP was clear,

so this was used for further iterations.

The benefit of using a low load Setpoint was confirmed because both Cycle 7 and 9 had
a larger impact on injection duration increase than Cycle 8. This is because Cycle 8 which
used a higher load of 11bar IMEP at its low load Setpoint had a fuel pressure of 242 bar
compared to 185 bar at 1250 rpm 6 bar IMEP and 200 bar at 4000 rpm 7bar IMEP.
Another difference between the low load Setpoints was that approximately double the
THC was generated at 1250 rpm 6 bar IMEP compared to 4000 rpm 7 bar IMEP (Table
4-2). This has been demonstrated to help generate injector deposits in literature (171),
but as the normalised injection duration percentage increase per 10 hr was similar

between Cycles 7 and 9, it appears to have made minimal difference here.
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Sequence Duration

As well as changing the low load Setpoint, Cycles 7, 8 and 9 also changed Sequence
duration, which as mentioned in the literature review has been demonstrated to impact
injector deposition. This information was used to generate Cycle 10 and as both Cycles
9 and 10 successfully increased injection duration, whilst using a relatively low 25 kg of
fuel per percentage increase of injection duration, Sequence duration was further
experimented with. Using this information, the Cycle was again changed adaptively so
that Cycle 11 continued to decrease Sequence duration. Table 4-5 shows that by
decreasing Sequence duration in Cycles 10 and 11 the level of injector deposits seemed
to decrease compared to Cycle 9. In the literature review it was outlined that decreasing
the Sequence duration generally increased deposit formation (171) as it generated more
transition points from high to low load. This discrepancy may be due to the Setpoint
duration at both high and low load also changing as well as the ratio between them. An
EDA after these Cycles showed that there was a balance to be struck between Sequence
duration and various Setpoint durations, which is explained later in 4.3.1.4: Cycling

Between Loads.

After the Additive had been prepared it was used in Cycle 10. The Additive was more
effective than that seen in Cycle 7 but by a small amount, so it was deemed necessary
to investigate the impact of further Cycle parameters. Further investigation was done
into the impact of Sequence duration on additive effectiveness with Cycle 11. The
Additive was ineffective during Cycle 11, as it marginally increased the injection
duration, therefore it was deemed that a Sequence duration of less than 20 min had a

negative impact on additive effectiveness.
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Cycling Between Loads

The data discussed from all Cycles ran so far shows that there is a balance that needs to
be struck between Sequence duration and Setpoint duration at both high and low load
Setpoints. The data also suggests that these impact both injection duration increase and
the effectiveness of the Additive. To gain a better understanding of this, closer analysis
of how the injection duration changes over a Sequence was carried out. This was done
by splitting the Setpoint duration into three Phases as discussed in the methodology
(Figure 4-3), where an example can be seen in Figure 4-6, which shows that in the shorter
Cycles (Cycles 4 and 6), in the Initial Phase the largest increase is observed at the Setpoint
4000 rpm 7 bar IMEP. This largely continues into the Post Start Phase especially with the
data from Cycle 6. 4000 rpm 7 bar IMEP appears to also have the largest contribution to
the Total Change. This helps to support the theory of most of the deposits being formed
in the Initial Phase of the high speed-low load Setpoint, it also shows that the high load
Setpoint is important too in aiding the low load Setpoint in producing deposits as the
increase is higher in Cycle 6. This is potentially due to the higher load Setpoint of 2000
rom 21 bar IMEP providing more suitable temperatures for deposit formation during the
transition point. Another point of interest with the low load Setpoint of 4000 rpm 7 bar
IMEP is that it created the joint largest increase in injection per 10 hr in Table 4-5. This
is likely because as mentioned in the literature review section 2.6.2, increasing engine
speed results in higher nozzle temperatures. This supports the hypothesis that injector

deposits increased with injector nozzle temperature.
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Figure 4-6: Average increase in injection duration of all Sequences used in Cycles 4 and 6, averaged over
a whole Cycle a) Initial Change, b) Post Start Change, c) Total Change. Error bars represent 90 %

confidence intervals.

The Sum of Setpoints: Total Change represents the average increase of one Sequence
after both the high and low load Setpoints have passed. In theory the Cycle with the
largest Sum of Setpoints: Total Change should correlate with the Cycle with the largest
total injection duration increase. However, by reading Figure 4-6 alone, the Sum of
Setpoints: Total Change would suggest that Cycle 6 exhibited far more deposition than
Cycle 4, but Cycle 6 shows slightly less of an overall increase in injection duration across
the whole Cycle than Cycle 4 (Table 4-3). Similar results can be seen in the analysis for
the Cycles that used Additives in Figure 4-8. In these Cycles the Sum of Setpoints: Total
Change also varies significantly compared to results taken over the whole Cycle, showing

a discrepancy with the results in Table 4-5. This discrepancy could be for many reasons
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including the settling time of the injection control system, in the /nitial Phase this is still
happening and is possibly responsible for the large changes in injection duration in the
Initial Phase which occurs over a relatively short time period compared to the Post Start
Phase. This could also explain why Cycle 6 increased injection duration across all phases
more than that in Cycle 4, because the high load was different in each Cycle, possibly
resulting in different transition patterns between the loads. However, even though the
absolute value of Sum of Setpoints: Total Change has little correlation with the injection
duration change per 10 hr shown in Table 4-5, the results from Cycles 7, 10, 11 and 12
(Figure 4-8) as well as Cycles 4 and 6 (Figure 4-6) show that, the Post Start Change in all
Cycles is generally positive at the low load Setpoint and negative (or lower than the low
load Setpoint) at the high load Setpoint. Post Start Change occurs after the majority of
the variance due to settling time has passed and therefore demonstrates that the low
load Setpoint creates more deposits and the high load Setpoint removes them due to

higher fuel pressure.

Comparing the Injection duration change between the Base fuel and Additive in Figure
4-8 further helps to discount errors caused by settling time. Because if the Initial Change
results were purely because of settling time then it would be expected to see similar
results with both fuels, however there is a significant difference between the
Additivated and Base Gasoline results in the Cycles which also saw the Additive reduce
injection duration increase over the whole Cycle (Cycles 10 and 12). In Cycles 10 and 12
the difference between the Base and Additivated fuels is generally largest in the Initial

Phase of the low load Setpoint suggesting that deposits are indeed mainly generated
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after transitioning from high to low load. The discussion on the impact on the additives

is continued in section 4.3.2.2: Impact of Additive.

The current Data Pool after the above Phase analysis and results from Table 4-5 seemed
to indicate that in general that the balance between high and low load Setpoint duration
leans towards having increased low load Setpoint duration. This information was used
to make the final iteration in Cycle 12, In which the low load time was increased further,
the Sequence Duration was brought back to that of the Cycle with the highest injection
duration increase (Cycle 9) and more time was spent at low load compared to high load
in a similar way to Cycle 10 which so far was the only Cycle that had seen an impact from
the Additive. These adaptive changes saw an impact from the Additive with Cycle 12
being the most effective Cycle in terms of additive injector deposit prevention, whilst

also significantly increasing injection duration.

Fuel Consumption per Cycle

It is also important to address the amount of fuel used in order to see a change in
injection duration. Table 4-5 shows this parameter and it can be seen that the Cycles
that spent 30 min or more at high load (Cycles 7-9) generally consumed more or the
same fuel per increase in injection duration than Cycle 12, but without any effectiveness
from the Additive. Thus, it was deemed unnecessary to increase the duration at high
load further because although increasing the time from 15 min to 30 min seemed to
have a small impact on injection duration, it consumed slightly more fuel as naturally
spending more time at high load would. The largest fuel consumption value came from

Cycle 7, due to the low load Setpoint having a high engine speed, resulting in high fuel
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consumption, it did however see the joint highest injection duration increase, but at a

much higher fuel cost than other high deposition Cycles such as Cycles 9 and 12.

Summary of all Developmental Procedure Results

The above results suggest that there was a fine balance between which Cycle and engine
parameters could both create deposits and have an impact on the Additive
effectiveness. In terms of creating sufficient deposits Cycle 7 was successful with a short
duration and also with a short amount of development time to create the Cycle. Further
demonstrating that the combination of a high speed-low load Setpoint and low speed-
high load Setpoint is an effective way of creating injector deposits quickly, however this
did come at a significant fuel cost. Cycle 9 also created a similar number of deposits
when normalised for time, along with Cycle 12 which produced a slightly lower injection
duration increase rate, but still a significant amount. Cycles 9 and 12 achieved this with
a fuel consumption rate nearly two times lower than that seen with Cycle 7, suggesting
that a low speed-low load Setpoint is more cost effective than a high speed-low load

Setpoint.

The inclusion of a low load Setpoint of some kind was necessary to produce deposits as
demonstrated by the lowest injection duration increase being found with Cycle 8. Other
parameters that appeared to assist with increasing injection duration were a Sequence
duration of at least 20 min as demonstrated by Cycle 11 having the second lowest
injection duration increase. A high load Setpoint duration of at least 30 min also
increased injection duration as observed by the injection duration increase being

reduced as the high load Setpoint duration was decreased from Cycles 9-11. However,
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Cycles 12 and 10 being the only Cycles where the Additive had a positive impact suggests
that firstly a high load Setpoint duration of at least 15 min and spending more time at
low load compared to high load allowed the Additive to be effective. However, it is
essential to not reduce the high load Setpoint duration of the Sequence too much or the
Additive will be ineffective, as seen in Cycle 11. It is thus important to have both a
sufficiently long high load and low load Setpoint duration, whilst maintaining a low

enough Sequence duration to gain the benefit of cycling between loads.

Carrying out analysis of the Injection Duration Change over a whole Cycle and of Phases
throughout a Sequence in real time helped to provide evidence to the Data Pool that
gave valuable insight into how cycling between high and low load helped to generate
deposits quickly, and which phases of Setpoints added and removed deposits. The Phase
analysis also demonstrated which phases impacted Additive performance. This allowed
the impacts of Sequence duration, Setpoint duration and different Setpoints to be
estimated while the iterations were adaptively changed. This process simultaneously
provides a framework for an efficient way of developing accelerated fouling procedures
for testing fuel additives in the future, as well as providing analysis into the impact of
several Cycle and engine parameters on injector fouling and the behaviour of fuel

additives.

4.3.2 Effect of Fuel on Injector Deposits, Fuel Consumption and Emissions

4.3.2.1 Overview

Cycle 12 was used to study the impact of different fuels and additives on injector

deposits and their effect on combustion and emissions. A Base Renewable fuel and the
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incorporation of an Additive (same Additive as the one used throughout the preliminary
testing) to the Renewable fuel were selected to be studied. These experiments ran for
75 hr with both Base fuel Cycles and were analysed in more detail than the preliminary
tests with the focus being on how the Additive and different fuels could impact injector
deposits and how this in turn impacted carbonaceous emissions and combustion

properties.

4.3.2.2 Fuel Injection System

Injection Duration Change

Impact of Additive

The percentage increase in injection duration was measured at both Setpoints with the
results being averaged to create the Combined result. Figure 4-7a shows the evolution
of the Combined percentage change over the whole Cycle, and Figure 4-7b shows the
final Combined Injection Duration percentage increase, with the uncertainty of the
measurement. The percentage change seen in Figure 4-7 was taken with reference to
an average of the first 3-5 hr of the entire Cycle. This was due to the data being variable

in the first 2 hr.

The 75 hr duration experiment successfully demonstrated the accumulation of injector
deposits. This is evident from the 6.5 % injection duration increase with the Base
Gasoline fuel (Figure 4-7). The Additive was successful at reducing the impact of deposits
on injection duration, evidenced by a drop of approximately 4 % compared to the
Gasoline fuel. The Additive however was less effective at reducing the increase in

injection duration with the Renewable fuel.
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Figure 4-8 shows the analysis of how injection duration changes throughout the Phases
of a Sequence for all Cycles that used Additives from Table 4-5, and additionally Figure
4-8d includes the results from the Renewable fuel tests.
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Figure 4-7: Injection Duration Percentage Increase of Cycle 12 a) Evolution of Injection Duration of both
Setpoints combined, b) Percentage increase of Injection Duration, from the start to the end, combined

average of both Setpoints.
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Figure 4-8: Average increase in injection duration of both Setpoints of a Sequence and their sum,
averaged over a whole Cycle (including repeats) a) Cycle 7, b) Cycle 10, c) Cycle 11, d) Cycle 12. Error bars

represent 90 % confidence intervals.
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Low Load (Gasoline)

At low load in the Initial Phase there is a substantial difference between the Base and
Additive fuels in Cycles 10 and 12. This corresponds well with results from Table 4-5 and
Figure 4-7 where Cycles 10 and 12 were the Cycles that showed a difference between
the Additive and the Base fuel with regards to overall injection duration percentage
change, and Cycles 7 and 11 did not. The similarities between the Base and Additive
results across all phases in Cycle 7 provides further evidence to the Additive having
minimal impact at the Setpoint 4000 rpm 7 bar IMEP. As discussed, this is primarily due

to the Additive not having enough residence time on the injector.

At the low load Setpoint, in general the Additive makes the biggest difference in the
Initial Phase, this is especially true for Cycle 12 and is also evident in Cycle 10. These
results provide further evidence that the majority of the deposits are formed in the
Initial Phase of the low load Setpoint and that the Additive has a significant impact in
this phase. In the Post Start Phase the additives effectiveness appears to decrease, and
in the case of Cycle 10 it even increases injection duration more than the Base Gasoline,
suggesting that the Additive is less effective later in the Setpoint. The reason for this is
unclear as by comparing Cycles 10 and 12 (Table 4-5), the additives ability to reduce
injection duration increase has a positive correlation with low load Setpoint duration.
The last 15 min of the Post Start Phase in Cycle 12 was checked to investigate if it was
responsible for the discrepancy in increased injection duration in the Post Start Phase of
Cycle 10 compared to Cycle 12, but it showed the same trend as the rest of the Post Start
Phase in Cycle 12, suggesting that the reason for the discrepancy may also be influenced

by the high load Setpoint.
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High Load (Gasoline)

The results from Cycles 10 and 12 showed that the Additive decreased injection duration
at the high load Setpoint more effectively than the Base Gasoline, but this was not true
of Cycles 11 and 7. This can be seen in the Initial Phase of Cycles 10 and 12. This is
interesting as this too aligns well with the Cycles that showed the best overall difference
in Injection Duration Increase with the Additive (Table 4-5). This suggests that the
Additive is more effective at cleaning the deposits with high fuel pressure than the Base

Gasoline.

In the high load, Post Start Phase the Additive appears to be more effective at cleaning
in Cycle 12 compared to Cycle 10. This possibly helps to explain the positive correlation
between the additives ability to reduce injection duration increase and low load Setpoint
duration. It is theorised that a longer duration at the low load Setpoint with low fuel
pressure (such as in Cycle 12) increases the Additive contact time with the existing
injector deposits, allowing them to be washed away more easily in the subsequent high
load Setpoint. Additionally Cycle 11 which had a short high load Setpoint duration in
addition to a short low load Setpoint duration, saw no Additive reduction in injection
duration compared to Cycle 12 with a longer duration at both Setpoints. This suggests
that the high load Setpoint duration also assists Additive effectiveness as there is more
time for it to clean the deposits following a long low load Setpoint where it has had time

to soak into the deposit.
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Low Load (Renewable fuel)

With regards to the Renewable Fuel the Additive did marginally reduce the injection
duration increase in the Initial Phase of the low load Setpoint, but then marginally
increased injection duration in the Post Start Phase. As discussed in section 2.5.6, there
is the possibility that DCA should be specifically formulated for use with ethanol blends
to be effective, possibly explaining the ineffectiveness of the Additive with the
Renewable fuel. Alternatively, the quantity of deposits formed with the Base Renewable

fuel was not sufficient for a significant difference with the Additive to be observed.

High Load (Renewable fuel)

At high load the Additive was also ineffective with the Renewable fuel as it seems that
the Base Renewable fuel was already effective at cleaning the deposits and the Additive
did not enhance this, resulting in both having similar changes in injection duration in all

phases of the high load Setpoint duration.

Total Change

A combination of the Base Gasoline showing more fouling at low load and less cleaning
at high load is reflected in Figure 4-8 in the Sum of Setpoints: Total Change. As
mentioned in section 4.3.1.4: Cycling Between Loads, the absolute value of Sum of
Setpoints: Total Change does not correlate with the overall change of Injection Duration
seen in Table 4-5 and Figure 4-7 but the difference between the fuels does. From Table
4-5 and Figure 4-7 it can be said with more certainty that the Base Gasoline resulted in
an increased injection duration time as these results compare the injection duration

evolution across the whole Cycle. This difference comes from deposits, which must have

120



been generated at some point in the Sequence. Figure 4-8 shows a clear difference
between the Additivated and Base Gasoline in the Initial Phase of both Setpoints, in
Cycles, 10 and 12, and also in the high load Post Start Phase of Cycle 12. In both of these
Cycles the average injection duration change over a Sequence (Sum of Setpoints: Total
Change) is lower with the Additive than with the Base Gasoline, which aligns with the
results seen in Figure 4-7 and Table 4-5. In addition to this Cycles 7 and 11 show minimal
change in Sum of Setpoints: Total Change results when using base and additivated fuels,
again aligning with the overall injection duration change results in Table 4-5 and Figure
4-7. So even though the absolute value for Sum of Setpoints: Total Change may be
skewed by settling time, the differences between the fuels aligns well with results taken
over the evolution of the whole test Cycle. This provides further evidence that the

observations made from Figure 4-8 are due to fuel deposition and not engine control.

To further test the reliability of these Cycles, the results seen in Figure 4-8 were
segmented into thirds for each Cycle (Appendix A). This was done to observe if the
reason for the Base Gasoline fuel having an increased /nitial Change at low load was due
to the injection control system having to make larger adjustments due to fouling at the
end of the test. However, as the results maintained the same trend in the first third of
the Cycle with relatively clean injectors to what was seen in the final third when the

injector nozzles were restricted, this does not seem to be the case.

Renewable Fuel and Gasoline Comparison

Figure 4-7 and Figure 4-8 show that the Renewable fuel reduced injection duration

increase compared to the Base Gasoline fuel. The shape of the trendlines in Figure 4-7a
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generally show a plateau later in the Cycle. This is especially evident with both the
Additivated fuels and the gradient of the Base Gasoline trendline can also be seen to
decrease in the second half of the Cycle. In contrast the Base Renewable trendline
appears to be linear. As mentioned in the literature review section 2.2.3.3 it was found
that fuels containing alcohol like the Renewable fuel have been found to create
logarithmic trends where initially the injection duration increases rapidly due to
intensive early deposit precursor formation but then a higher removal rate causes a
plateau later on. This can be seen in the trendline of the Renewable fuel with the
Additive but not so much with the Base Renewable fuel. However, it must be noted that
the Renewable fuel did not change the injection duration much to start with, so maybe
this trend would be seen if using a different test Cycle, which would allow more
deposition with the Renewable fuel. Stepien (115) found in their study that the Gasoline
trendline was linear until 50 hr of testing, which is similar to what is seen in Figure 4-7a,
however after approximately 50 hr the Gasoline trendline also starts to plateau slightly,
suggesting that it too has an equilibrium point. The Additivated Gasoline starts to
plateau earlier in the Cycle and by the end the gradient is nearly zero. This appears to
be one of the main benefits of the Additive, in that it brings the equilibrium point
between formation and removal of deposits down so that it is reached earlier in the

Cycle.

Low Load
Figure 4-8 shows that on average the Initial Change after transitioning from high to low
load was lower with the Renewable fuel compared to the Base Gasoline fuel. This

demonstrates that less fuel was being deposited in this Phase compared to the Base
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Gasoline. The Renewable fuel shows similar levels of Post Start Change to both the Base
and Additivated Gasoline fuels. The reason for the Renewable fuel generating less
deposits in the Initial Phase of the low load Setpoint is due to the Renewable fuel having
a lower E100 and E150 than the Gasoline fuel. E100 and E150 represent the proportion
of fuel that has evaporated at 100 and 150 °C respectively. This results in the Renewable
fuel evaporating at a higher temperature. As discussed in section 2.2.3.1, if most of the
fuel evaporates on the injector tip then deposits are left behind, otherwise the
remaining liquid fuel is washed away with the following injection. This helps to support
the claims of Aradi and Kinoshita (101) (109) who claimed that as a fuels T90 increases
there is less injector deposition. As the injector tip temperature was not directly
measured in these tests the exact relationship between fuel evaporation temperatures
and the injector tip temperature is uncertain, this is something that could be
investigated in future studies. The Gasoline fuel also had a higher olefin content than
the Renewable fuel which was found in literature to increase injector deposition. This is
supported by the increased levels of fouling seen with the Gasoline fuel. The increased
level of aromatics in the Renewable fuel seemed to either have no impact on injector
deposition or it was cancelled out by the other factors mentioned above being more

dominant.

High Load

When inspecting Figure 4-8, it can be seen that the majority of the difference between
the Renewable and Gasoline Base fuels appears to have come from the high load
Setpoint. Where the Renewable fuel reduced the Injection Duration Change significantly

in the Initial Phase of the high load Setpoint, which continued but with less of a
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difference in the Post Start Phase. This is likely due to fuels containing ethanol having a

strong cleaning effect (115).

Visual/Optical Inspection of Injectors

The deposits on the injectors are also visually evident, this can be seen by comparing
the pre-test (Figure 4-9) images to the post-test images (Figure 4-10). This is especially
interesting with the Renewable fuel as even though the evolution in injection duration
(Figure 4-7) did not provide much evidence for injector deposits, deposits are clearly
visible in Figure 4-10c and d. The injectors appear to have darker deposits when running
with the Renewable Base fuel compared to the Gasoline Base fuel, which supports
findings by Slavchov (15), who as mentioned in the literature review, predicted that the
presence of oxygen in alcoholic fuels would lead to higher levels of external injector
deposits. Figure 4-10c shows zoomed in photos of the injector nozzle after running with
the Renewable Base fuel. The majority of the deposits have built up around the outside
of the injector tip as well as around the front face of the injector facing the camera.
However, the inside of the nozzles appears relatively clean. The photos from Figure
4-10d show that the Additive was successful in reducing the buildup of deposits on the
outside of the nozzle with the Renewable fuel, the deposits also appear to be lighter in
colour compared to the Base test results. The appearance of the injectors looks similar
after both the Base Gasoline test and the Gasoline Additive test, especially around the
nozzle. However, the outside of the injector does look darker with the Base fuel

compared to the Additivated fuel.
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Figure 4-10: Photos of external deposits and nozzle deposits from a) Gasoline Base Fuel, b) Gasoline with

Additive, c) Renewable Base, d) Renewable with Additive.
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4.3.2.3 Impact on Engine Performance, Fuel consumption and Emissions

Fuel Consumption

The fuel consumption (Figure 4-11) did not change by more than + 1 % throughout all
the tests. This therefore had little impact on the injection duration. It can also be
deduced that with little change in fuel consumption there was an insignificant change in
the efficiency of the engine. This is especially interesting with regards to the Renewable
fuel which showed extensive deposit build up around the nozzle, which as discussed in
the literature section: 2.2.4, has been known to disrupt injection patterns and reduce

efficiency but did not appear to have an impact in this study.

Fuel Consumption

= = Renewable With Additive === Renewable Base = = Gasoline With Additive === Gasoline Base

Fuel Consumption (% Increase)

Time (hr)

Figure 4-11: Fuel consumption change throughout Cycle 12 (averaged across Setpoints).

THC and CO

The emissions for THC and CO are shown in Figure 4-12 and Figure 4-13. These both
remain relatively unchanged and even decrease in some cases. It must be noted that the
10 % CO decrease in Figure 4-13 only represents a decrease of 0.08 % in volumetric
concentration. Any changes that were observed were insignificant as the THC and CO

emissions results day-day variation was more than the overall evolution observed
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throughout the experiment. This, along with the fuel consumption data remaining
unchanged further suggests that there was no or an insignificant change in combustion
efficiency due to the internal and external deposits buildup. In addition to these results,
combustion timings and durations were found to be insignificantly impacted throughout

the test, further suggesting there was little impact on combustion quality.
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Figure 4-12: THC change throughout Cycle 12 (averaged across Setpoints).
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Figure 4-13: CO change throughout Cycle 12 (averaged across Setpoints).
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Soot

The increase in FSN from the start to the end of Cycle 12 is shown in Figure 4-14. Soot
increased throughout the experiment for all fuels and additives at the high load
condition. The low load condition however saw a relatively small increase and started
with minimal soot in the first place as shown in Table 4-2, so further discussion is
concentrated on the high load Setpoint. At the high load Setpoint both fuels experienced
an increase of approximately 0.035 FSN throughout the test with both the Base fuel and
Additive (Figure 4-14). Figure 4-15 shows that the Renewable fuel started and ended the
test with more soot than the Gasoline, this is due to the increased aromatic content in
the renewable fuel increasing soot and PM emissions, as discussed in section 2.2.3.3.
However, the Renewable soot results do appear to plateau after 40 hr, whereas the
Gasoline tests seem to a carry on rising, suggesting that with a longer Cycle, the Gasoline

would carry on increasing its soot emissions, whereas the Renewable would not.

The increase in soot throughout the experiment is likely due to the deposit buildup on
the inside and outside of the injector nozzle, disrupting fuel spray patterns. This
hypothesis is supported by the fact that the soot increases with all the fuels and
additives which all showed external deposit buildup in Figure 4-10. The high FSN value
of the Renewable fuel throughout the Cycle is responsible for the high levels of external
injector deposits in Figure 4-10c and d, which initially increases the FSN values further,
however the low levels of internal injector deposits in the Renewable tests do not result
in the FSN levels rising continuously. On the contrary, the constant increase of the

Gasoline FSN compared to the logarithmic trend of the Renewable fuel suggests that
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over time the larger buildup of internal injector deposits (indicated by the injection

duration increase) in the Gasoline tests will continue to increase FSN.
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Figure 4-14: Change in FSN at the end of the Cycle compared to the beginning.
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Figure 4-15: Evolution of soot at 1500 rpm 16 bar IMEP.

There is a small reduction in the soot FSN change seen in Figure 4-14 with the Additive,

possibly due to its reduced level of internal injector deposits. However, the difference
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in soot is less pronounced than the difference in injection duration, suggesting the

external deposits seen in both the Additivated and Base Gasoline results also influence

the soot levels. It would appear that the Additive is more effective at cleaning inside the

nozzle and less effective at mitigating the impacts of external injector deposits.

A further test was conducted using a GPF. The results from this test (Figure 4-16) show

that at both high and low loads the GPF was capable of significantly reducing the soot

output of the engine with the Renewable Fuel to a comparable level with the Base

Gasoline fuel. Thus, the increased soot observed with the Renewable fuel is not a cause

for concern as long as a GPF is used to mitigate it.
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Figure 4-16: Soot Results (FSN) from the end of each Cycle with GPF.

4.4 Conclusion

The research confirmed that cycling between high and low loads is critical in order to

generate injector deposits quickly. This was due to the Initial Phase of the low load
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Setpoint (after transitioning from high load) retaining residual temperature from the
high load Setpoint, combined with the low fuel pressure of the low load Setpoint,

allowing for the rapid generation of injector deposits.

The process of adaptive and iterative testing was successful, because a total 105 hr of
Cycle testing in addition to approximately 20 hr of Setpoint testing resulted in Cycle 7
which could successfully generate significant injector deposits in 37.5 hr. The most
important parameters in terms of generating this Cycle were found to be low fuel
pressure at low load, and the temperature generated at high load. Other engine
parameters such as SOI, THC and PM emissions did not seem to correlate significantly
with injection duration increase. In terms of Cycle parameters, a balance needed to be
struck to generate deposits, where the Setpoint duration at both loads was at least 15
min but the Sequence duration had to be short enough to allow for multiple transition

events from high to low load.

The adaptive process took a further five Cycles to create a sufficient Data Pool to show
a range of results for additive effectiveness. This took longer due to the delicate balance
of engine and Cycle parameters required to both generate deposits and change the
effectiveness of the Additive (allowing for analysis of which parameters impact the
Additive to be analysed). It was concluded that the Additive had its most significant
effect during the Initial Phase of the low load Setpoint when being used with Gasoline.
In addition to this it also increased the removal rate of the injector deposits when
operating at the high load Setpoint. Furthermore, it was found that in order to see a

significant difference between Base and Additivated Gasoline Cycle results, a longer
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duration at low load was required in conjunction with a high load Setpoint duration of
at least 15 min. This was theorised to be due to the Additive needing sufficient time at
low fuel pressure where it could soak into the existing deposits. Sufficient additive
residence time was also found to aid cleaning as the Additive was less effective in
preventing deposit accumulation at a high speed-low load Setpoint, whereas it

demonstrated enhanced efficacy at a low speed-low load Setpoint.

The Renewable fuel also impacted the injector deposit results, both internally and
externally. Internally the Renewable fuel generated less deposits at low load due to its
higher evaporation temperature and lower olefin content. It also removed more
deposits at high load due to the effective cleaning properties of ethanol. The Additive
however was less effective at the high load as it could not add to the already effective
cleaning of the Base Renewable fuel and could not reduce low load deposition in the

Initial Phase.

The results from all sets of fuels had minimal impact on fuel consumption, CO and THC
but did impact soot emissions. The Renewable fuel generated more soot initially due to
the significant external deposits on the injector and high aromatic content, which also
then led to higher initial soot levels, but this did not impact injection duration. However,
the soot levels with the Renewable fuel stopped increasing whereas the Gasoline soot
emissions continued increasing throughout the Cycle. The Additive marginally decreased
the soot levels with the Gasoline fuel but not the Renewable fuel. When a GPF was used,

the soot emissions from all fuels were then brought to approximately the same level.
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5. GDI ENGINE EGR COOLER FOULING

5.1 Introduction

With the growing trend of engine downsizing and turbocharging the combination of GDI
and EGR is becoming more popular. It is common practice to utilise a heat exchanger
(EGR Cooler) in conjunction with an external EGR system, with the objective of increasing
intake density while simultaneously reducing knock and in-cylinder heat transfer.
However, EGR Coolers are susceptible to fouling from high-temperature exhaust gases,
soot and HC emissions. As discovered in the previous chapter different fuels and injector
deposits can lead to increased levels of soot in a GDI engine exhaust and thus it is
important to study the impacts of poor exhaust quality on exhaust components such as

the EGR Cooler.

The fouling can result in reduced effectiveness of the EGR Cooler, leading to increased
outlet temperatures as well as reduced flow rate due to the build-up of deposits
increasing the pressure drop across the Cooler. This fouling can be reduced through the
use of additives which by reducing CCD and injector deposits, can change the
composition of the exhaust to one which is less likely to cause EGR Cooler Fouling. This
is investigated in this chapter by comparing the impact of three different additives on
EGR Cooler performance, as well as a brief analysis of their impact on injector behaviour.
The results are then contextualised by estimating the potential impact of the change in

EGR Cooler performance on BSFC and MFB50 in various EGR configurations.
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5.2 Methodology

Three additivated fuels (Fuel Add 1, Fuel Add 2, Fuel Add 3) were experimentally

investigated along with a reference gasoline fuel (Ref Fuel). The fuels were tested over

a variety of Setpoints, selected to cover a wide range of emissions, temperatures and

flow rate levels, to accelerate the formation of deposits in the injector and EGR Cooler.

The Setpoints and Cycle are shown in Table 5-1.

Table 5-1: Engine operating Setpoints.

Setpoint Speed BMEP THC Soot EGR Cooler Exhaust
(rpm) (bar) (ppm) (FSN) Inlet Volumetric
Temperature | Flow rate
(°C) (m3/min)
1250 7 2303 0.011 250 0.4
1250 9 1961 0.013 270 0.47
4000 8 1550 0.067 555 1.1
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Figure 5-1: Graph showing how speed and BMEP change for the first 2 Loops of the Cycle.
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Between each experiment the fuel injectors were cleaned and prepared for the new
fuel. Figure 5-1 shows the Cycle used in the experiment consisting of Loops of 9
Sequences of 3 Setpoints going from Setpoint 1-3 sequentially, with a 20 second idle
period between each Setpoint. The engine stayed at each Setpoint for 20 min. After 9
Sequences the engine shutdown for 1 hr, completing a Loop. 7 Loops were carried out
with the Reference Fuel and Fuel Additive 1. Further tests were conducted with the
other two additives but as it was observed they were having minimal impact on EGR
Cooler deposit formation, these tests were ended after 4 Loops. Valves 1 and 2 (Figure
3-1) would be adjusted to keep the flowrate constant for each Sequence at the same
Setpoint. This kept the combined dP across the Cooler, valve 1 and valve 2 constant,
keeping total engine backpressure constant when operating at a particular engine

Setpoint regardless of fouling levels.

5.2.1 Analysis of EGR Cooler Effectiveness and Impact on Engine

Performance

The variation of injection duration at each Setpoint throughout the test was compared
to the variations of soot, THC and fuel consumption to establish a relationship with fuel-
derived injector deposit formation. EGR Cooler performance was quantified by
effectiveness and dP. The impact of reduced EGR Cooler effectiveness on intake
temperature and engine performance for the scenarios was estimated using equations
2-11 assuming an EGR rate of 15 %. These scenarios are shown in Figure 5-2. Scenario 1
was designed to represent an LP EGR loop with no GPF (with temperatures

representative of the experimental facility), (Figure 3-1) where the cooler out
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temperature would be adiabatically mixed with the intake pre compressor. Scenario 2
represents a theoretical HP EGR loop that would have the same EGR Cooler outlet
temperature as the EGR outlet temperature from the actual experiment. This
temperature then mixes with the intake manifold. Scenario 3 predicts how a higher EGR
inlet temperature would impact the intake manifold temperature in an HP setup. The
position of the EGR is further (3.65 m) from the engine than in a real vehicle leading to
an unrealistic EGR Cooler inlet and outlet temperatures for an HP setup. Therefore, a
more realistic inlet temperature value (940 °C) is chosen based on Fischer (22), who
investigated a comparable engine (in terms of engine displacement, number of
cylinders, turbocharger and power) equipped with an HP EGR loop experimentally
evaluated at 15 % EGR. Fischer’s experiments were conducted at a higher load than the
Setpoints in this study which aligns well with the purpose of Scenario 3: to observe the
impact of a fouled EGR Cooler when operating under full load engine Setpoints. Scenario
4 represents an HP pre intercooler setup and was only used with reference to dP and

not temperature.
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Figure 5-2: Schematic showing the different scenarios used in analysis.

~

The theoretical EGR Cooler exit temperature was calculated by estimating the heat
transfer coefficient of the real EGR Cooler by using the experimental results. An
assumption was made to use the EGR Cooler effectiveness that was found
experimentally. In reality the effectiveness would likely be lower in Scenario 3 compared
to the experimental results, due to increased inlet temperature and thus fouling.

However, this scenario still shows a useful insight into the potential impacts of Cooler
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fouling. Equation 5-2 (derived from Equation 5-1) represents the heat transfer across
the EGR Cooler, by estimating the temperature difference between the gas and the
Cooler wall with the Logarithmic Mean Temperature Difference (AT, rp) and using
Equation 5-4, the EGR exit temperature (T};,,) can be obtained. AT} rp Was calculated
as a parallel flow heat exchanger (Equation 5-3) (counter flow was also tried but did not

make a significant difference to the final results). When using the EGR inlet temperature
of 940 °C, AT, ,rp Would be different to the experimental data, but % would be the same.
It was assumed that UA (Equation 5-5) would not change with 940 °C EGR Cooler inlet
temperature, because the average bulk gas temperature does not vary significantly.
Therefore, gas properties such as thermal conductivity which determine U will remain
largely unchanged. The other terms of Equation 5-5 such as Rf + R, + Rcony,c Would
also remain unchanged due to the coolant having a much higher heat capacity than the

gas and consequently the neighbouring wall temperature would be largely unchanged.

2 t2 Equation 5-1
t1 t1
. L Equation 5-2
Q = (t; —t)) UA AT yyrp = EUA(ATLMTD)

_ (Tha = Tez) = (Tha — Tea) Equation 5-3

Aliarro = Ty, =T

In (Tm - Tcl)

Q =m Cp,avg (Thz — Th1) Equation 5-4
1 Equation 5-5

ﬁ = Rconv,g + Rf + Ry, + Rconv,c

As a next step to estimate the Cooler outlet temperature for Scenario 3, the heat

transfer (Q) is calculated by using the experimental data (estimating AT} y;rp by Equation
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5-2) and using Equation 5-4. Equation 5-2 can be rearranged to find % UA (Equation 5-6)

and by using experimental data and assuming the coolant temperature to remain the
same, the outlet temperature for Scenario 3 with an inlet temperature of 940 °C is

estimated (Equation 5-6).

QL M avg (The = Tna) Equation 5-6
ATyyrp  u (Tha = TCIT) - (771@2 —Te2)

1 h2 — 1¢c2

" T =T

The intake manifold temperature was calculated using Equation 5-7 (all scenarios),
where air and EGR properties changed depending on the scenario. The intake manifold
temperature is calculated assuming adiabatic mixing between the EGR Cooler exit and
the pre compressor flow (Scenario 1) and experimental intake manifold measurement

points, upstream of the hypothetical EGR mixing point (Scenario 2 and 3).

The post compressor temperature (Scenario 1) was estimated using Equation 5-8. The
adiabatic compressor efficiency was calculated from the experimental results and was

assumed unchanged with the added flow rate from the EGR system.

T _ Cp,air Tair (1 - EGR%) + Cp,EGRt TEGR,cooler exit EGR% Equation 5-7
new Cpair (1 - EGR%) + Cp,EGR EGR%
y-1 i -
.oy T [ P 7 . Equation 5-8
out ' Ncomp Pout

As Scenario 1 represents LP EGR the air and EGR flow mix passes through the intercooler

after the compressor, to predict the intake manifold temperature post intercooler the
. L . .
following method was used. ;UA (from Equation 5-6) is calculated from the

experimental results, adjusted for the increased flow rate through the intercooler. Of

the terms in Equation 5-5 only gas convection will change with mass flow rate, with the
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other terms remaining near constant due to the temperature increase in the intercooler
being small. Equation 5-9 is found by rearranging Equation 5-5 and representing Rcony g
with the gas forced heat transfer coefficient and representing the other terms as a
constant. Equation 5-10 approximates the gas heat transfer coefficient via the Nusselt’s
number, approximated via the Dittus-Boelter equation, as the flow was predicted to be
turbulent within smooth pipes (180). All terms except for mass flow rate are constant so
are grouped into the constants K and C. Then substituting Equation 5-10 into Equation

5-2, representing u in terms of m, p and 4, bringing L, p and A into the constant K and

Q
LMTD

rearranging yields Equation 5-11. This equation relates v to m, both of which can

be calculated from the experimental data. v € s calculated the same way as with the

LMTD

Q
ATLMTD

EGR Cooler (Equations 5-2 — 5-6) and m was recorded. By plotting against m at

all Setpoints with a range of flow rates a line of best fit of the form seen in Equation 5-11

could be plotted and allowed I ¢ with increased 1 to be approximated and then T},

TrmTD

was found from Equation 5-6.

UA= hgA+C , C=Constant Equation 5-9
08 p,.03 0.023 (ﬂ)o.s Pro3 k, A
g Mg A 0023 R Ptk a o 003 Gy oA
B d B d B d Equation 5-10
UA=Km%®+c(C, K = constant

= Km-92 4+ Equation 5-11

ATLMTD B

L

Q= E(Km 08 +C) ATyyrp ©
The dP caused by fouling of the experimental EGR Cooler, named EGR Cooler dP, was
calculated by subtracting Pcooter out Exp frOM Peooter in exp (Figure 5-2). This was

compared to a theoretical Total EGR dP, calculated by subtracting P, from P; to give
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context to the impact of EGR Cooler dP increase due to fouling. P,and P; are pressure
readings taken from the experimental data in the locations where the theoretical EGR
system from each scenario would enter and exit the intake and exhaust respectively.

This is different for each scenario and is shown in Figure 5-2.

5.3 Results and Discussions

5.3.1 Impact of Fuel on Engine Operation Parameters and Carbonaceous

Emissions

The change in injection duration throughout the experiment is shown in Figure 5-3. An
increase in injection duration suggests either fuel flowrate has been restricted requiring
a longer injection for the same injected mass, or an increase in injected fuel mass due
to reduced efficiency or both. The change in injection duration was divided by the
change in fuel consumption so that the small changes seen would be due to a restriction
of the injector nozzles. Fuel flow rate (Figure 5-4) is calculated by dividing air mass flow

rate by lambda.

Injection duration increases less with Fuel additive 1 than with the other fuels at all
engine Setpoints. Fuel additive 2 and 3 reduced injection duration increase at Setpoint 2
and Fuel additive 2 also reduced injection duration at Setpoint 1. Although the change
in injection duration with the Reference Fuel is only approximately 1 % it does appear
to steadily increase over a long time, indicating the increase to be due to fouling over

time. The injection duration increase from Fuel Additive 1 is consistently lower
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throughout the test at all Setpoints and fluctuates around 0 %, this is because the

Additive successfully prevented the formation of nozzle deposits.

It can be observed that there is no significant trend on the variation on fuel consumption
throughout the test. It is therefore likely that the changes in injection duration are due
to fuel flowrate restrictions due to the formation and accumulation of fuel-derived
deposits in the injector. It can also be hypothesised that none of the fouling caused by

these fuels had a significant impact on engine efficiency.

Injection Duration Change Over Time
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Figure 5-3: Evolution of injection duration throughout test.
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Fuel Mass Flow Rate
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Figure 5-4: Fuel mass flow rate.

THC emissions increased throughout the accelerated method for all fuels (in particular
for the Reference Fuel), except for Fuel Additive 1 (Figure 5-5).These results support the
hypothesis of injector deposits restricting fuel flow, and disrupting fuel spray patterns
and the diffusion flame, leading to an increase in HC emissions. This is also supported by

other studies elsewhere (174) (117).
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THC Change Over Time
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Figure 5-5: THC measured at EGR Cooler out.

Figure 5-6 shows soot emissions. A notable observation includes the soot emissions
increasing significantly in the first few hours of the Cycle for most fuels and Setpoints.
This increase in soot emissions is a consequence of deposits being formed on the injector
during the first stage of the Cycle, which has been proven to increase soot emissions
(181).(39) (182) (116). It has been reported in literature that high particulate emissions
lead to deposits forming on the injector (12) (71) (12), which will then in turn generate
more particle emissions. Fouled injectors have been proven to increase soot emissions
drastically, mainly due to how the deposits distort the spray formation and how deposits

on the injector tip impact combustion (182). After the first exponential increase in soot
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emissions, the soot levels remain constant or slightly increase. The capabilities of Fuel
additive 1 to control injector deposit formation/accumulation should be highlighted,
evidenced by obtaining the lowest increase (or even not increasing) with respect to
injection duration, HC and soot results. The contents of the additive cannot be disclosed
here but the results show that an effective additive can reduce injector fouling and
hence avoid any detrimental impact on combustion efficiency and emissions, as well as
have the potential to reduce fouling of components downstream (e.g. EGR Cooler) as is

shown below.

Soot (Engine out) Change Over Time
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Figure 5-6: Soot measured at engine out.
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5.3.2 Impact of Fuel on EGR Cooler Performance

To observe the impacts of the fuel on the EGR Cooler performance, dP (Figure 5-7) was
measured and the average Cooler effectiveness (Equation 5-12 and Figure 5-8) was
calculated throughout the accelerated injector deposits Cycle. In this section, only Fuel
additive 1 and the Reference Fuel are shown as they showed the largest differences in

EGR Cooler performance.

Cp,avg (Thz - Thl) Equation 5-12

€EGR =
Cp,avg (Tcl - Thl)

Equation 5-13 represents the fouling factor, essentially how much soot is deposited (20).
In summary the fouling factor increases with an increase in the soot concentration, EGR
inlet temperature, and the hydraulic length of the cooler, and decreases with an

increase of gas velocity (20).

K T, T, AN Equation 5-13
Rf—m{1—[T—0+(1—T—0)exp(—45t5>] }

St = 0.023Re~02pr—06

At Setpoint 3 the EGR inlet temperature is approximately 300 °C higher than the other
Setpoints, resulting in more fouling, represented by the largest change in dP (Figure 5-7)
and effectiveness (Figure 5-8). The exhaust temperatures entering the EGR Cooler for
Setpoints 1 and 2 are 250 and 270 °C respectively, hence why they have similar
effectiveness changes throughout the experiment. The flow gas velocity at Setpoint 3 is
approximately double that of Setpoints 1 and 2, but the effectiveness drops (Figure 5-8)

as temperature has a larger impact than flow velocity.
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At Setpoints 1 and 2 the Cooler fouling has a larger impact on dP in terms of percentage
change than Cooler effectiveness, so the dP is more likely to have a larger impact on
engine operation at these types of Setpoints. Engine restarts result in moments of
effectiveness recovery as can be seen in Figure 5-8 every 10 hr, when the engine has

been shutdown. This was seen by Teng et al (20) who found similar results.

EGR Cooler dP Change with Time
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Figure 5-7: EGR Cooler dP change with time.

Fuel additive 1 shows the smallest rise in dP and the least change in EGR Cooler

effectiveness. The small impact on effectiveness and dP over 60 hr when using Fuel
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Additive 1 shows that this additive significantly reduced fouling compared to the
Reference Fuel, especially at Setpoint 3. This is possibly due to Fuel additive 1 showing a
lower increase in both THC and soot. As per Equation 5-13 an increased level of soot
concentration will lead to more EGR Cooler fouling. It has also been discussed in
literature that HC condensate does increase soot deposition as the wetted section is

more efficient at catching soot particles and hence the deposition layer is thicker (19).
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Figure 5-8: EGR Cooler Effectiveness change with time, all fuels.
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5.3.3 Impact of Fuel-Derived EGR Deposits on EGR Cooler and Engine

Performance for Various EGR Scenarios

5.3.3.1 Intake Manifold Temperature and Engine Performance

In regular EGR operation the EGR flow would enter the intake system increasing intake
manifold temperature. An increase in intake manifold temperature can have varying
effects depending on the engine condition. The intake temperatures (both at the start
and end of the experiments) as well as the estimations of BSFC and MFB50 for scenarios
outlined in section 5.2.1 are shown in Table 5-2. The BSFC and MFB50 estimations are
obtained according to Fischer (22), who used 15 % EGR with a near identical engine to

the one used in this study.

Scenario 1: The EGR inlet temperatures recorded in the experiment are representative
of an LP loop where the EGR exit gases would be introduced into the intake before the
compressor, defining Scenario 1. The temperature increase with the LP setup was
considerably lower than for the HP setups (Table 5-2) due to the intercooler providing
additional cooling. At Setpoint 3 the final temperatures are 24.5 °C and 22.5 °C for the
Reference Fuel and Additive 1 respectively, resulting in a negligible change in BSFC and
MFB50, according to Fischer (22). LP setups are still vulnerable to fouling though as cool
inlet temperatures are required to protect the compressor and maintain high mass flow
rates through the compressor (128). Sufficient cooling is also required to not create

excessive post compressor temperatures and to limit over speeding (131).
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Scenario 2: The intake manifold temperature increases by 2.7 °C (8.5 %) and 5.6 °C (17.4
%) at engine operation Setpoint 3 for Fuel Additive 1 and the Reference fuel,
respectively. The engine Setpoints 1 and 2 show a smaller increase in intake manifold
temperature as the Cooler effectiveness does not change much due to the lower exhaust
temperatures in comparison to Setpoint 3. The increased intake manifold temperature
when using the Reference Fuel of 37.9 °C does not significantly affect the MFB50 and
BSFC compared to the 34.6 °C found with Fuel Additive 1 (22). This is because in the low
intake temperature region the engine is not near the knock limit. Therefore, an increase
in intake temperature will generate little knock allowing for high efficiencies.

Table 5-2: The impact of fuel, scenario and Setpoint on predicted intake manifold temperature and the

predicted impact on BSFC and MFB50.

Intake Manifold Temperature Predicted Increase when using
Scenario Fuel Temperature (OC) increase Ref fuel Compared to Fuel Add 1
Start End (°C) (%) BSFC (%) MFB50 (%)
Ref Fuel 16.7 16.9 0.2 1.1
1 NA NA
Fuel Add 1 16.4 16.4 0.0 -0.2
Setpoint 1 9 Ref Fuel 21.4 22.0 0.6 2.9 0.0 6.7
Fuel Add 1 21.4 22.0 0.6 2.9
Ref F b b 5 L
3 ef Fuel 23.8 28.6 4.8 20.2 0.0 6.3
Fuel Add 1 24.0 24.9 0.9 3.7
1 Ref Fuel 15.8 15.8 0.0 0.3 NA NA
Fuel Add 1 15.5 15.5 0.0 0.1
Ref Fuel 20. 20.7 -0.2 -1.
Setpoint 2| 2 ¢ ue 09 0 0 0 0.0 0.0
Fuel Add 1 20.7 21.3 0.6 2.7
Ref Fuel 23.4 25.1 1.7 7.4
3 0.0 6.3
Fuel Add 1 23.6 23.9 0.3 1.4
1 Ref Fuel 23.3 24.5 1.2 5.0 0.4 125
Fuel Add 1 22.1 22.5 0.4 2.0
Ref Fuel 2. 7. b 17.4
Setpoint 3| 2 effuel | 323 37.9 °6 0.0 0.0
Fuel Add 1 31.9 34.6 2.7 8.5
Ref Fuel 40. b L b
3 ef Fue 0.1 50.0 9.9 24.8 12 6.3
Fuel Add 1 39.4 43.0 3.6 9.1

Scenario 3: Fischer (22) operated the engine at 4750 rpm 17 bar IMEP leading to exhaust

temperatures of 940 °C with no EGR, whereas Setpoint 3 operated with turbine inlet
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temperatures of 810 °C and EGR inlet temperatures of 550 °C; so the changes in BSFC
and MFB50 due to increased intake manifold temperature would be different compared
to when the engine is operating at Setpoint 3. So, for a better representation of the
effects of increased EGR outlet temperature at high loads this scenario was defined
assuming that the 940 °C exhaust gas would enter the EGR Cooler straightaway. The
higher exhaust temperatures increase the intake temperatures resulting in an intake
manifold temperature at Setpoint 3 of 50 °C and 43 °C for the Reference fuel and Fuel
Additive 1, respectively. Those intake temperatures lead to BSFC values of 245 g/kWh
and 242 g/kWh (22) respectively, a 1.2 % change caused by a 1 CAD retard in
combustion. This represents a modest but not insignificant change in BSFC. If the intake
manifold temperature was to increase over 50 °C, the BSFC would increase considerably
with just a small increase in temperature (22). By using this information with the trends
seen in Figure 5-8 it can be predicted that the EGR Cooler effectiveness will continue to
decrease with time causing intake manifold temperatures to increase to more than 50
oC with the Reference Fuel. This would result in large BSFC increases considerably
impacting engine high load performance. Furthermore, the decrease in EGR Cooler
effectiveness with an EGR inlet temperature of 940 °C would likely be larger as the
Scenario 3 calculations used the same Cooler effectiveness as Setpoint 3, and thus did
not account for the increased levels of fouling that would occur with an increased EGR

Cooler inlet temperature of 940 °C as according to Equation 5-13.

The BSFC increase above is primarily due to spark retard, however with higher inlet
temperatures further fuel consumption penalties could be encountered through fuel

enrichment. This is likely to occur if, as predicted, higher exhaust temperatures lead to
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higher levels of fouling than seen in the experiments. This would require the spark to be
further retarded, resulting in higher exhaust temperatures (65)(183), creating a negative
cycle. It is possible that the increased knock would result in reduced downsizing and
compression ratios, impacting efficiency across the whole engine range. Su et al (184)
increased compression ratio from 9.3 to 10.9 with cooled EGR, this would be

unachievable with heavy fouling.

In all scenarios the increase in temperature is less obvious at Setpoints 1 and 2. This is
primarily due to lower exhaust temperatures resulting in less soot deposition and less
heat being added to the intake. As mentioned earlier, research has shown that at lower
temperature engine conditions increasing intake temperature has a negligible impact on
engine efficiency and can even be beneficial. Thus, the increase in intake temperature

at Setpoints 1 and 2 is unlikely to have a negative impact on engine performance.

5.3.3.2 Pressure drop (dP)

The formation of EGR Cooler deposits will affect dP across the Cooler (EGR Cooler dP)
and thus over the whole EGR loop. The experimental dP values obtained across the EGR
Cooler at the start and end of the experiments are shown in Table 5-3. The Total EGR dP

was estimated for Scenarios 1, 2 and 4 as described in the methodology and Figure 5-2.

Scenario 1 (LP setup): A large Total EGR dP was found at Setpoint 3, and much lower
values found at Setpoints 1 and 2. At Setpoint 3 the 33.8 mbar EGR Cooler dP found with
the Reference Fuel at the end of the experiment represented 20.5 % of the Total EGR
dP, while 19.7 mbar is found with Fuel additive 1 representing 12 %. At Setpoint 1 the

increased EGR Cooler dP with the Reference fuel also represented a significant portion
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of the Total EGR dP. The Setpoint where EGR Cooler dP was predicted to have the largest
impact on the overall EGR flowrate in Scenario 1 was Setpoint 2. This is because both
fuels resulted in an EGR Cooler dP that was larger than the Total EGR dP itself. If the EGR
Cooler dP is larger than the Total EGR dP then the pressure gradient between the
exhaust and the intake will not be enough to overcome the dP across the Cooler
resulting in no EGR flow. EGR Cooler fouling in an LP loop can be mitigated through the
use of a GPF which would filter most of the soot from the exhaust and reduce fouling,
however this would decrease pressure downstream of itself reducing Total EGR dP. In
this situation the exhaust back pressure can be increased through the use of an exhaust
valve to assist EGR flow, however the increased exhaust back pressure increases engine
pumping losses and therefore comes at a fuel penalty (185). It is therefore beneficial to
reduce EGR Cooler fouling to levels where these additional components are not

necessary.

Scenario 2 (HP post intercooler setup): The Total EGR dP for Scenario 2 is much higher
than those obtained for Scenarios 1 and 4 at all Setpoints, because the EGR flow enters
the intake after the throttle. Therefore, the EGR Cooler dP only represents a small
percentage of the Total EGR dP thus a low EGR Cooler dP is not so critical for the

functioning of the EGR system in this scenario.

Scenario 4 (HP pre intercooler setup): The impact of increased EGR Cooler dP is more
significant at Setpoints 1 and 2 compared to Setpoint 3. At Setpoint 3 EGR Cooler dP
makes up 10.9 % and 18.8 % of the Total EGR dP with the Fuel Additive and Reference

fuel respectively. Setpoints 1 and 2 have a much lower Total EGR dP, making EGR Cooler
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dP critical for the functioning of the EGR system. This would be particularly key at

Setpoint 1 where the Total EGR dP is negative, meaning that there would be no EGR

flow. At this situation the intake would need to be throttled to make a positive pressure

gradient, this throttling would also need to overcome the rise in EGR Cooler dP and

would likely have an impact on engine efficiency.

In all scenarios and Setpoints the impact of EGR Cooler dP is significantly less with the

use of Fuel Additive 1 compared to the Ref Fuel. This is due the reasons discussed in

section 5.3.2. In some cases, the additive almost halves the proportion of EGR Cooler dP

compared to Total EGR dP suggesting that the use of an additive can significantly

improve maximum EGR flow rates. This is most evident in the two pre intercooler

scenarios 1 and 4 and at the low load Setpoints (Setpoint 1 and 2).

Table 5-3: The impact of increased EGR Cooler dP due to fouling in the context of the total dP found

across 3 typical EGR setups.

EGR CoolerdP , Start | EGR Cooler dP , End EGR Cooler dP (End of test) as
of test (mbar) of test (mbar) a Percentage of Total EGR dP
Setpoint |Fuel Add 1| RefFuel JFuel Add 1| RefFuel |Scenario Total EGR Fuel Add 1 Ref Fuel
dP (mbar)
1 15.7 26.1 42
1 3.2 3.2 4.1 6.6 2 45 9.1 14.7
4 -5 -82 -132
1 3 113.3 158.3
2 2.8 2.8 34 4.8 2 150 2.3 3.2
4 0.1 3400 4750
1 164.5 12 20.5
3 14.1 14.8 19.7 33.8 2 362 5.4 9.3
4 180 10.9 18.8
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5.4 Conclusions

This study assessed the impacts of different engine operating Setpoints and fuel
additives on EGR Cooler fouling. The impact of fuel additives on the mechanisms behind
the fouling were also investigated. Another purpose of this study was to put the
potential impacts of EGR Cooler fouling into context by predicting its impact on engine

performance and thus demonstrating the contextual benefits of using fuel additives.

The impact of using fuel additives to control fuel-derived deposit formation in the fuel
injector and EGR Cooler has been investigated within the same test Cycle, allowing the
direct impacts of the Additive on fouling to be observed. A new method to accelerate
injector and EGR Cooler deposit formation has been developed and successfully applied
to denote the impact of fuel on the formation and growth of those deposits. The method
is composed by various experimental engine operation Setpoints leading to a sequence
of emissions (e.g. HC and soot), temperatures and flowrates prone to forming deposits.
The experiments have clearly showed that fuel additives could reduce EGR Cooler
fouling, with Fuel additive 1 proving the most effective. This was attributed to Fuel

additive 1 producing the least soot and THC emissions.

The reduced EGR Cooler fouling was represented by a lower EGR Cooler dP when using
the fuel additive. The reduced dP with the additives was found to be a significant portion
of the Total EGR dP when using LP and HP pre intercooler setups, leaving HP post

intercooler as the optimum setup in terms of dP.

The use of Fuel Additive 1 significantly increased Cooler effectiveness with respect to

the Reference Fuel, which was predicted to lead to a reduced intake manifold
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temperature with EGR and hence improved BSFC. The impact on BSFC was predicted to
be highest at high load with an HP EGR setup. Calculations predicted further impacts
with a longer test and higher engine speeds and loads. At lower loads the fouling was
much less severe because lower exhaust temperatures were predicted to have a
negligible impact on engine performance in terms of intake temperature. Pre intercooler
EGR systems were also predicted to be minimally impacted by EGR Cooler fouling with

regards to intake temperature increase.

EGR Cooler fouling has a significant impact on HP and LP setups at different engine
Setpoints. Pre intercooler setups may be impacted little in terms of intake temperature
at high load Setpoints but are susceptible to dP increases at low engine speeds. This
leaves HP post intercooler, but this is susceptible to increased intake temperature due
to EGR Cooler fouling which causes knock at high loads. However, HP is less susceptible
to knock at lower loads and the increased Total EGR dP makes HP less vulnerable to an
increase in EGR Cooler dP.

In conclusion EGR Cooler fouling significantly limits the benefits of both HP and LP EGR
loops, such as downsizing and increased compression ratios by limiting their
performance across a range of engine operating Setpoints and this study has

demonstrated that an effective way of mitigating this is by using fuel additives which

reduce soot and THC emissions.
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6. DEVELOPMENT OF AN EXPERIMENTAL METHOD TO

INVESTIGATE FUEL DERIVED DEPOSITS ON ENGINE INTAKE

VALVES.

6.1 Introduction

The experimental facility and method developed in this chapter aimed to emulate
engine conditions that cause fuel derived IVD formation while reducing running costs
and fuel consumption compared to experiments on a full vehicle/engine operated with
fuel combustion. The experimental method and setup aimed to be controllable for
independent adjustment of key parameters selected from critical analysis of relevant

literature to analyse their impact on deposit formation.

The structure of this chapter is as follows. Firstly, the Product Design Specification is
described along with its justification. The description of the final experimental rig is split
up into sub systems which were built to satisfy each point of the PDS. Each sub system
had its own more detailed specification and the design and manufacturing process of
the components that make up each subsystem are outlined in detail. Finally, the
measurement process of some preliminary tests which aimed to demonstrate a proof of
concept of the experimental rig is described along with the results and discussion of how

the experimental rig performed.
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6.2 Design and Manufacture

6.2.1 Product Design Specification

The final developed experimental rig can be seen in Figure 6-1, the rig utilised a cylinder
head from a commercial 4-cylinder engine. This engine was chosen to closely emulate
the conditions of most modern vehicles which use multi-cylinder engines. The engine
used PFI, targeting the bridge between the two intake ports for each cylinder (Figure
6-2). The subsystems and components of the experimental rig are labelled in Figure 6-1,
these are explained in their respective sub-sections. Most of the components were
designed especially for the rig and some components were modified from existing

apparatus such as the fuel injection system.
To meet the design objectives, the following specifications were established:

e Cylinder Head temperature controllable and measurable from ambient to 90 °C.
Adjusting the Cylinder Head temperature is key to observe its impact on valve
deposition as Cheng (27) found that most deposition occurs from liquid fuel
pooling in the intake port and impinging on the valve. Controlling the Cylinder
Head temperature affects the intake port temperature and hence condensation,
it also helps achieve realistic heat distribution across the valve, by transferring
heat from the Cylinder Head to the valve via conduction.

e Valve temperature controllable and measurable from ambient to ~370 °C. To

simulate conditions causing intake valve deposition, valve temperature is the
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most critical factor, as detailed in section 2.4.3.1. Precise regulation is essential
since the critical deposition temperature window can be as narrow as 20 °C (35).
Valves actuated similarly to a regular engine in a measurable way. For realistic
valve behaviour, valves should actuate via camshaft rotation and valve springs,
as opposed to stationary valves used in other experimental rigs (section 2.6.4).
This setup can help determine if valve movement impacts deposition and
cleaning compared to stationary valves. The location of fuel impingement on the
valve and the air flow affects deposition and cleaning. Realistic valve actuation,
achieved by camshaft usage, better emulates the fuel impingement on the valves
in real engine conditions.

Fuel mass flow rate, injection pulse width and injection frequency adjustable and
measurable. Fuel delivery must be adjustable, necessitating control over
injection frequency and pulse width to replicate various common injection
strategies. The fuel pressure should match those in a PFl system.

Intake air mass flow rate, pressure and temperature adjustable and measurable.
Regulating intake air temperature is crucial for analysing fuel evaporation and
condensation behaviour in the intake port. Adjustable intake pressure and
flowrate also allow for the behaviour of the air and fuel charge motion to be
monitored so its impact on deposit formation can be analysed.

Fuel vapour must be safely extracted to reduce the chance of spontaneous
combustion in the system and to keep operators from being exposed to harmful

vapours.
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The mass of the valve must be measurable to allow the mass of the deposits to
be measured.
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Figure 6-1: Intake Valve Fuel Deposits Rig.
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Valve stems Intake ports

Figure 6-2: Fuel injector location.

6.2.2 Design and Manufacture of the System to Modify Cylinder Head

Temperature

6.2.2.1 Design Specification of the Subsystem (Heat Exchanger and QOil Delivery)

Oil was selected as the heat transfer medium to the Cylinder Head due to its high boiling
point, allowing for the maximum expected temperature in the Heat Exchanger of 110 °C
to be comfortably maintained, oil could also simultaneously lubricate the camshaft
system. The oil was designed to circulate around the coolant jacket of the Cylinder Head
as this wrapped around the valve stems and the area just above the valves, effectively
transferring heat to the valves. The oil was designed to be heated via a Heat Exchanger
which was designed to control the Cylinder Head temperature by providing heated oil
to the Cylinder Head. The components of this subsystem were built to meet the

following specifications.
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Table 6-1: System to modify Cylinder Head temperature: Specification.

Component | Specification

Must withstand temperatures of 90 °C

Modifications to the Cylinder Head should allow the oil to pass through the

CT_:;nadder Cylinder Head without leakage
Allow a portion of the oil to be bypassed to the camshaft bearing system for
lubrication
Must withstand temperatures 20 °C higher than those found in the Cylinder
Head (110 °C)
Heat Capable of relieving pressure from heated oil

Exchanger | Deliver sufficient heat to the rest of the oil system

Sufficiently insulated to maintain heating efficiency

Be able to measure the temperature within the Heat Exchanger

Capable of pumping liquid from Heat Exchanger to Cylinder Head

Drain liquid from Cylinder Head

Oil Delivery — -
Maintain Cylinder Head temperature at the set value
System

Withstand temperatures of 20 °C higher than those found in the Cylinder
Head (110 °C)
Maintain steady state Cylinder Head temperature with fluctuations of less
Power/ than 5 °C
Control Control both the Cylinder Head and Heat Exchanger temperatures so that
Electronics | they remain below their maximum operating temperatures

Have safety shutdown procedures in the event of overheating

6.2.2.2 Cylinder Head

To circulate the oil through the coolant jacket, the base of the Cylinder Head needed to
be sealed to prevent leaks. Figure 6-3a shows passages highlighted in red in the base of
the Cylinder Head where coolant normally flows to the engine block. A base plate (Figure
6-3b) was designed to block these holes, and in certain places (indicated by the labels
on Figure 6-3a) allow oil flow from the coolant jacket to the camshaft bearings, enabling
simultaneous heating and lubrication of the Cylinder Head and camshaft. The gasket

plate was designed so that the oil would flow in from the left, through the coolant jacket
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as well as the camshaft bearings, and then drain from the coolant jacket from the right,

as indicated by the red arrows (Figure 6-3a).

Figure 6-3b shows the final plate design and Figure 6-3c shows its respective CADD
model and 3D scan overlaid with the labels from Figure 6-3a. In Figure 6-3b channels
where the oil is diverted from the coolant jacket to the bearings can be observed. To
create these channels steel plates were welded to the underside of the gasket plate.
Figure 6-3c shows how the design was aligned to the Cylinder Head to ensure all the

correct openings were aligned and that space was left for valve actuation.
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- Main Oil Flow (Through Coolant Jacket) - Bolt and Dowel Holes

- Channels to Camshaft Bearings D Drain from Camshaft Bearings

=

Figure 6-3: Cylinder Head gasket plate design a) oil channels, b) gasket plate, c) 3D scan and CADD
model.
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The underside of the base plate was attached to a box to collect air and fuel vapour from
the intake valves (Figure 6-4). The air-fuel mixture passed through one set of intake
valves, while the others allowed only air, creating a lean mixture in the extraction box,
preventing combustion on the hot valve and aiding fuel vapour extraction. The
extraction box featured sealable windows on the side. These windows were necessary
for valve spring compressor tool to access the underside of the valves, to remove the
valves to measure their mass. A large outlet was designed at one end which could be
attached to the exhaust extraction. A smaller opening allowed thermocouple and heater
wires to pass through. Pipework was included in the design to channel the oil, (Figure

6-4). This system is explained in more detail in the Qil Piping System section.

Oil Flow through
the Extraction

Hole for
Electrical
Wires

Figure 6-4: Extraction box.

The base plate was 10 mm thick ensuring rigidity to withstand high torque from Cylinder
Head bolts and to support welding of the extraction box side plates. Mild steel was

chosen for its weldability and cost-effectiveness. The extraction box and base plate were
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designed in 2D CADD for water jet cutting followed by welding, a process chosen for its
cost and time efficiency, and to minimise base plate warping for an adequate gasket seal.
This was preferred to laser cutting as the high heat caused warping of the base plate. A

multi-layered-steel gasket was used to seal the gasket base plate to the Cylinder Head.

6.2.2.3 Heat Exchanger

The original engine design lacked the necessary data to estimate the heat transfer to the
coolant jacket. Consequently, the power required from the Heat Exchanger could not be
determined. Therefore, the Heat Exchanger was designed to provide a substantial
amount of power, anticipating the potential need for additional capacity. Two 1.75 kW
immersion heaters were selected to fulfil the power requirements. Immersion heaters
were chosen due to their high efficiency and low cost. These heaters could also
withstand the high temperatures found in the Heat Exchanger. These were placed in
opposing corners (Figure 6-5) providing good heat distribution, which was measured via
thermocouples placed in the centre of the heaters. The hole for the oil outlet was left
slightly above the base so that any debris that might be in the oil system would sink
below it and not enter the rest of the system. JIC (Joint Industries Council) hose fittings
were then welded to the inlet and outlet orifices. An inlet opening was drilled in the fill
cap that allowed for an extra return pipe coming from the Cylinder Head to enter the

tank (Figure 6-5c).

The Heat Exchanger was designed in 2D (Figure 6-5a) but was laser cut instead of water
jet cut. This was because many items such as plugs and threads for heater and pipe
fittings would have to be welded to the box. These items were generally made of thick
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stainless steel by manufacturers and thus, to help with weldability the plates making up
the box also had to be reasonably thick so that they would not burn during the welding
process. 6 mm stainless steel was chosen for this and the cost of water jet cutting rises
significantly with thicker materials, especially stainless steel because of its hardness and
resistance to abrasion. Laser cutting was therefore chosen as warping was not a huge
concern for this box as small amounts of warping could be compensated for in the

welding process.
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Figure 6-5: Heat Exchanger CADD a) 2D plates, b) Isometric view, c) Photograph with Insulation.
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6.2.2.4 Qil Piping System

Hot oil first travels from the Heat Exchanger through a filter to a 12 V electric oil pump
(Figure 6-6). A 90 W Mocal Electric Oil Pump EOP2 was chosen as it could withstand
temperatures up to 175 °C and was designed for automotive processes so would have
sufficient pressure and flowrate to drive the oil. The manufacture recommends that the
pump runs only when the oil is above 70 °C to prevent damage, so it was placed close

to the Heat Exchanger to keep it as hot as possible.

The oil was then pumped to the Cylinder Head via Goodridge stainless steel braided
hoses with JIC fittings chosen for their high heat resistance, flexibility and quality to
ensure no leaks. These braided hoses were connected to the Cylinder Head and Heat
Exchanger via JIC “weld-on” adaptors, unless stated otherwise. To fix these pipes to the
Cylinder Head an adaptor was machined out of a billet of steel which was welded to a
hose tail connector on the Cylinder Head, originally used to connect to the coolant
hoses. Another coolant pipe hose tail connector from the Cylinder Head was also used
in the same way to secure a thermocouple and the final one was blanked off with a

silicon cap (Figure 6-6).

The oil then circulated through the coolant jacket and up to the camshaft bearings as
previously discussed. To allow the oil to drain back down from the bearings a hose was
secured to the underside of the gasket plate in the location of the bearing drain (Figure
6-3), which then attached to the drain junction via a hose (Figure 6-6). The drain junction
then rejoined the bearing oil with the main circuit which was draining from the coolant

jacket. To drain the oil from the coolant jacket, two outlets were designed in the gasket
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plate and two steel pipes were welded to the underside of this (Figure 6-4 and Figure
6-6). These two pipes were then welded to the drain junction. Another braided hose was
then used to connect the drain junction back to the Heat Exchanger, completing the

circuit through an orifice cut into the base of the drain junction.

Another drain was also installed in the Cylinder Head and Camshaft Extension (described
in section 6.2.4.3) that drained into the fill cap of the Heat Exchanger box (Figure 6-5c).
This aided with the draining of the oil from the upper section of the Cylinder Head after
the oil had passed through the camshaft bearings. The design of this custom-made face
plate can be seen in Figure 6-15 and is described in more detail later. All hoses were
then insulated to reduce heat loss saving on heating energy and also helping to stabilise

the heater control.
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Figure 6-6: Oil system design.

6.2.2.5 Power/Control Electronics

Components and Electrical Diagram
To control the oil system temperature a custom PID controller was made using an
Arduino UNO R3. The control system had additional components to a standard PID

controller including safety checks and automation. Temperatures were measured using
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K-type thermocouples connected to a Maxim Integrated MAX31855PMB1 module
board. The MAX31855 amplified the thermocouple signal and transferred it to the
Arduino via SPI (accuracy of + 2 °C) , to be read by the Adafruit_ MAX31855 library. Two
thermocouples were used: one for the Cylinder Head and one for the Heat Exchanger.
The temperature measurement acted as the feedback in the PID control loop, with the
output being a Pulse Width Modulation (PWM) signal to a Solid State Relay (SSR). This
SSR controlled the immersion heater’s power output. Due to the high current drawn by
the heaters, each was wired to a separate power outlet and SSR. A smaller SSR
controlled the pump. Push to break buttons and a potentiometer adjusted the PID
settings, while an OLED display showed inputs and outputs. An LED indicated SSR

operation.

The PID control components are shown in Figure 6-7. An insulated metal plate separates
the low voltage logic control from the high voltage side to shield from electrical noise
and short circuits. The user interface, including the OLED display, LED, buttons, and
potentiometer, were mounted on the face plate for easy interaction. Thermocouple

amplifiers were attached to a 3D printed bracket for easy attachment and detachment.
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Figure 6-7: PID electronics: Controller Box a) Internal wiring, b) User interface c) Electrical schematic.
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Cylinder Head Temperature Control Programming
The full code is available in Appendix B with comments throughout. The sections below,

along with the comments in the code provide an in-depth explanation.

The setup section initialises temperature readings, the OLED display, buttons and sets
the digital pin controlling the SSR to 30Hz. The code is split into four loops: Main loop,
PID control, Cool down, and Buttons. All functions used throughout the code are stored
at the bottom of the code. The Main and Button loops run continuously, while the PID
control and Cool down loops activate based on input signals. The signals to determine
which loop is used is decided in the State Check section of the Main loop. The Main loop
also checks control, safety and filters signals, in addition to sending variables to the serial
monitor for troubleshooting. The Buttons loop detects button presses to control state

changes and set target temperatures.

The Main loop starts with the Serial Print section followed by the State check. The
analogue input from the potentiometer is mapped to a value between 0 and 110,
representing the available setpoints that the user can choose with the potentiometer.
Then the signal filter in the “Nan Check Loop” counts Not a Number (nan) errors from
thermocouple signals over 30 seconds. If more than three errors are recorded, the Cool
Down loop is activated to shut off the controller as a genuine error has probably

occurred in this case.

Control and Safety Checks

Control checks monitor temperature readings to determine which thermocouple is used

for feedback and whether to activate the pump. Initially, the Heat Exchanger (box)
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thermocouple is used. The control check function switches control to the Cylinder Head
(head) thermocouple once the box temperature is above the pump’s operating
temperature and the head temperature is above a certain percentage of the target.
Other checks manage pump activation and ensure it does not switch on and off too

quickly, preventing damage.

Safety checks monitor temperatures for temporary or emergency shutdowns. If
temperatures exceed preset safety thresholds, a temporary shutdown reduces the SSR
output to zero, until the temperature is reduced and the PID loop then continues. If
higher thresholds are breached, the PID control and heaters shut down, and the pump
carries on running for a short duration to assist cooling. A restart is required to reset the

system, ensuring the user acknowledges the issue.

PID Control

The PID control loop starts on the initial startup and is deactivated by pressing the red
button, which when pressed again reactivates the loop. The loop's refresh rate is
controlled by elapsed time. If a temporary shutdown is detected, the SSR and LED are
turned off until temperatures drop below the threshold. In this loop both temperatures
are recorded and passed through the signal filter. Then both temperatures are averaged
via a moving average in two ways. These are two moving averages with different
smoothing factor (alpha) values. One uses a small smoothing factor to quickly react,
which generates a “safety average” and the other uses a slower but more stable moving

average. The latter moving average is what is used by the main PID control loop and
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temperature readings. Either the box or head moving average is sent to the PID

algorithm and this choice is determined by the checks in the Main loop.

The time is then recorded and then both average temperatures, PID output percentage,

the potentiometer output and target temperature are all displayed on the OLED display.

Target temperature and PID constants are then sent to the PID algorithm. If the checks
have not activated the pump, then the target temperature is ~80 °C and the PID
constants are lower than when the pump is on. The 80 °C target temperature is set 10
OC above the operating temperature of the oil pump to assist with the cold start. When
the pump is activated the PID constants are increased, to provide more heating power,

and the target temperature is set to the users input from the potentiometer.

The PID values are calculated using Equation 6-1 and summed to create the total PID
output. The integral I, is further influenced by a saturation limit, which defines the
maximum integral value to prevent excessive buildup during the oil's long warm-up
time. If the integral value exceeds the saturation limit, an integral check determines if
the next iteration will increase or decrease the integral value. If it increases, the integral
value remains capped; if it decreases, Equation 6-1 is reactivated. The integral is used
only when the real temperature is within 40 °C of the target to avoid excessive power
usage and localised boiling around the heaters during initial startup.

P=Ex@

Equation 6-1: PID
Iy =1 + (E X ki)
Calculations

D=k xAE
T AT At
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Table 6-2: PID Calculations Symbols.

Proportional Value

Error Value

Symbol Description
P
E
kp

Proportional Gain

I, nt Integral Value

k; Integral Gain

D Differential Value

kg Differential Gain

AE Error Rate of Change
At

The Arduino maps the PID output value between 0 and 255, the PWM output range of
an Arduino UNO R3. An absolute maximum value ensures controlled startup power. This
value, determining the maximum PID output to the SSR, is smaller when the pump is off
and increases when the pump is on. The PID output is zero if a negative value is
calculated by Equation 6-1 or if the total time is less than 5 seconds, allowing the
thermocouple amplifiers to stabilise and gather enough readings for a smooth moving
average. Finally, the PID loop writes the filtered PID output to the SSR, activates the LED

if the output is above 0, and resets variables for the next iteration.

The Cool down loop is activated by pressing the red button or a shutdown trigger. This
resets the variables, ensuring a safe restart, if the user decides to trigger the PID loop
again. Temperatures are monitored, and the pump is turned off after a short duration.
If the emergency shutdown was triggered, then the user must reset the Arduino to

acknowledge the warning message and restart when safe.
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6.2.3 Design and Manufacturing of the System to Modify Valve

Temperature.

6.2.3.1 Design Specification of the Subsystem

To control valve temperature efficiently, an electrical heater was attached directly to
the valve. This design ensures precise temperature control and energy savings. The

specification for the attachment method was:

Table 6-3: System to modify valve temperature specification.

Component Specification

) Provide sufficient power to heat both valves to 370 °C
Cartridge Heater

Fit within the packaging constraints underneath the valves

Hold the cartridge heaters to the valves

Withstand high speeds and forces
Valve mounted

Avoid colliding with the Cylinder Head and gasket plate
heater bracket

Move with the valves

Hold a thermocouple in position to measure valve temperature

Maintain steady state valve temperature with accuracy of + 5
°C
Have safety shutdown procedures in the event of overheating

Power/Control
Electronics

The final design (Figure 6-8) features two cartridge heaters secured to the intake valves

with an aluminium bracket.
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Figure 6-8: Valve heater and holder final design.

6.2.3.2 Cartridge Heater

The 3D scan used for the gasket plate in the Cylinder Head section also aided in designing
the valve heaters and holders, by checking for collisions during valve movement and
gauging size. Figure 6-9a shows the 3D scan and Figure 6-9b-e show the valve heater

and holder in the CADD model.
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Figure 6-9: Valve heater CADD model a) 3D scan, b) imported model of heaters and holder, c) checking

for collisions between holder and gasket plate, d) aligning upper bracket with valves, e) cross section

view.

Heater sizing was determined by defining the physical boundaries via the CADD model
and valve heat loss calculations using Equation 6-2. Heat transfer coefficients from

Cerdoun (186) were used, covering the valve seat, stem, stem/port, and combustion
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face. These coefficients were used in Equation 6-2 along with measured surface areas
and predicted temperature differences to approximate the rate of heat loss from the
valve via conduction to the Cylinder Head and convection to the air flow, allowing the
required heating power to be estimated. The highest AT value, 350 °C (370 °C minus
room temperature of 20 °C), was used to ensure that sufficient power could be
achieved. The maximum temperature of 370 °C was based on previous experiments

(35).

P=hXxAT x A Equation 6-2

The Heat transfer coefficient h varied with engine speed, this was simulated across a
range of 3000 to 7500 rpm by Cerdoun (186). At 3000 rpm, approximately 500 W was
needed to heat both valves to 370 °C; at 7500 rpm, 800 W was required. By checking
the CADD model for packaging restrictions (Figure 6-9b,c) it was determined that the
largest possible heater that could fit in the space under the valves and within the
Cylinder Head gasket plate was two 50 mm length, 10 mm diameter cartridge heaters,

providing 800 W.

Since the heaters are placed under the valve, a proportion of the heat will transfer away
from the valve, therefore a significant safety factor was deemed necessary. A Safety
factor of 1.6 at 3000 rpm was sufficient but 1 at 7500 rpm was not. Additional methods
to assist heating included using Cylinder Head heat, as the valve seat contacts the
Cylinder Head for over half a rotation of a camshaft, this reduces AT, along with heating
of the intake air. This adjustment lowered the required power to 430 W (safety factor

1.8) and 670 W (safety factor 1.2) for 3000 rpm and 7500 rpm respectively. The safety
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factor at 7500 rpm was deemed too low, thus, a speed of 3000 rpm with a comfortable
safety factor of 1.8 was chosen and was used to define the valve speed specifications in

section 6.2.4.

6.2.3.3 Valve Mounted Heater Bracket

A bracket was designed to secure the cartridge heaters under the valves, in a compact
fashion to minimise chances of a collision. The design also aimed to maximise contact
surface area with the valve (Figure 6-9d,e). The design (Figure 6-10) features two
cartridge heaters clamped side by side with a small gap left between them to allow for
some thermal expansion. The jaws were secured by an upper bracket bolted to a base
plate, with another small gap between them. This allowed the base plate to flex slightly

as the bolts were tightened, ensuring that the heaters were firmly clamped.

Graphite paper was used to improve thermal conduction, filling air pockets with
malleable, thermally conductive graphite. Graphite was chosen as it could withstand
high temperatures that the alternative thermal pastes could not. Aluminium, chosen for
its thermal conductivity and strength-to-weight ratio, minimised bracket weight to
handle high valve acceleration (up to 7000 m/s?). The acceleration was estimated from
valve movement modelled as a sine wave. The period of the wave was measured from
the cam lobe geometry (estimating valve opening duration) and the amplitude from the

radius of the cam lobe.

To manage high inertial forces, the bracket was securely fastened by drilling holes in the
top so it could be bolted to the base of the valves (Figure 6-10d and e). Hole locations

were measured using the 3D scan of the Cylinder Head's underside, accurate to within
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0.1 mm. The bolt diameter was carefully chosen since the valve stem was only 5.5 mm
in diameter and there was little depth from the base of the valve before transitioning to
the thin stem. Therefore, if the hole was drilled too deep or wide the material that
remained would be extremely thin. An M4 bolt was selected as larger bolts would over-
stress the thread. This is because a thread depth equal to the thread diameter is
necessary to ensure that the thread cut into the valve is not over stressed and
consequently stripped. Therefore, to manufacture the thread the hole would need to be
drilled at least to a depth equal to its diameter, plus extra depth to give clearance to the
tapping tool. As the valve diameter was only 8mm at a distance of 6.5 mm away from
the valve base, anything larger than an M4 would have left a wall thickness of less than
1.5 mm, and any slight machining inaccuracy could cause this to be even thinner leading
to failure. An M4 bolt was the largest bolt that allowed for a sufficient wall thickness of

3mm and ensured sufficient proof load in the bolt.

182



Upper Bracket

Heaters

Figure 6-10: Cartridge heater bracket design a) jaws, b) upper bracket front view, c) base plate, d) bolt
holes and thermocouple placement, e) valve, f) valve attachment and thermocouple, g) thermocouple

bracket.

The groove in Figure 6-10d was designed to fit two 1 mm thermocouples around the

tight corners near the bolt holes. When clamped by the valve (Figure 6-10f), vertical
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movement is prevented and the bend around the corner stops horizontal movement.
Two grooves were cut for both valves so the user can choose multiple places to measure
from along the groove cut to a depth of 1.05 mm. The 0.05 mm clearance avoids over-
compression of the thermocouple. The rest of the thermocouple is then secured by a

bracket (Figure 6-10g).

The bracket was manufactured using CNC machining, water jet cutting, and milling. The
upper bracket, the most complex part, required CNC machining for precise and complex
dimensions. To confirm the accuracy of the CADD model (Figure 6-9) and prevent
collisions with the Cylinder Head and gasket plate, the upper bracket was first 3D printed
as a prototype (Figure 6-11). Once the prototype confirmed no collisions and proper
alignment with the valve centre, CNC machining began. CNC machining's time-
consuming nature limited its use to parts needing high precision. The base plate was
manufactured using a water jet cutter, suitable for its 2D shape and because its distance
from the valves ensured no collisions, so the + 0.5 mm tolerance of a water jet was
sufficient. The jaws were produced using a manual milling machine, allowing accurate

machining without requiring the cost and time of CNC.

Figure 6-11: 3d print of upper bracket.
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The CNC machining was performed on a pocket NC machine. An aluminium billet was
first roughly machined with a manual mill to within 2 mm of the final dimensions, to
save on time and to ensure the top surface of the upper bracket was square to the
sides and parallel to the base. This alignment was crucial as the pocket NC's axis is

referenced to the bed face holding the piece (Figure 6-12a).

Figure 6-12: CNC machining process a) upper bracket on the clamping face of the pocket NC after the

underside had been cut, b) Pocket NC machine.

For the valve's threaded holes (Figure 6-10e), the valve stems were placed in a lathe,
and a 3.3 mm diameter, 6 mm deep hole was drilled into the centre. A tapping tool then

cut a 4.5mm deep M4 thread.

The jaws were manually machined from an aluminium billet using a milling machine.
Though not as capable of producing complex shapes as the CNC machine, the milling
machine's larger tools and higher power allowed for quicker machining of the simple

jaw shapes which were cut from a single piece.
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6.2.3.4 Power/Control Electronics

The temperature of the cartridge heaters was controlled using a PID algorithm like the
one used for the Cylinder Head oil temperature controller. However, this setup required
fewer automation and safety checks. Unlike the oil system control, which necessitated
two thermocouples for the Cylinder Head and the Heat Exchanger, the valve
temperature control system only required one thermocouple. This thermocouple was
positioned in the groove shown in Figure 6-10d, with the tip against the bolt in the centre
of the valve. An additional thermocouple could be placed in the other groove for

recording purposes, but it was not essential for control.

To prevent initial overheating during the time it took for the thermocouple to respond
to the initial heat rise, the PID was tuned to limit the initial temperature increase of the
cartridge heaters. This precaution was crucial, especially if the valve heaters were
accidentally turned on without any air or fuel passing over them. In the absence of
convective cooling, the heaters could significantly overshoot the target temperature.
Therefore, the maximum PID output as well as some of the constants were limited until

a specific threshold temperature was reached.

The controller utilised the same components as the oil controller but required only one
SSR due to the lower power of the heaters. This time, the box was 3D printed to fit the
components and to separate the high and low voltage sides, an aluminium plate was
inserted between two 3D printed walls. This design reduced assembly time, improved
cooling with strategically placed ventilation apertures, and conserved 3D printing

material (Figure 6-13).
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Figure 6-13: Valve temperature controller box a) user interface, b) internal wiring c) Electrical Schematic.
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6.2.4 Design and Manufacturing of the System to Actuate Intake Valves

6.2.4.1 Design Specification of the Subsystem

Table 6-4: System to actuate valve specification.

Provide the camshaft with sufficient torque, allowing it to provide
similar valve speeds to those found in an engine with crankshaft
speeds of up to 3000 rpm

Electric Motor —
Emergency shutdown capability

Be attached to the camshaft in a way that allows for easy removal
of the camshaft from the Cylinder Head

Allow access to the camshaft so it can be attached to the Electric
Cylinder Head | Motor
and Camshaft | Seal oil inside the Cylinder Head

Extension Withstand maximum operating temperature of the Cylinder Head
(90 °C)
Provide the camshaft with a consistent flow of oil, ensuring

Camshaft sufficient durability to enable the completion of the IVD
Lubrication generation tests

System Integrate with the Cylinder Head Extension

Circulate oil back into the Heat Exchanger

The valve heaters were predicted to be capable of offsetting the convective cooling from
the air intake at a mass flow rate equivalent to approximately 3000 rpm, which equates
to a camshaft speed of 1500 rpm. Achieving 1500 rpm consistently required acceptable
durability, lubrication and control. To achieve this the camshaft was attached to an
electric motor with a speed controller and was lubricated via the oil system in section
6.2.2.4 and an additional lubrication system. The manufactured system is shown in

Figure 6-14.

188



Figure 6-14: Camshaft control system.

6.2.4.2 Electric Motor

To achieve realistic valve speed emulation, the camshaft was selected due to its
capability to mimic real engine behaviour. An electric motor of 0.55 kW, operating on 3-
phase AC power with an inverter using 1-phase AC electricity, was chosen for its ability
to maintain higher torque output and efficiency across a wide speed range and for its
durability. By using the acceleration value found in section 6.2.3.3 and information from
(187), it was decided that a 0.55 kW 3 phase AC motor would be used. This was used
with a gear ratio where the torque at the camshaft was 1.2 times the torque at the
motor, this helped to achieve sufficient starting torque and to keep the motor close to
its optimal operating speed when testing below a camshaft speed of 1500 rpm. To lower
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the torque required by the motor, the camshaft was halved to actuate only two valves,
which was sufficient as one valve was needed for fuel injection and the other for diluting
the fuel in the extraction box. This was a cost-effective method as it allowed low power
motors to be used, which were significantly cheaper than their high power counterparts.

The motor was also provided with an emergency stop button.

6.2.4.3 Cylinder Head and Camshaft Extension

To connect the camshaft to the motor, a drive system utilising a belt and pulley was
constructed. An extension had to be designed (Figure 6-15) so that the Cylinder Head
could accommodate the pulley since the end of the camshaft in the original engine
design was located inside the Cylinder Head. As the Cylinder Head was removed from
the rest of the original engine there was now no timing chain cover to stop oil leaking
out the timing chain end of the Cylinder Head, thus, a new cover was designed to
prevent this. Using CADD and a 3D scan of the Cylinder Head the complicated profile of
the Cylinder Head could be modelled. The final design can be seen in Figure 6-16. The
design is comprised of multiple aluminium plates, designed to be cut via water jet, due
to the efficiency and cost-effectiveness of the process compared to traditional
machining. Water jet was the favoured 2D manufacturing process as some parts of the
design had a high thickness, and as discussed earlier water jetting is cheaper than laser
cutting with thick sheets of material. All the plates were 10 mm thick except the two
sides which were 35 mm thick, and the plug. The plates were designed to be adhered to
the Cylinder Head using a high temperature and chemical resistant epoxy adhesive.

Epoxy was chosen as the cast aluminium Cylinder Head could not be welded to.
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Figure 6-15: Cylinder Head extension a) base and side plates, b) camshaft extension, c) assembled

extension (side), d) assembled extension.
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Figure 6-16: 2D design of Cylinder Head extension.

A camshaft extension was designed to protrude through the face plate so that a pulley
could be secured to the end of it. To seal the oil from exiting through this opening a
radial seal was used. Radial seals require a tight concentric tolerance of £ 0.25 mm with
the rotating shaft they are sealing around. This tolerance is smaller than the
manufacturing tolerance of the water jet cutter so the diameter of the opening was
designed slightly over sized so a machined cylinder could fit into the face plate. The

drawing for this part can be seen in Figure 6-17.
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A final fitting was designed to fit into the drain hole (Figure 6-16), providing an extra oil
drain from the valve section of the Cylinder Head back to the Heat Exchanger box (Figure
6-5c). The drawing for the camshaft extension can be seen in Figure 6-18, this protruded
through the radial seal and was bolted to the pulley (Figure 6-15d). Torque was

transferred to the camshaft via a dowel pin and keyway on the camshaft extension.
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Figure 6-17: Drawing for seal to face plate adapter.
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Figure 6-18: Camshaft extension.

The Cylinder Head extension side plates were fastened to the original bolt holes for the

timing belt cover and then the base plate was put into position between them (Figure

6-15a). The outer face plate seen in Figure 6-15d was then clamped into position which

held the base plate. In this position the base plate was welded to the 2 sides forming a

rigid group. The parts were then removed and the rigid group of the base plate and sides,

with the plug in the correct position (Figure 6-16), were then secured to the Cylinder

Head using the epoxy. Once the original epoxy had set, a continuous bead of epoxy was

run around the interior edge of the combined base plate and sides where it met the

Cylinder Head, to provide a seal. After this was completed, the front face was then
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sealed to the base plate and sides using silicon. This section was not adhered so that in

the future it could be removed if any maintenance was necessary.

The camshaft extension and seal to face adapter were turned on a lathe from aluminium
to the tolerances required by the radial seal. The seal to face adapter was then bonded
to the extension face plate with epoxy. The radial seal was fitted before gluing,
concentricity was ensured by placing the camshaft in its natural position and rotating it

within the radial seal whilst the position of the seal adapter was adjusted.

The Cylinder Head extension meant that a new valve cover was required (Figure 6-19).
The new cover was designed using CADD and a 3D scan of the Cylinder Head's top. A 3D-
printed polycarbonate base was chosen for its high temperature resistance, strength,
cost-effectiveness, and ability to follow the complex Cylinder Head bolt pattern while
the stainless-steel lid was water jet cut for durability and ease of welding. The Valve
Cover was designed to be secured to the Cylinder Head and aluminium Cylinder Head
extension with bolts and adhered tabs (Figure 6-16), using an O-ring chord for sealing
(Figure 6-20). The 3d print was designed to house nuts as shown in Figure 6-20 to secure
the stainless-steel lid to the 3d print. This allowed the lid to be removable which would
be necessary for the alighment of the camshaft lubrication system which is described in

the next section.
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Figure 6-19: Valve cover.
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Figure 6-20: 3d print design.
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The polycarbonate was printed using a Fused Deposition Modelling process on a large
bed size within an environment maintained at a high temperature. As this was a
challenging 3d print to make it was sourced externally. The Water Jet was also sourced
externally, thus minimal manufacturing was required for this part. Only additional parts

such as fixing the nuts into their housing and fitting the O-ring were done in house.

6.2.4.4 Camshaft Lubrication System

The camshaft lubrication was partly provided via the oil system described in section
6.2.2.4 but after preliminary tests it was found that this did not provide sufficient
lubrication to the camshaft. This is possibly due to one pump being used to move the
heated oil through the coolant jacket and up to the bearings whereas in a real engine
these would be separate systems. Thus, a system was made to directly lubricate the
bearings and the cam lobes. This was necessary as in a regular engine the cam lobes are
lubricated by an oil mist that is created by components like the crankshaft and timing
chain impacting the oil at high speed, however these components were not present in
this system. The secondary lubrication system consisted of a 4 | tank elevated above the
Cylinder Head (Figure 6-21), with plastic pipes directing oil to the camshaft bearings and
lobes. The tank was pressurised initially to remove air locks and start the oil flow, which
was then maintained by gravity. A shut-off valve allowed control of the flow to the cam
lobes, and a sight glass enabled monitoring of the oil level. The tank's size ensured that
it only needed refilling once an hour, with overflow managed by the Heat Exchanger.
Fittings were welded and screwed into the stainless-steel lid to direct oil onto the cam

lobes and bearings effectively (Figure 6-21). This system ensured that the valve
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actuation system operated efficiently and remained lubricated to ensure good

durability.

Oil Tank
Outlets“Shit Off
Valve

Pipes to
Pipes to Bearings

Cam Lobes
.

Figure 6-21: Camshaft lubrication system.
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6.2.5 Design and Manufacturing of the Fuel Injection System

6.2.5.1 Design Specification of the Subsystem

Table 6-5: Fuel injection system specification.

Component

Specification

Fuel System

Deliver pressurised fuel to the fuel
injectors

Inject a consistent amount of fuel
between tests

Allow for control of injection timing,
frequency and pulse width

Store enough fuel for 1 hr of testing

Must be compatible with fuel injection

system from original engine

To deliver the fuel to the valve a fuel injection system was modified. This system is

shown in Figure 6-22.
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Figure 6-22: Fuel injection system.

6.2.5.2 Fuel Injection Delivery and Control

The fuel injection system in Figure 6-22 consisted of a fuel pump used to pressurise the
fuel. The pressure was controlled by a regulator set to 3 bar. A filter was also installed
along with a return pipe and a drain. The fuel injector solenoid was controlled by an
Arduino MEGA which used PWM to control the injector pulse width, frequency and
timing. The Arduino used a relay to engage the fuel pump and could also be shut off by

an emergency shutdown button.
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To adapt the fuel control system to the Cylinder Head the original fuel rail from the
engine was chosen to be used. The fuel control system used a 1/8” fitting to attach to
its original injector so a corresponding 1/8” fitting was adapted to fit onto the engines
fuel rail. This can be seen in Figure 6-23. The adapter in Figure 6-23b was made by
turning down a billet of stainless steel on a lathe and then welding a 1/8” fitting to it. A
groove was cut into the adaptor for an O-ring to fit into. The adaptor was pressed into
the inlet of the fuel rail (Figure 6-23c) via the plate seen Figure 6-23a. The plate was
machined on a mill and was secured to the original bolts on the fuel rail. This secured

the fuel system to the fuel rail.

Figure 6-23: Fuel rail adapter a) full assembly, b) adapter, c) fuel rail inlet.

To control the fuel mass flow rate either the injection pulse width or frequency can be
changed. To calculate the value of the fuel mass flow rate the pulse width or frequency
is calibrated with respect to volumetric flow rate. This is achieved by measuring the

volume of fuel injected into a container over a set amount of time at various pulse
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widths or frequencies. The fuel volume can then be weighed to find the density of the

fuel and thus the fuel flow rate can be calibrated to either pulse width or frequency.

6.2.6 Design and Manufacturing of the Air Intake and Extraction Systems

6.2.6.1 Design Specification of the Subsystem

Table 6-6: Air intake and extraction systems specifications.

Component

Specification

Pipework

Provide controllable and measurable mass flow rate across a range
comparable to those seen entering a single cylinder in a modern
engine

Provide controllable and measurable pressure, up to the maximum
values often seen in modern engine intake manifolds

Provide controllable and measurable temperature, up to the
maximum values often seen in modern engine intake manifolds

Deliver air to the valve with fuel injection

Deliver air to the other valves to dilute the extraction

Intake
Gasket Plate

Integrate with the Cylinder Head

Seal any air from leaking

Extraction

Safely extract fuel vapour

Provide measurement of extraction temperature and emissions

6.2.6.2 Pipework

To adhere to the specification above it was decided to deliver intake air to the valve via

pressurised air. Compressed air was delivered to the valves with and without fuel

injection via separate pipe systems. The air going to the fuel injection valve was

controlled in terms of mass flow rate, pressure, and temperature. The diluting air flow

was only controlled by a shut off valve to turn it either on or off as control of this flowrate

was not critical.
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A diagram for the pipeline for the air intake and fuel injection is shown in Figure 6-24.
The pressure is controlled and measured by a regulator connected to a compressed air
line, this is then connected to a volumetric rotameter. A thermocouple is placed before
the rotameter allowing for mass flow rate to be calculated from temperature, pressure
and volumetric flow rate. The air then passes through a heated line and then to the
intake port. A thermocouple is placed before the intake port and after the heated line.
The output of the heated line is changed manually until the intake port temperature is

at the required temperature.

Thermocouple Fuel Injector
Pressure Gauge
Thermocouple

Compressor ® Shut-off Valve Rotameter Heated Line CD

=E$ Bed @ WA T—— \

Shut-off Valve

Intake Valves

Intake Valves

Figure 6-24: Intake air diagram.

6.2.6.3 Intake Gasket Plate

To attach the intake air to the Cylinder Head a custom plate was made which is secured
to the Cylinder Head by the bolts from the original intake manifold and sealed with a
gasket. The plate can be seen in Figure 6-25. The plate was manufactured by water jet
cutting and was made from stainless steel. Stainless steel was chosen to increase the
weldability of the stainless steel fittings used to connect to the intake pipeline. Water

jet cutting was chosen to reduce the chance of warping, ensuring an air-tight seal. The
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CADD was again modelled from the 3d scan of the Cylinder Head to align it with the bolt
pattern from the original intake manifold and the intake ports. As shown in Figure 6-25
the port with the active fuel injection went to its own independent pipeline with a
thermocouple and the other 3 joined together and went straight to the compressed air
pipeline. All three intake ports were setup in case future tests involve using all four sets

of valves.

Figure 6-25: Intake plate a) pipe connections and thermocouple placement, b) fittings to other intake

ports.

6.2.6.4 Extraction

The injected fuel mixes with the air in the intake port with the active injection and
impinges on the valve. The remaining fuel vapour then dilutes with incoming air from
the other intake valves, significantly reducing the risk of any combustion. The diluted
air-fuel mix is then extracted from the extraction box. This was achieved by welding a 2”
steel pipe to the outlet in the extraction box (Figure 6-4). A quick release V-band clamp
was then welded to this pipe allowing for the whole setup to be attached to an exhaust
system built in the engine lab. This also allowed the setup to be portable. Fittings were
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welded into the exhaust so that a thermocouple and emissions analyser could be
installed in the extraction. This is for safety reasons so any combustion would be seen

by an increase in both temperature and combustion products CO; and H;0.

Figure 6-26: Extraction pipe and fittings.

6.3 Results and Discussion of Proof of Concept Testing

In order to ascertain the extent to which the product is capable of fulfilling the PDS, a
series of preliminary tests, outlined in Table 3-4, were conducted for the purpose of
proof of concept evaluation. The tests were primarily designed to identify potential
issues and to refine the setup. Nevertheless, the tests yielded some intriguing insights
that can inform future enhancements to the control of the setup and provide insight

into its potential utility.
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6.3.1 Impact of Temperature

The dynamic tests started with a short duration experiment of 2 hr of dynamic
functioning (valve actuating via the camshaft) with a valve temperature of 250 °C. This
was chosen as an estimate of where the critical temperature might lie, because as seen
in section: 2.4.3.1 the critical temperature often laid within 200-250 °C. However in the
studies by Cheng and Repsol (27) (35), the temperatures were measured on the valve
tulip and in the intake port respectively. Whereas in this study the valve temperature
was measured underneath the valve, adjacent to the heat source. Therefore, due to heat
losses between the base and the valve tulip, it was hypothesised that in order to obtain
a valve tulip temperature of 200-250 °C a temperature higher than this would be
required on the base of the valve. The temperature was then further increased for
experiment 2 (also dynamic conditions) along with the duration being increased after
experiment 1 had confirmed the function of the dynamic valves. Significant deposits

were observed after the two experiments.

Figure 6-27a shows the normalised mass of valve accumulated deposits on valve 1 and
valve 2 independently for the duration of the test for all the experiments. There is some
variability on the mass of deposits accumulated on each of the valves. This variability
was partly attributed to the nature of the fuel injection. The fuel is injected in the intake
runner and then splits between the two valves as seen in Figure 6-2, however the split
may not be even. By observing Figure 6-273, it can be seen that for the static tests that
whichever valve has the most deposits per hr fluctuates. The difference between the
valves was found to be statistically insignificant (p < 0.1). The difference between valve
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mass with the dynamic tests is also statistically insignificant due to the small sample size,
but it is worth noting that both dynamic tests showed valve 2 to have a higher mass (this
was especially evident with the 9 hr test). This could be due to the dynamic valves
resulting in a different air flow pattern pulling the fuel through the valves in a different
manner compared to the static tests, however further dynamic tests would need to be

executed to confirm this.

Figure 6-27b shows the sum of the IVD mass per hr from both valves against the mean
temperature of the valves. A clear trend can be observed that bears resemblance to the
findings reported by Cheng and Repsol (27) (35). A peak temperature of approximately
210 °C is indicated. Interestingly the peak temperature observed in this study is at a
similar temperature to those reported by Cheng and Repsol (27) (35), despite the
difference in valve temperature measurement location. The maximum sum of the
deposits was 34.27 mg, recorded in a 5 hr test. This demonstrates the efficiency of this
experimental rig as this was a sufficiently short test time to conduct a test, measure, and
analyse results in 24 hr. 34.27 mg is predicted to be sufficient to observe the difference
in deposit mass between fuels and additives, as it is significantly more than the 3.45 mg
which Cheng (27) found to be sufficient to reliably compare fuels, additionally it is within
a similar range of IVD per hr to the standard test results from Table 2-1. However, further

tests are required to confirm the repeatability of the system.

The dynamic valve results in Figure 6-27b fit the same trend as the static valves, despite
showing evidence for much more conductive heat loss. In addition to this the increased

fuel flow rate from test 4 onwards appears to not impact the trend of the results,
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perhaps suggesting that the air-fuel ratio is more important than the fuel flow rate. The
overall trend is comparable to those observed in real engines, which is encouraging and

provides evidence that the fundamental concept of the experimental rig is effective.
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6.3.2 Distribution of Deposits

Following the conclusion of the experiments that significant amounts of deposits can be
formed with the developed facility and method, photographic documentation was
compiled, providing a visual representation of the distribution of deposits around the
valves (Figure 6-28-Figure 6-36): the direction of the fuel injection is indicated by the
arrow. In general, the distribution of the deposits appears to be related to the
orientation of the valve in relation to the point of fuel injection. In static tests conducted
at temperatures including and exceeding 250 °C, a faint silver deposit was observed on
the upper surface of the valve tulip, which is oriented towards the fuel injectors. The
reverse side of the valve is devoid of silver deposits, though it exhibits the presence of
darker deposits. It is hypothesised that the side of the valve that is closest in proximity
to the injector will accumulate the greatest quantity of fuel-based deposits in a
concentrated area. This aligns with a finding by Gail (10) who found that the valve is 80
OC cooler at the location of fuel impingement, resulting in a temperature closer to the
critical temperature of 210 °C when the rest of the valve is above the critical

temperature. Resulting in deposits being concentrated in this area.

The majority of the reverse side of the valve is exposed to a small number of darker
deposits of oil originating from the valve seal above. It would appear that the fuel
washes off these darker deposits on all sides of the valve, with the exception of the
reverse side. This agrees with observations regarding the cleaning effect of fuel injection
discussed in the literature review. It is not uncommon for minor oil leakage from the
stem seal to occur in engines, particularly in older models. Given that older engines are
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the engines most affected by IVD, it is possible that oil leakage from the valve stem seal
may serve to exacerbate the existing problem of IVD. This could be an area worthy of

further investigation, which this experimental rig allows for.

In the 200 °C and colder static test the deposits appear quite different to the hotter
temperatures. The deposits are very dark and form further down the tulip. They are
largely situated on the flat section of the valve tulip as opposed to the part where it
transitions to the stem, like that seen in the higher temperature tests. The orientation
is still relevant though as on the side facing the injector there is a viscous substance,

possibly fuel deposits, and even though the reverse side has deposits, it is not as present.

The images show that the static and dynamic tests resulted in different deposit
distributions. The static tests result in the majority of the fuel accumulating on the upper
portion of the tulip at high temperatures and on the flat surface of the tulip at low
temperatures. In contrast, the deposits observed in the dynamic tests exhibit a more
uniform distribution across the entire surface of the tulip, displaying a darker shade and
a greater concentration of deposits around the valve seat compared to the high
temperature static tests and a similar shade and distribution to those found in the 200
OC static test. This is particularly evident in the dynamic test where valve 1 was
maintained at 290 °C. The more uniform distribution of the deposits compared to the
static tests can be attributed to the fact that the valves are closed for a large portion of
the camshaft’s rotation. This allows the liquid fuel to pool on the valve, which is a
significant factor in the formation of deposits. This is particularly apparent when

comparing the deposits on the edge of the valve seat between the dynamic and static
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tests. This provides further support for Cheng's (27) theory that the majority of fuel

deposits are created by liquid fuel.

The difference in distribution could also be due to the different valve temperature
distribution with the dynamic tests. Due to the conductive heat loss to the Cylinder Head
the valve in the dynamic tests is likely to be colder around the valve seat, and when the
thermocouple was measuring 290 °C in the 9 hr dynamic test this could bring the outer
perimeter of the valve seat that is in contact with the Cylinder Head closer to the critical
temperature window around 210 °C. This aligns with the change in deposit distribution
observed with the static tests, because as the valve temperature decreases it can be
observed that the majority of the deposits move further down the valve towards the
valve seat, which is also where most the deposits are in the dynamic tests. This is
possibly because at high valve seat temperatures such as 370 °C the upper portion of
the valve will be colder, especially where the fuel impinges, potentially close to the
critical temperature of 210 °C and thus more deposits form in this location, and as the
valve seat temperature decreases the lower portions of the valve enter the critical
temperature window. When comparing this to results in Figure 6-27b a theory can be
made that the deposit mass increases when the valve temperature distribution results
in the lower portion of the valve tulip being in the critical temperature window, as it has
a larger surface area for deposit formation, and is more flat and horizontal, preventing

droplets of fuel from falling off, increasing fuel residency time on the valve.

The distribution of temperature and hence deposits could be slightly different with the

rig compared to a real engine as the heater applies heat through conduction rather than
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convection. This was mitigated by aiming to ensure that the thermocouple was in
contact with the valve so its temperature could be matched to that of valves found in
combustion engines, regardless of how the heat was transferred to it. The temperature
distribution around the valve could be further measured by placing thermocouples on
the upper side of the valve, allowing for differences between the simulations and a real
engines temperature distribution to be accounted for. However, this was challenging
with the dynamic movement of the valve but could be possible for future static tests.
The design of the cartridge heater holder could also impact airflow around the valves as
it obstructs the area between the two valves, this could then in turn impact where the
fuel impinges on the valve. This design however was necessary to provide sufficient heat

to the valves.

The shorter dynamic preliminary test, in which valve 2 was at 250 °C, also demonstrated
the presence of dark deposits around the tulip, accompanied by the emergence of
additional dust-like deposits, which were exclusively observed on the side oriented
towards the injector. This suggests that although the distribution of deposits is more
uniform in the dynamic tests the location of the injection still influences the deposit
distribution. This can also be observed in both Figure 6-33 as well Figure 6-34. In Figure
6-33 there is an area on the reverse side to the injection which appears to be free of
deposits and in Figure 6-34 the same pattern can be observed along with another
pattern on the side facing the fuel injection. The pattern on the rear side is likely caused
by their being more fuel pooling around the side of the valve facing the injector than the

rear, leading to fewer deposits on the rear. The pattern on the front face is likely due to
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the direct impact of the fuel providing some washing effect before the fuel then pools

to create the deposits.

Another observation that was made was that at the lower temperatures, 250 °C and
below, the deposits were much easier to remove from the valve, both with the initial
soak in ethanol and the thorough cleaning with the cloth. Suggesting a different
structure of the deposits at lower temperatures. To further investigate this aspect,

elemental analysis could be performed on the deposits.

Further experimentation is required to conclude if it is necessary to simulate valve
movement to accurately represent IVD or if results from static tests alone can replicate
the behaviour of different fuels in an engine. These preliminary results have shown that
dynamic valves potentially result in different IVD and temperature distributions even
though the IVD mass remains similar to those found in the static tests. There is also
potential for dynamic valves impacting the air flow and distribution of fuel between the
valves as seen by the difference in IVD between the valves. Currently these effects seem
small, so it is suggested that for preliminary investigations that a static test is sufficient.
However, studies (145) (9) discussed in the literature review, found that the shape and
composition of the IVD can impact airflow over the valve and fuel adsorption, resulting
in poor engine performance, thus the impact that dynamic valves have on IVD shape and
composition should be investigated in the latter stages of fuel and additive development
to more reliably predict how they will impact IVD formation and how this could impact

engine performance.
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Figure 6-30: 250 °C static test images.
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Figure 6-32: 370 °C static test images.

Figure 6-33: 270 °C 9 hr dynamic test images (Valve 1).
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Figure 6-35: 250°C 2 hr dynamic test images (Valve 2).

Figure 6-36: 230 °C 2 hr dynamic test images (Valve 1).
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6.3.3 Control Variables

The response of the variables that were controlled by the PID controllers constructed
for the experimental rig are illustrated in Figure 6-37. Figure 6-37a shows that the valve
temperature response was effectively regulated, exhibiting an initial overshoot that
subsequently stabilised. Then, a decline in temperature is observed due to the beginning
of the fuel injection. However, the PID successfully recovers the temperature and kept
it constant for the duration of the tests, with fluctuations within a confidence interval of
+ 0.2 °C from the mean over a sample size of 5 min (p < 0.05). The sum of the small
fluctuations and the measurement error of the thermocouple results in a total error of
+ 2.2 °C, fulfilling the specification. In addition to accurate measurements the valve
heater was found to have successfully fulfilled the specification outlined in its subsystem
section, as it was observed to reach the peak temperature of 370 °C. Furthermore, the
valve heater holder was able to maintain the heaters in contact with the valve without
colliding with any stationary objects, despite the high valve speeds. Additionally, it was

removable for the measurement of valve mass.

Figure 6-37b shows the control response of the Heat Exchanger and Cylinder Head
controller. The code described in section 6.2.2.5 was successful in controlling both the
systems, where initially control priority was given to Heat Exchanger during the warmup
phase where the Heat Exchanger stabilised at approximately 80 °C, and remained at this
temperature for approximately 20 min, to allow the heat to evenly spread throughout
the oil, ensuring the oil entering the pump was at 70 °C. The pump was then engaged,
rapidly increasing the Cylinder Head temperature. Control priority was then given to the
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Cylinder Head where the temperature stabilised at 67 + 3 °C (+ 2 °C thermocouple
measurement error plus + 1 °C fluctuations). Whilst maintaining the Heat Exchanger

temperature at ~70 °C to protect the oil pump.

67 °C was chosen as the Cylinder Head Temperature as it was the coldest temperature
where the Heat Exchanger Temperature remained at ~70 °C. A relatively cold Cylinder
Head Temperature was chosen, because as explained in the literature review a low
intake temperature where the fuel is injected prevents the fuel vaporising, resulting in
more condensed fuel, producing more deposits. The temperature control was tested up
to the maximum required Cylinder Head temperature of 90 °C as well. The safety control
described in section 6.2.2.5 was also checked and found to be successful. The Cylinder
Head control only engaged once it was clear that the pump was working properly, i.e.
the Cylinder Head temperature increased. This was important as if the pump is not
functioning and the Cylinder Head thermocouple is in control, the PID will demand more
heating power, but the temperature recording will not increase, thus even more power
will be demanded, potentially resulting in severe overheating of the Heat Exchanger.
The temporary and full shutdown procedures also acted as secondary protection
mechanisms to prevent overheating and were successful as if the Heat Exchanger ever
exceeded either of these shutdown thresholds the PID power demand was set to zero.
The function of the Heat Exchanger was fulfilled to the PDS as it did successfully
withstand temperatures of 110 °C, and its insulation also showed adequate
performance as shown by the low temperature difference between the Heat Exchanger

and the Cylinder Head in Figure 6-37b of <3 °C.
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Figure 6-37: Control of temperatures a) Valve, b) Cylinder Head.

The other control parameters outlined in the PDS were also successful where the
camshaft successfully actuated the valve in a realistic way, and this was tested over a 9
hr test. The motor speed was recorded by the motor inverter and was recorded to be
740 rpm, resulting in a camshaft speed of 620 rpm. This speed was chosen to be
conservative for the longer duration tests, however the motor was tested to be capable

of generating camshaft speeds of 1500 rpm in shorter duration tests.
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The intake air mass flow rate, pressure, and temperature were tested and were
successfully adjustable. The Intake air temperature was capable of temperatures up to
80 °C which exceeds those normally found in an engine’s intake manifold, indicating the
range of regular engine conditions is achievable. The pressure was controllable up to 6
bar which far exceeds those seen in regular intake manifolds. This allowed the mass flow
rate to be controlled between 5 and 40 kg/h, representing a range of engine conditions
from low speed-low load (e.g. 1200 rpm 10 Nm) to medium speed-high load (e.g. 2000
rom 150 Nm). This was successfully measured using the volumetric flow rate displayed

by the rotameter and the temperature and pressure measured before it.

The intake air coming through the non-heated valves successfully diluted the air-fuel
ratio inside the extraction box. No large increase in extraction temperature was seen
indicating no combustion. The fuel vapour was successfully extracted from the

extraction box as the laboratory alarms did not detect any fuel vapours.

The Fuel system was also tested and found to fulfil the PDS. The fuel flow rate was
adjustable by changing the injection pulse width or frequency. This was calibrated to a
fuel mass flow rate as described in section 6.2.5.2. To check fuel flow consistency
throughout the test, the fuel rail pressure was monitored, and the calibration was
repeated after the test. The fuel flow was found to be consistent and the pressure stayed
at 3 bar. The system was successfully integrated into the fuel injection system of the
original Hyundai engine with no leaks and stored enough fuel for 1 hr of testing. The

storage could be improved upon as currently it has to be topped up throughout the test.
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6.4 Conclusions

In conclusion the IVD experimental rig successfully fulfilled the overall product design
specifications, each sub system also fulfilled its own specification. The control of the
parameters was demonstrated to be stable and accurate allowing for operators using
the experimental rig to identify the impact of the key selected parameters that the
experimental rig can control. This will allow for the investigation of fuels and additives
to be carried out with a great deal of control in a more efficient way than using the

traditional method of a full-scale engine on a dynamometer.

The preliminary results showed that the experimental rig can produce significant fuel
derived IVD in a short period of time. The preliminary results showed insights into the
impact of temperature on deposit mass and how realistic dynamic actuation of the
valves potentially impacts deposit distribution differently compared to static valve tests.
Dynamic and static tests both fit into the same trendline with regards to deposit mass
against valve temperature, which supported existing literature on the existence of a

critical temperature where deposits are formed.

This chapter provides guidance on how to create an Intake Valve Deposit Experimental
Rig, with detailed descriptions of the design and manufacturing methods deployed. This
allows future readers to use this as a framework to adapt to their own needs. After many
design iterations this framework is a useful tool, which will help other researchers create

a similar rig in fewer iterations and at less cost.
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7. CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The work carried out in this thesis aimed to investigate the impact of key parameters on
the formation of deposits on three engine components: fuel injectors, EGR Coolers and
intake valves, and how different fuels and additives could impact the fouling. This aim
was successfully fulfilled for all components as deposits were formed on all components
after successfully creating a method for accelerating the formation of the deposits. In
the case of the injector and EGR work, the additives were found to have a significant
impact on the formation of deposits. In addition to this a Renewable fuel was found to
have a different impact on the rate of deposition on injectors compared to a Base
Gasoline. The Base Renewable fuel and Additivated Gasoline were found to prevent
injector deposition primarily in the Phase immediately after transitioning from high to
low load, they also successfully had a higher cleaning rate than the Base Gasoline at high
load conditions. This was attributed to the cleaning properties of the Additive and the

ethanol within the Renewable fuel.

Soot emissions increased linearly with Gasoline and logarithmically with the Renewable
fuel, with additives improving the soot emissions with Gasoline in both the injector and
EGR studies. It was concluded that this impact was observed due to a combination of
high external deposits and low internal deposits with the Renewable fuel and the
opposite trend was seen with the Gasoline. The EGR study also found that fuels which

could prevent soot and THC emissions from increasing would prevent EGR Cooler
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fouling, unlike in previous studies this was compared directly by using the EGR Cooler
with multiple additives. It is therefore concluded that the increased soot emissions

observed in the injector fouling study would also result in increased EGR Cooler fouling.

The analysis of the impact of fuels and key parameters on injector, EGR Cooler and IVD
was possible due to the success of the methodologies that were developed in each
study. The iterative approach undertaken in the injector study provides a framework for
future studies to create similar methodologies. Analysis of injection duration over
different Phases of each Sequence as well as its evolution over a whole Cycle proved an
effective technique to reduce the iterations required to find a successful accelerated
fouling procedure. The design and manufacturing process undertaken to construct the
IVD experimental rig successfully created a product that could simulate the formation
of IVD in a controlled and accelerated manner. Key parameters could be independently
controlled across a range of conditions, replicating real engine behaviour. The results
generated by the rig successfully replicated a common trend for deposit mass against
valve temperature where a critical temperature was found, which aligned with current
literature. A significant mass of deposits was generated, which was comparable to
literature, and generated in a timeframe that allowed testing, measurement and
analysis to be carried out daily. The mass was significant enough that it is predicted that
a discernible difference will be observed when testing the rig with various fuels and
additives. The description of the process provides guidance for future researchers to
emulate the techniques used, helping similar experimental rigs to be built in less time,

improving the efficiency of testing in this field.
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The injector deposition results concluded that Cycle properties such as a Sequence that
cycled between high and low loads balanced with an increased Setpoint duration at high
and low load showed a positive correlation with accelerating injector deposit formation.
The parameters that were found to have a positive correlation with the effectiveness of
the Additive to reduce deposits were: sufficient time at high load for increased additive
washing and sufficient time at low load-low speed to increase contact time between the
Additive and the deposits. These parameters had to be balanced carefully to both show
deposits and allow the effectiveness of the Additive to be investigated. The lack of
difference between the final results with the Base Renewable fuel and its Additivated
counterpart suggest that the parameters that work to build deposits and demonstrate
additive efficacy are different for fuels with different properties, especially with regards

to evaporation temperatures.

The parameters which successfully created exhaust conditions to demonstrate EGR
Cooler fouling were found when cycling between various engine Setpoints leading to an
exhaust with high HC and soot concentration as well as high temperature. The impacts
of the observed EGR Cooler fouling were an increased dP and reduced Cooler
effectiveness, especially at the high speed condition. Calculations predicted that
increased dP would lead to reduced maximum EGR flow rate in LP and HP pre inter
cooler setups and that the reduced Cooler effectiveness would lead to increased BSFC
in HP post intercooler configurations. The impacts of the above varied depending on
engine condition, meaning that all EGR configurations were negatively impacted during
at least one engine operating condition. Signifying that EGR Cooler fouling has significant

potential to limit the benefits of EGR and GDI engines such as reducing the level to which
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engines can be downsized and have their compression ratios increased. The success of
Fuel Additive 1 in limiting the EGR Cooler fouling was predicted to significantly mitigate

the above consequences on engine performance.

The parameters that impacted IVD were pre-dominantly the valve temperature. Results
suggested that the motion of the valves had an impact on the distribution of the IVD
mass but not the total deposit mass. The valve temperature also impacted the
distribution of the deposits with the deposits seemingly moving further down the valve
as the heater temperature dropped. The coloration of the deposits and their structure
also changed with temperature, with the deposits becoming darker and less solid as

valve temperature decreased.

7.2 Future Work

Future work will involve conducting more controlled tests to gain a deeper
understanding of how engine and Cycle parameters influence injector deposits,
particularly with various fuel types and additives. The use of a controlled ECU will be
essential to ensure precise monitoring, and the utilisation of injector temperature
measurements would also increase the scope of the study. In addition, the adaptive test
method could be repeated with the aim focused more on finding parameters that
increase the deposits observed with the Renewable fuel, allowing for analysis of the
effects of specially formulated additives designed for use with renewable fuels. This will
also help to evolve the understanding of the interactions between fuel properties and

engine/Cycle parameters that create injector deposits.
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More test repetitions with a controllable ECU could be conducted to further assess the
impact of deposits on emissions with greater certainty. This will also involve further
investigation into the distinct Phases of each Sequence (such as Initial and Post Start)
and the transitions between low and high load Setpoints. Multiple clean injector tests
will be necessary to establish a clear baseline of how each phase typically behaves when
deposit free, for comparison with "dirty" injector runs. Such experimentation will
facilitate comparisons not only between different fuels but also between varying engine

and Cycle parameters.

The predictions made regarding how EGR Cooler Fouling could impact engine
performance could be tested with an engine with an EGR loop setup in the
configurations studied in this work. The reduced effectiveness could be simulated by
varying the EGR coolant temperature and the increased dP simulated via a controllable
restriction valve. A similar valve setup to that used in this study could be used to ensure
that changes to the EGR Cooler behaviour that happen throughout the test are
controlled. To further understand real-world implications, it will be important to
examine an already fouled EGR Cooler under real driving conditions, such as those seen
in a drive cycle. This approach will offer valuable insights into the extent of the fouling

issue across various engine operating conditions as well as EGR configurations.

Future research into IVD will involve the use of additives on the experimental rig to
observe their impact across a range of simulated engine conditions. Furthermore,
additional tests will be conducted to test for repeatability and to enable better

comparisons between dynamic and static valves, offering a more comprehensive
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understanding of their impact on deposit formation. This is an important understanding
to have as it will allow future researchers to make decisions on whether or not to pay
the cost and time involved with constructing a rig with a functioning camshaft system.
Additionally, design of experiments (DOE) testing will be performed, incorporating all
controllable variables to identify key interactions and determine the most significant

factors affecting deposit formation.

The morphology and composition of all deposit types in this study could be examined in
greater detail to gain insights into the micro-structure and chemical composition pf the
deposits. This will provide greater understanding of the deposit formation processes and

the impacts of various parameters.
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9. APPENDICES

APPENDIX A
Segmented Phase Analysis Results from each third of the Cycle
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c)

Injection Duration (% Change)

Figure A—1 : Cycle 7, a) first segment, b) second segment, c) third segment.
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APPENDIX B
Heater PID Controller Code

#include <EEPROM.h>

#include <SPI.h>

#include <Wire.h>

#include <avr/pgmspace.h>

#include <Adafruit_GFX.h>

#include <Adafruit SSD1306.h>
#define OLED_RESET 5

#define SCREEN_WIDTH 48

#define SCREEN_HEIGHT 32
Adafruit_SSD13@6 display(OLED_RESET);

#include "max6675.h"
#include "Adafruit_ MAX31855.h"

#define MAXDO 12
#define MAXCS_head 10
#define MAXCS_box 9
#define MAXCLK 13

Adafruit_MAX31855 thermocouple head(MAXCLK, MAXCS head, MAXDO);
Adafruit_MAX31855 thermocouple box(MAXCLK, MAXCS_box, MAXDO);

#define SSR_PIN 11
pump_SSR_pin=3;

#define but _green 5

#define but _red 6

#tdefine led 4
switch_to_head_percent=0.7;
box_setpoint=80;
box_safety T=110;
head_safety T=92;

box_emergency_shutdown_T=115;

head_emergency_ shutdown T=96
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safety check _on_percent=0.94;

pump_on_T=70;
pump_off_T=65;

kp_normal=3;
kp_when_pump off=2;

ki _normal=0.09;

ki when_pump off=0.02;

PID i saturation_w_pump_off=25;
PID i saturation normal=35;

kd=60000;
refresh_rate_normal =5000;

refresh_rate_startup=100;
refresh_rate = refresh_rate startup;

alpha=0.2, alpha_safety=0.7;

PID absolute_max = 120;
PID absolute_max_w_pump_off = 120;
PID_absolute_max_normal=120;

PID i saturation=PID_i_saturation_w_pump_off;
kp = kp_when_pump_off, ki=ki_when_pump_off;
PID p, PID i, PID d, PID total;
now_pid_error, prev_pid_error;

PID_i_check=0;

box_control flag, head control flag;
numVars;

on, time, start time, restart;
pump_on_time, pump_off time, pump_ switch_ time, pump_on_delay=0,

pump_on_1 time=millis(), pump_on_count=0;
nan_count_out=0, nan_count=0, nan_count_interval = 30;

elapsedTime, prev_time;




temp_shutdown_count=0;
off_time=0, off_timer=0;
screen_time prev, screen_refresh rate=500;

pot =0;
Dial =0;
Setpoint = 0;
state = 0;
D5_state = 1,D6_state = 1;
prev_isr_timeD4, prev_isr_timeD5, prev_isr_timeD6;

LED_State = LOW;

real_temp_in=0, real temp_out, temp_avg out, real temp,
box_temp_avg prev=0, box_temp_avg,
head_temp_avg safety=10,head_temp_avg safety prev=10,box_temp_avg safety=
10,box_temp_avg safety prev=10;

real box_temp=0,real_head_temp=0,head_temp_avg=0,head_temp_avg prev=0,
real_temp_control=0, real_temp_control_avg=0,
real head temp raw,real box temp raw;

pump_trigger=0, pump_flag=0, control TC=0,
temporary_shutdown=0, shutdown=0;

time_label[] PROGMEM = "Time=";
box_in_control_flag label[] PROGMEM= "Box Ctrl=";
head_in_control flag label[] PROGMEM= "Head Ctrl=";
pump_status_label[] PROGMEM= "Pump trig=";
pump_flag label[] PROGMEM= "Pump on=";
box_temp_avg label[] PROGMEM= "Box T Avg=";

head temp avg label[] PROGMEM= "Head T Avg=";
pid_out_label[] PROGMEM= "PID Out=";
setpoint_label[] PROGMEM= "Setpoint=";

p_label[] PROGMEM= "P=";

i _label[] PROGMEM= "I=";

d_label[] PROGMEM= "D=";

pid error_label[] PROGMEM= "PID Err=";
nan_count_label[] PROGMEM= "Nan Count=";
temp_shutdown_label[] PROGMEM= "Temp Shutdwn=";
temp_shutdown_count_label[] PROGMEM= "Temp Shutdwn
pump_on_delay label[] PROGMEM= "Pump On Delay=";
off timer label[] PROGMEM= "Off time=",;




e labels PID[] PROGMEM = {
time_label, box_in_control flag label,head _in_control_ flag label,
pump_status_label, pump_flag label,box_temp_avg label,
head_temp_avg label,pid out_label,
setpoint_label, p label, i label, d label,pid error_label,
nan_count_label,temp shutdown label,
temp_shutdown_count_label,pump_on_delay label,off timer_label

}s

Variables Serial PID[] = {time, box_control flag,head control flag,
pump_trigger, pump_flag,box_temp_avg, head_temp_avg, PID_total, Setpoint,
PID p, PID_i, PID_d, now_pid_error, nan_count,temporary_ shutdown,

temp_shutdown_count, pump_on_delay,off_timer

}s

setup() {
cli();
sei();

Serial.begin(9600);
numVars=18;
pinMode(SSR_PIN, OUTPUT);
digitalwWrite(SSR_PIN, LOW);
pinMode(led, OUTPUT);
digitalWrite(led, LOW);

real_head_temp = thermocouple_head.readCelsius();
real_box_temp= thermocouple box.readCelsius();
start_time=0;

restart=0;

TCCR2B = TCCR2B & B11111000 | BO000O111;
pinMode(but_green, INPUT_PULLUP);
pinMode(but_red, INPUT_PULLUP);

PCICR |= B00000100;

PCMSK2 |= B01100000;

display.begin(SSD1306_SWITCHCAPVCC, ©x3C);
delay(100);
display.clearDisplay();




display.setTextSize(1);
display.setTextColor (WHITE,BLACK);
display.display();

delay(100);

Setpoint=0;

Loop() {

elapsedTime=millis()-screen_time_prev;

if (elapsedTime>screen_refresh rate){

Variables Serial PID[] = {time,
box_control_flag,head_control flag, pump_trigger, pump_flag,box_temp_avg,
head_temp _avg, PID total, Setpoint,

PID p, PID_i, PID_d, now_pid_error, nan_count,temporary_shutdown,
temp_shutdown_count, pump_on_delay,off_timer

}s

Serial print(labels_PID, Variables_Serial PID, numVars);
delay(300);
screen_time_prev=millis();

}
if (state == 0){

PID control();
}

else{

Setpoint=0;
cool down();

}

pot=analogRead(A3);

Dial=map(pot,0,1023,0,110);




if (time>nan_count_interval){

nan_count_interval=nan_count_interval+30;

if (nan_count>3){

state=2;
}

nan_count=0;

}

refresh_rate=refresh_rate startup;
if (time>10){

refresh_rate=refresh_rate normal;
control_TC=Control TC Check(box_temp_avg,head_temp_avg,pump_off_T,pum
p_on_T,switch_to_head_percent,Setpoint);

pump_trigger=pump_trigger check(box_temp_avg,head_temp_avg,pump_off T
,pump_on_T,switch_to_head_percent,Setpoint);

pump_flag=pump_switch_check(pump_trigger,pump_on_count,pump_off_time,
pump_on_time,pump_SSR_pin);

temporary_shutdown=temporary shutdown check(box_temp_avg safety,box_s
afety T,head temp avg safety,head safety T);

shutdown=emergency_shutdown_check(box_temp_avg safety,
box_emergency shutdown T,head temp avg safety,head emergency shutdown T);

PID control( ){
if (restart==1){

start_time=millis();

}




restart=0;

elapsedTime = millis() - prev_time;
on=1;

if(elapsedTime > refresh rate){

if (shutdown==1){

state=2;
}

if (temporary_shutdown==1){

if ((head_temp_avg safety<(head_safety T)) &&
(box_temp_avg safety<(box_safety T)) ) {

temporary_shutdown=0;

}
PID total=0;
analogWrite(SSR_PIN,PID_ total);

digitalWrite(led,LOW);
time=(millis()/1000)-(start_time/1000);

real_head_temp_raw=thermocouple head.readCelsius();
real_box_temp_raw=thermocouple_box.readCelsius();

nan_count=nan_counter(real_head_temp_raw,nan_count);

nan_count=nan_counter(real_box_temp_raw,nan_count);

real_head_temp=Temperature_filter(real_head_temp_raw,real_head_temp

real_box_temp=Temperature_ filter(real_box_temp_raw,real_box_temp);




box_temp_avg safety=avg temperature readings(real_box_ temp,
box_temp_avg safety, alpha_safety);

head_temp_avg safety=avg temperature_readings(real_head_temp,
head_temp_avg safety, alpha_safety);

box_temp_avg=box_temp_avg safety;

head_temp_avg=head_temp_avg safety;

OLED_display temp_shutdown(box_temp_avg safety,head_temp_avg safety

if ((temporary_shutdown==0) && (shutdown==0)) {

time=(millis()/1000)-(start_time/1000);

real box_temp raw=thermocouple box.readCelsius();
real_head_temp_raw=thermocouple_head.readCelsius();

nan_count=nan_counter(real head temp raw,nan_count);

nan_count=nan_counter(real_box_temp_raw,nan_count);
real_head_temp=Temperature_filter(real_head_temp_raw,real_head_temp

real_box_temp=Temperature filter(real_box_temp_raw,real_box_temp);

box_temp_avg safety=avg temperature readings(real_box_temp,
box_temp_avg safety, alpha_safety);

head_temp_avg safety=avg temperature_readings(real_head_temp,
head temp avg safety, alpha_safety);

box_temp_avg=avg temperature_readings(real_box_temp, box_temp_avg,
alpha);

head_temp_avg=avg temperature_readings(real_head_temp,
head_temp_avg, alpha);

if (control TC==0){
real temp control=real box_ temp;

real temp_control_avg=box_temp_avg;

box_control flag=1;




head_control flag=0;

}

if (control TC==1){
real temp control=real head temp;
real_temp_control_avg=head_temp_avg;
box_control flag=0;
head_control flag=1;

now_pid_error = Setpoint - real_temp_control_avg;

if (control TC==0 && Setpoint>5){

now_pid_error=box_setpoint - real_temp_control_avg;

if (pump_flag==0){
kp=kp_when_pump_off;

ki=ki_when_pump_off;

PID absolute_max=PID_absolute max_w_pump_off;
PID i saturation=PID_i_saturation_w_pump_off;
}

else{

kp = kp_normal;

ki=ki_normal;

PID absolute_max = PID_absolute_max_normal;
PID i saturation=PID_i_saturation_normal;

}

PID p = kp * now_pid_error;

PID d = kd*((now_pid_error - prev_pid_error)/refresh_rate);

if(-40 < now_pid_error && now_pid_error < 40){

PID i check = PID_ i + (ki * now_pid_error);




if (PID_i check< PID i saturation){
PID i = PID i + (ki * now_pid _error);

}

else {PID i =PID i saturation;}

}
else{PID_i = 0;}

PID total = PID p + PID i + PID d;
PID total = map(PID total, @, 150, @, 255);

if(PID_total < @){PID total = 0;}
if (PID_total > PID absolute_max) {PID_total = PID absolute_max; }

if (time<5){PID total=0;}
analogWrite(SSR_PIN, PID total);

OLED_display PID(Dial,Setpoint,

box_temp_avg,head_temp_avg,PID_total);

prev_time = millis();
prev_pid_error = now_pid_error;

LED_function(PID_total);

cool down( ){
PID_total=0;
digitalWrite(SSR_PIN, PID total);
digitalWrite(led, LOW);
elapsedTime = millis() - prev_time;

restart=1;
control _TC=0;

time=0;




if (on==1){

off time=millis()/1000;
on=0;
}

if(elapsedTime > refresh rate){
off timer=(millis()/1000)-off time;

real box_temp_ raw=thermocouple box.readCelsius();
real head temp raw=thermocouple head.readCelsius();

nan_count=nan_counter(real head temp raw,nan_count);

nan_count=nan_counter(real_box_temp_raw,nan_count);
real head temp=Temperature filter(real head temp raw,real head temp);
real_box_temp=Temperature_filter(real_box_temp_raw,real_box_temp);

box_temp_avg=avg temperature_readings(real_box_temp, box_temp_avg,
alpha);

head_temp_avg=avg temperature_readings(real_head_temp, head_temp_avg,
alpha);

if
((real_box_temp<pump_on_T) || (real_head_temp<pump_on_T)||(off_timer>180)){

analogWrite(pump_SSR_pin, LOW);
}

if (shutdown==0){
OLED_display cooldown(box_temp_avg,head_temp_avg);

prev_time = millis();

}
if (shutdown==1){

OLED display shutdown(box_temp_avg,head temp_avg);




prev_time = millis();

ISR (PCINT2 vect) {
cli();

if(PIND & B@0100000){

if(D5_state == 0){
D5_state = 1;

prev_isr timeD5 = millis();
}

}
else if (D5 state == 1 & & (millis() - prev_isr timeD5 > 2)){

Setpoint=Dial;

st = Setpoint;
EEPROM.write(0@, st);

D5_state = 0;
}

if(PIND & B0©1000000){
if(D6_state == 0){
D6_state = 1;
prev_isr timeD6 = millis();
}
}
else if (D6_state == 1 && (millis() - prev_isr_timeD6 > 2)){
if(state == @ || state == 1){
state = 2;
}
else if (state == 2){
state = 9;
}
D6_state




}

sei();

}

Control TC Check( box_temp_avg, head_temp_avg,
pump_off T, pump_on T, switch_to head percent,
Setpoint){

control TC;
control TC=0;

if ((box_temp_avg >pump_off T) &&
(head_temp_avg>(switch_to_head_percent*Setpoint))) {

control_TC=1;

}
else{

control TC=0;

}
if (Setpoint<5){

control TC=0;

}

return control_TC;

}

pump_trigger check( box_temp_avg, head_temp_avg,
pump_off T, pump_on_T, switch_to_head percent,
Setpoint){
pump_trigger;

if (Setpoint<5){

if ((box_temp_avg<pump_off_T)||(head_temp_avg<pump _off T)){

pump_trigger=0;

}
if ((box_temp_avg>pump_on_T) && (head_temp_avg>pump_on_T)){

pump_trigger=1;
}
}




if (Setpoint>5){

if (box_temp_avg<pump_off_T) {

pump_trigger=0;
}
if ((box_temp_avg>pump_on_T) || (head_temp_avg>50)){

pump_trigger=1;
}
}
return pump_trigger;
}
pump_switch check( pump_trigger, pump_on_count,
pump_off_time, pump_on_time, pump_SSR_pin){
pump_flag;
#define pump_SSR_pin pump_SSR_pin
pump_flag=0;

if (pump_trigger==1){
pump_on_count=pump_on_count+1;

pump_on_time=millis()/1000;
pump_switch_time=pump_on_time-pump_off_time;

if (pump_on_count==1){

pump_on_1 time=millis()/1000;
¥
pump_on_delay=(millis()/1000)-pump_on_1 time;

if (pump_switch_time>30 && pump_on_delay>1200){

analogWrite(pump_SSR_pin,255);
pump_flag=1;

}
}
if (pump_trigger==0){
pump_on_count=0;
pump_off time=millis()/1000;
pump_switch time=pump off time-pump on_time;




if (pump_switch _time>30){

analogWrite(pump_SSR_pin,LOW);

}

}

return pump_flag;
}

temporary_shutdown_check ( box_temp_avg safety,
box_ safety T, head_temp_avg safety, head safety T){

temporary_shutdown;

if ((box_temp_avg safety>box_safety T) ||

(head_temp_avg _safety>head_safety T)){

temporary_shutdown=1;

}
if ((box_temp_avg safety<box_safety T) &&

(head_temp avg safety<head_safety T)){

temporary_shutdown=0;

}

return temporary_shutdown;
}
emergency shutdown_check( box_temp_avg safety,
box_emergency_shutdown_T, head_temp_avg_safety,
head_emergency_shutdown_T){
if ((box_temp_avg safety>box_emergency shutdown T) ||
(head_temp avg safety>head _emergency shutdown_T)){

shutdown=1 ;

nan_counter( real_temp_raw, nan_count_in){
nan_count_out;

if (isnan(real_temp_raw)){
nan_count_out=nan_count_in+1;

}
else{

nan_count_out=nan_count_in;

}

return nan_count_out;

}




Temperature_filter( real temp_raw, real temp_in){
real temp_out;

if (!isnan(real_temp_raw)){
real temp out=real temp raw;

}

else{
real temp_out=real temp_in;

}
return real temp out;
avg temperature readings( real temp, temp_avg_in,
alpha){
temp_avg prev=temp_avg in;

temp_avg out=(real_temp*alpha)+(temp_avg prev*(1l-alpha));

return temp_avg out;

OLED display temp shutdown( box_temp, head_temp)

display.clearDisplay();
display.setCursor(0,0);

display.println(F("Temp off, will auto"));

display.println(F("reset when T drops"));

display.print(F("Box T: "));
display.print(box_temp_avg safety,1);
display.print(F(" "));
display.print(( )247);
display.println(F("C"));

display.print(F("Head T: "));
display.print(head_temp_avg safety,1);
display.print(F(" "));

display.print(( )247);
display.println(F("C"));
display.display();

OLED_display PID( Dial, Setpoint, box_temp,
head_temp, PID out) {




display.clearDisplay();
display.setCursor(0,0);

display.print(F("Dial:"));

display.print(Dial);
display.print(F(", Target:"));
display.println(Setpoint);

display.print(F("Box T: "));
display.print(box_temp,1);
display.print(F(" "));
display.print(( )247);
display.println(F("C"));

display.print(F("Head T: "));
display.print(head_temp,1);
display.print(F(" "));
display.print(( )247);
display.println(F("C"));

display.print(F("PID Output: "));
display.print(((PID total*100)/255),0);

display.println(F(" %"));
display.display();

OLED display cooldown( box_temp, head_temp)

display.clearDisplay();
display.setCursor(0,0);

display.print(F("Box T: "));
display.print(box_temp,1);
display.print(F(" "));
display.print(( )247);
display.println(F("C"));

display.print(F("Head T: "));
display.print(head_temp,1);
display.print(F(" "));
display.print(( )247);
display.println(F("C"));




display.print(F("0ff"));
display.display();

OLED_display_shutdown( box_temp, head_temp) {

display.clearDisplay();
display.setCursor(0,0);

display.print(F("HOT OIL| "));
display.print(F("Box:"));
display.print(box_ temp,1);
display.print(( )247);
display.println(F("C"));

display.print(F("Head:"));
display.print(head_temp,1);
display.print(( )247);
display.println(F("C"));

display.println(F("reset at wall when"));

display.println(F("head T<95 & box <110"));
display.display();

Serial print( labels[], vars[],

{

for ( i=0; i< numVars; i++) {

buffer[30];
strcpy_P(buffer, (PGM_P)pgm _read word(&(labels[i])));

Serial.print(buffer);
Serial.print("\t");
Serial.print(vars[i]);
Serial.print("\t");

}

Serial.println();

}
LED_function( PID_total){

if (PID_total==0){
digitalWrite(led,LOW);

}

else {
digitalWrite(led,HIGH);

numvars)
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