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ABSTRACT

The use of renewable alternative fuels is a potential method to reduce emissions from
diesel engines, in order to reduce air pollution and protect human health. Among all the
alternative fuels, biofuel, including biodiesel and alcohols and their blend with diesel
(especially diesel-biodiesel-ethanol blend (DBE)) is a great option as an alternative to
diesel fuel for diesel engines. The effects of using DBE, diesel/biodiesel or diesel/ethanol
on the combustion, performance and emissions of diesel engines in either the blended
mode or the fumigation mode have been widely reported in the literature. However, there
is not enough information about the differences between the effects of the blended mode
and the fumigation mode on the performance, combustion and emissions and almost no
information on the physicochemical properties of particulate matter (PM) of a diesel
engine. Also, only alcohol fuels were utilized in the fumigation mode and the use of a
mixture of biodiesel and alcohol as a fumigated fuel for comparison with the blended
mode cannot be found. Therefore, this study aims at covering the above knowledge gaps
through an experimental study to investigate the effects of different fueling modes of
operation, including diesel, blended and fumigation modes, on the engine combustion,
performance and emissions of a diesel engine fueled with a ternary fuel (DBE) under
various engine speeds and loads. In addition, the present study introduced a combined
fumigation and blended mode (F+B) of fueling to investigate its impact in comparison
with the fumigation and blended modes.

This study also includes an investigation on the effects of using different alcohols to form
the ternary fuel. The alcohols considered include methanol, ethanol, propanol, butanol
and pentanol. Each of the alcohol was mixed with diesel and biodiesel to form a ternary
fuel with the same oxygen concentration and very close carbon, hydrogen and lower
heating value for comparing their effects on the combustion, performance and emissions
of the diesel engine. The results indicated that DBE is the most suitable ternary fuel for

further investigation.

The experiments were conducted on four fueling modes. In the diesel mode, pure diesel
was injected into the engine cylinder. In the blended mode, 80% diesel, 5% biodiesel and
15% ethanol (DS8OBSEL1S5), by volume, were mixed, and injected into the engine cylinder.
In the fumigation mode, a mixture of biodiesel and ethanol (BE) was injected into the
intake manifold; while diesel fuel was used as the main fuel. In the F+B mode, half of the

BE mixture was injected into the intake manifold and another half of it was blended to
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form DBE and used as the main fuel. The experiments were conducted at a constant
overall fuel composition of DSOBSE15 for the three fueling modes to provide the same
fuel composition for comparing their effects. The experiments were divided into three
groups. The first and second groups were conducted to investigate the effects of using
different fueling modes on the combustion, performance and emissions at five engine
loads with a constant engine speed (1800 rpm) and five speeds with a constant load
(142.5 Nm), respectively. The third group was conducted to study the physicochemical

properties of PM sampled in the different fueling modes with four operating conditions.

According to the average results, it is found that the blended mode has higher peak heat
release rate, ignition delay, BTE, nitrogen monoxide (NO), nitrogen oxides (NOx),
coefficient of variation (COV) in Max(dP/df), but lower duration of combustion,
COVmep, BSFC, carbon dioxide (CO;), carbon monoxide (CO), hydrocarbon (HC),
nitrogen dioxide (NO;), PM mass, total number concentration and geometric mean
diameter, and similar peak in-cylinder pressure and exhaust gas temperature in
comparison with those of the fumigation mode. In regard to the physicochemical
properties of the PM, the blended mode has higher organic carbon (OC)/total carbon
(TC), high-volatile substance (VS)/total-VS and low-VS/total-VS ratios and faster
oxidization reactivity, but lower non-VS/total-VS ratio, TC, OC, elemental carbon (EC),
EC/TC ratio, water-soluble organic carbon, polycyclic aromatic hydrocarbons,
benzo[a]pyrene equivalent, n-alkanes, inorganic ions, metals and elements, primary
particle size, fringe length, tortuosity and fringe separation distance compared to those of
the fumigation mode. In addition, it is observed that the values of all the parameters in the
F+B mode are between those of the fumigation mode and the blended mode, showing

that the F+B mode has the effects between those of the fumigation and blended modes.

It can be found from the results that the use of DBE has different effects on the engine
combustion, performance and emissions by using the blended mode or the fumigation
mode. It is because, in the blended mode, the lower cetane number and higher heat of
evaporation of ethanol cause late combustion and affect other combustion, performance
and emission parameters. In the fumigation mode, the combustion of diesel fuel in a
homogeneous BE/air mixture inside the engine cylinder also affect combustion
parameters, performance and emissions in a different manner than those in the blended
mode. These relationships are investigated in this study by relating the performance and

emissions to the combustion parameters in each fueling mode.

11



PUBLICATIONS ARISING FROM THE THESIS

Peer-reviewed Journal Articles:

Meisam Ahmadi Ghadikolaei*, Chun Shun Cheung, Ka-Fu Yung. Study of
combustion, performance and emissions of a diesel engine fueled with ternary fuel in

blended and fumigation modes. Fuel 2019; 235: 288-300.

Meisam Ahmadi Ghadikolaei*, Chun Shun Cheung, Ka-Fu Yung. Study of
combustion, performance and emissions of diesel engine fueled with diesel/biodiesel/

alcohol blends having the same oxygen concentration. Energy 2018; 157: 258-269.

Meisam Ahmadi Ghadikolaei*, Chun Shun Cheung, Ka-Fu Yung. Comparison between
blended mode and fumigation mode on combustion, performance and emissions of a
diesel engine fueled with ternary fuel (diesel-biodiesel-ethanol) based on engine speed.

Journal of the Energy Institute 2018; doi: 10.1016/j.joei.2018.10.010.

Conference Papers:

Meisam Ahmadi Ghadikolaei*, Ka-Fu Yung, Chun Shun Cheung. Chemical properties
of PM of a diesel engine fueled with diesel/biodiesel/ethanol in blended and fumigation
modes. The 14™ International Conference on Combustion and Energy Utilization

(ICCEU), November 7-9, 2018, Sendai, Japan.

Meisam Ahmadi Ghadikolaei*, Chun Shun Cheung, Ka-Fu Yung. Effect of different
fueling modes on performance and emissions of a diesel engine fueled with diesel-
biodiesel-ethanol under different engine speeds and loads. The Advanced Maritime
Engineering Conference (AMEC) 2018, Concurrently with 8" Pan Asian Association of
Maritime Engineering Societies (PAAMES), October 9-12, 2018, Busan, Korea.

Meisam Ahmadi Ghadikolaei*, Chun Shun Cheung, Ka-Fu Yung. Study of
performance and emissions of diesel engine fueled with blends of diesel, biodiesel and
alcohols (ethanol, methanol and n-butanol), based on a constant fuel oxygen content. The

13™ International Conference on Combustion and Energy Utilization (ICCEU), October

2-5, 2016, Taipei, Taiwan.

* Corresponding author.

i1



ACKNOWLEDGEMENT

First of all I would like to thank Almighty “Allah” the lord of the Alamin and the creator

of creators, who gave me potential and courage to accomplish this thesis.

I owe my great gratitude to my chief supervisor, Prof. Chun Shun Cheung, with whose
guidance and constant encouragement I accomplished this study with success. His moral
support and masterly guidance were a constant inspiration for me throughout my study. I
would also like to express my sincerest gratitude to my co-supervisor, Dr. Ka-Fu Yung,

for providing insight suggestions in my research.

I wish to express my special thanks to my parents and wife for their constant
encouragement, material support, patience and understanding that were readily

forthcoming throughout my study. However, their contribution is immensely unique.

I would like to be grateful to The Hong Kong Polytechnic University for the financial
support (account No.: RUAT). It gives me immense pleasure to express my deep sense of
gratitude and sincere thanks to the technical staff of the Department of Mechanical
Engineering, Mr. Kwong Shing Tsang, Department of Applied Biology and Chemical
Technology, Mr. Chi Man Ho and Department of Civil and Environmental Engineering,
Dr. W.F. Tam and the people in-charge in the Electron Microscopy Centre, Dr. Wei Lu
and Materials Research Centre, Dr. Hon Fai Wong and teachers and project laboratory’s
staff of the Mechanical Engineering Department whose valuable suggestions, advice and
guidelines proved as a torch bearer and touch stone for my thesis. I would also like to
thank Prof. Sai Hang Ho and his group mates for their kind assistance and support in

doing part of the analyses.

Words are short to express sincere thanks to all my comrades whose insistent comments
and suggestions always proved fruitful to my study. The confederation of my friends and
colleagues include Dr. Mohammad Hossein Tahmasebi, Mr. Long Wei, Dr. Pak
Chung Lau, Dr. Shakeel Ahmad, Dr. Chun Guan, Dr. Ke Yang and Dr. Tsz-Lung
Kwong.

MEISAM AHMADI GHADIKOLAEI

v



TABLE OF CONTENTS

ABSTRACT ..cuuiiiiinicninnissicsssnsssecssssssssissssssesssessssssssssssssssssssssssssssssssssssssssssssssssssasssess i
PUBLICATIONS ARISING FROM THE THESIS ......ccovininvuinrensensansserssessanssasssessas iii
ACKNOWLEDGEMENT .....cconiinininsninsinsicssissensesssessssssesssessssssssssssssssssssssssssssssssssssssns iv
TABLE OF CONTENTS . ...uiiiiinininninsnnssenssisssnssessssssasssssssssssssssssssssssssssssssssssssssasssasssssss v
LIST OF FIGURES ....cuuiiiiiiiinninensnicsicssssnsssissssssesssisssssssssssssssssssssssssssssssssssssssssssssssse X
LIST OF TABLES ....uuoouiiiininnininsissensesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassses XV
NOMENCLATURE AND ABBREVIATIONS.....cucovinvnnicsensecssissanssessancsssssesssessans xvii
CHAPTER 1 INTRODUCTION ..uucovirrersuisserssesssissassessssssasssssssssssssssssassssssssssasssasssssss 1
L1 Back@round.........cccooooiiiiiiiiieiiicieeee ettt et enra e 1
1.2 Overview and MOLIVALION .........eeecuiieeiieeeiieeciieeeieeeereeeereeesereeesereeesebeeeseseeessseeens 2
1.3 ObJeCtiVE anNd SCOPE....ecouvierieieiieiieeiiietie et ertee et esteeeaeesteeeaeessaeeseessseesseessseeseens 4
L4 OULIINE ..ttt et sttt et st sae et et saeenne e 5
CHAPTER 2 LITERATURE REVIEW ....uuiiiininrenninsensssssnssssssssssssssssssssasssasssssss 6
2.1 Blended MOde .........ooouiiiiiiiiiii e 6
2.1.1  Properties of ternary blend .........ccccoceviiiiiiiniiiiiice 6
2.1.2  Effect of blended mode on engine combustion, performance and regulated
EIMISSIONS 1.evieentieeuttette et ertteeateessteeateesteeenbeesseeeateesaeeenseessseenseesaeeenseesnsesnseans 7

2.1.3  Effect of blended mode on physicochemical properties of PM .................. 13

2.2 Fumigation MOAE.......cccueviiriiiiiriiieiieeit ettt 16
2.2.1  Effect of fumigation mode on engine combustion, performance and
regulated EMISSIONS ....ccuiiiiieiieeiieiie ettt 16

2.2.2  Effect of fumigation mode on physicochemical properties of PM ............. 20

2.3  Comparison between blended and fumigation modes on engine combustion,
performance and EMISSIONS .......c.eeeerureeeiuieeririeeriieeereeesreeesreeessreeessseeensseesnsseeens 21

B I 111111 F2) o OO USRI 23
CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES .......ccceceervererunesne 24
3.1 TSt @NZINE TIZ ..eieuvieiieeiieeiieeiie et ette ettt e et et e et esaeesbeessaeenbeessaesnseesnseenseenenas 24
3.2 TeSt PTOCEAUIES ... .viieeiiieeiiieeiiie et et e e tte e et e e et e e et e e e aeeesnbeeessaeeesnseeenseeennneas 26
3.3 Fuel properties and fueling modes...........cceecuieriieiiienieeiieeiceeee e 27
3.4  Combustion and performance analyses .........cccceeeveeeeuieeriiieeniiieeniee e eevee e 30



3.5  (GaseOous €MISSIONS MEASULEITICNT .. ..uueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseresaeeaeaeeanenas 32

3.6  Particulate matter (PM) measurement and sampling...........ccccceeveveeeeveeeeveeennen. 32
3.6.1  PM mass, particle number concentration and size distribution................... 33
3.6.2  Particulate matter sampling for chemical analysis.........cccccccovvercivrerreeennnen. 33

3.7  Physical properties 0Of PM.........cccoiiiiiiiiiiiiiiieieee et 34
3.7.1  Micro-structure and nano-structure of PM...........cccoooiiiiiiiiiiiiiiiiiee 34

3.8 Chemical properties Of PM.......ccccooiiiiiiiiiiiiiieieeeee et 38
3.8.1  Carbonaceous components analysis ........cccceccveeerreeerieeriueeesireeesreeesveeennens 39
3.8.2  Water-soluble organic carbon ............ccoeeeevviierieeiieniieieeeie e 41
3.8.3  Particle volatility and oxidation reactivity .........ccceeveerieieneieiieenieeieeneene 42
3.8.4  Polycyclic aromatic hydrocarbons (PAHs) and n-alkanes.......................... 43
3.8.5  INOTZANIC 10MS ..eeeutieiiieiieeiie ettt ettt te ettt e ettt et et e et e s e enbeesaneenne 44
3.8.6  Metals and elements analysis.........cceeceerieriiierieeiiienie e 45

3.9  Experimental errors and Uncertainties ...........ccueeeeveeeecuieeeiueeenirieesireeeeveeeseveeennens 46

CHAPTER 4 EFFECT OF ETHANOL IN COMPARISON WITH OTHER

ALCOHOLS IN FORMING THE TERNARY FUEL ......ccuvevinrernecsuissensancsanssessansnns 48
4.1  Experimental setup and procedure ..........ccoeeruieeriiieeniiieeniieeriee e 48
4.2 ENZINE COMDBUSLION ....tiiiiiiiieiiiieiieeiie ettt ettt ettt ettt ee st e e b e st e enneeeeeas 50
4.3 Engine perfOrmMance..........ccccveevuiieeiiieeniieeeiiieeeieeeeiteeeree e esreesenreeennreeeneee e 56
4.4 Exhaust GaSEOUS €MISSIONS ...c..veeruieruieeriierireetienieeesteesiteesteesseeeseessseeseessseenseessnes 57
4.5 PM @IMISSIONS . c..eeeiiiiiiiieiie ettt ettt ettt ettt et sat e et esat e et esat e ebeesbeeeabeenaaes 61
4.0 SUITIMATY ...eoiiiiiieiieeteeet ettt ettt et et s e st e e eeane e b e eaneenanes 64

CHAPTER 5 COMBUSTION AND PERFORMANCE OF DIESEL ENGINE

WITH DIFFERENT FUELING MODES.........cccccvninieninsenssensanssasssssasssassssssssssassassses 66
5.1 ENgINE COMDUSHION .....oveiiiiiiiiieeeiieecite et e et e e siteeeseteeeaeeeeaeeeeaeeessseessnseeenneeens 66

5.1.1  In-cylinder pressure and heat release rate ............cceeeeeeienieeciieneeeniiene 66
5.1.1.1 Based on engine 10ad ..........c.cooovieeiiiieiiiiceeeeee e 66
5.1.1.2 Based on engine Speed..........ceeveeeiieriiieiieieee e 70

5.1.2  Ignition delay and duration of cOmbustion ...........ccccceevevieeriiieenieenniee e, 72
5.1.2.1 Based on engine load ..........cccoovieiiiiniiiiii e, 72
5.1.2.2 Based on engine Speed..........cecvieeiiiieeiiieeiieeee e 75

5.1.3  Premixed and diffusion combustion phases...........cccceevuierereiieneeenieennnenne. 77
5.1.3.1 Based on engine 10ad .........c.coooiieeiiiieiiiecieeee e 77
5.1.3.2 Based on engine Speed.........cceeveeiiieniiieiiieieeeee e 78

vi



5.1.4  Coefficient of variation in indicated mean effective pressure at different

engine loads and SPEEdS ........cccueeeviieiiiiieeie e 80

5.1.5  Coefficient of variation in maximum cylinder pressure at different engine
loads and SPEEAS .......cccveeeciiiecie e e e 82

5.1.6  Exhaust gas temperature at different engine loads and speeds ................... 83
5.1.7  Pre-ignition analySiS.......cceeccveeeiiireeiiieeeiieeeiieeeieeeeree e e eeereeesereeenreeeaneas 84

5.2 ENgINe PerfOrMAanCe. ........cccuieiuieriieiieeiieiie et eiee et steeeteesaeeebeeseneeseessaeenseenenas 86
5.2.1  Brake thermal efficiency and brake specific fuel consumption.................. 86
5.2.1.1 Based on engine load ..........cccoevieiiieiiieiie e, 86
52.1.2 Based on engine Speed..........ceevieiiieniiiiiiieieee e 88

5.2.2  EQUIVAIENCE TAtI0...cuiiiiiieiieiieeie ettt ettt ettt e ere e e e e seae e 88
52.2.1 Based on engine load ..........cccooviiiiiiiiiiiii e, 88
5222 Based on engine Speed.........cceevvieiiieiiieeiieieeie e 89

5.3 SUIMIMATY ettt ettt ettt et e sbe e ser e e b e seneesanesaneens 90
CHAPTER 6 REGULATED EMISSIONS OF DIESEL ENGINE WITH
DIFFERENT FUELING MODES ......ccoviniiininnninsensessasssssssssssssssssssssssssssssssssssssssassses 92
6.1  Brake specific CO @MISSION .......cccuererivieeriieeiieeeiieeeiteeeieeesreeesreeeseneesnareeenneees 92
6.1.1  Based on engine 1oad..........cccooieviriiniiiiiiiiieeee e 92
6.1.2  Based on engine SPEEd .........cccuveriiieiiiieiiieeieeereeee e 93

6.2  Brake specific HC €miSSION ....cccoouiriiriiniiiiiiieieeicnteeeeee e 94
6.2.1  Based on engine 10ad...........ccceeeiiiieiiieeiiieeeeeee e 94
6.2.2  Based on engine SPEEd ...........coeeviiriiriiiiniiniee et 95

6.3  Brake specific NOx, NO and NO; €mMiSSIONS .....cc.eeeevreervieeriieerieeenreeenveeennens 96
6.3.1  Based on engine 1oad..........cccooeeiiriiniiiiiiiie e 96
6.3.2  Based on engine SPEEd .........cccueeriiieiiiieiiie et 99

6.4  Brake specific COp €MISSION ....ccueeviieriireiieriieeieesiieeieesireeieesieeereeseeesseesneeenne 101
6.4.1 Based on engine 10ad..........cccceeeiiiieiiiieiiie e 101
6.4.2  Based on engine SPEEd ........cc.eeveeiiiiiiiieiieiie et 102

6.5  SUIMMATY ....oiiiiiiieeiie ettt ettt e et e e e te e e e beeesbeeessseeessseeenseesnnseesnnns 103
CHAPTER 7 PARTICULATE EMISSION AND PHYSICAL PROPERTIES OF
PM FOR DIFFERENT FUELING MODES ........ccoevinvinninrensensnissensessancsasssessssssens 104
7.1  Brake specific PM mass (BSPM), total number concentration (TNC) and
geometric mean diameter (GMD).......cooovviieiiiieiiieeieeee e 104

7.1.1  BSPM at different engine 10ads ...........ccceeriiriiieniieiienieeieee e 104
7.1.2  BSPM at different engine SPeeds .........ceevueeerieeeiieeeiiieeiieeciee e 107

vil



7.1.1.  TNC and GMD at different engine 10ads...........ccceevreerrrriieniienienieeinens 108

7.1.3  TNC and GMD at different engine speeds.........ccceeevuvrercrieercrieeeireeeereeenne 112
7.1.4  BSPM, TNC and GMD at four operating conditions.............cccceereveenneene 116
7.2 MICTO-SITUCTULC .....eeutieiieetie ettt ettt ettt ettt e et e it e et esateeabeeseeeenbeesaeeenee 119
7.2.1  Morphology of aggregate particles ..........coceevierieeiienieeiienie e 119
7.2.2  Primary PartiCle SIZE€........cccveevuieeiiieeiiieeciieeceeeeeeeetee e eree e e e e e e 127
7.3 NANO-SITUCTUIE ..eeuuvieiiiiiiiieiie ettt ettt sttt ettt sbe e et esbee e e e e 130
7.3.1  Morphology of primary partiCle...........ccccuveevireerieeeieeeee e 130
7.3.2  Fringe length, tortuosity and fringe separation distance ..............cc.c..c...... 134
7.4  Electron diffraction patterN.........cccveeiiieeiieeeiiieeeie e e 140
S TN 101311 0V R RRRR 142
CHAPTER 8 CHEMICAL PROPERTIES OF PM FOR DIFFERENT FUELING
IMODES ..uoiiiriiniceisicssisensesssissssssssssissssssesssssssssssssstsssssssssssssssssssssessssssssssssssssssssssssas 144
8.1  Carbonaceous components analysis .........ccceecueerieriernieniieenienie e 144
8.2  Particle volatility and oxidation reactiVity.........ccccveeeveerienieerienieenieeseeeveeeees 149
8.2.1  Volatile and non-volatile substances............cccceeveerieriieniiienenieciee 149
8.2.2  Particle oxidation Kinetic parameters ...........ccueevveeerieeenieeeniieeenieeeeeee e 151
8.2.3  Particle oxidation reactivity versus particle structure parameters............. 152
8.3  Water-soluble organic carbom...........ccceevvvieriieeiiieeiieeciie e 154
8.4  Particle-phase organic COMPOUNAS .........c.cevuieriieriieriieiieeieece e 158
8.4.1  Particle-phase polycyclic aromatic hydrocarbons (PAHS)........................ 158
8.4.1.1 Toxicity consideration of PAHs based on benzo[a]pyrene (BaP)..... 160
8.4.2  Particle-phase n-alkanes..........cccccveeevieeriiiieniieeeiie e 161
8.5 INOTZANIC 1OMS ..eeueiieniieiiieiie ettt ettt sttt ettt e st e et e st eebeesnteebeesaeeenseesnnes 163
8.6  Metals and elements analysis .........cccveeriiieriiieeiiee e e 165
8.7  Composition Of PIM MAaSS ....c.ceevuiiiiieiiiiiieiieeie et 170
TR N 01 14U 0 1 ) PRSI 173
CHAPTER 9 CONCLUSIONS AND SUGGESTIONS......ccccevuirrersuecsnecsessancsaecsenes 175
9.1  Concluding remMarks..........cceeeruieeiiieeiiie et e e 175
9.1.1  Effect of different fueling modes on the engine combustion, performance
and regulated gaseous EMISSIONS......cccuveeerurrerrieeriieeeiieeeieeeereeeeaeeesereeens 175

9.1.2  Effect of different fueling modes on the PM emissions and physical
PropertieS OF PMo....cuiiiiiicie et 176

9.1.3  Effect of different fueling modes on the chemical properties of PM........ 177

9.1.4  Effect of engine speed and load on the engine combustion, performance and

viil



CITHISSIONIS ..ottt 177

9.1.5 Comparison effects of blended mode with fumigation mode on the engine

combustion, performance and EMISSIONS ........c.cccceeeerierreerieerveesieenneennnns 178

9.2 Suggestions for future reSearch ............cccccuveeviieecieeeiie e 181
APPENDICES ...uuiiitiiniceisncssicsisnsssecssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 183
F N 08157 116 G A USRS 183
APPENAIX B .ottt et abeebeesnbeenraen 184

F N 08157 116 S USRS 185
APPENAIX D 1ottt st e e e b e e sbeenraea 185
APPENAIX Bt e et e e et e e e e e enaraeen 186
E1  S0UICES Of €ITOTS ....eeiiiiiiiiiieiece e 186

E2 Total uncertainty calculation for measuring parameters.............ccecceevveeveennee. 187
E2.1  SYStEMALIC ©TTOT: ..c.uvieuiieiiieiieeiieeiieeieette ettt e eveesteeeveetaeebeessaeensaesaneenns 187

E2.2 Random @ITOT: .....coouiiiiiiiiieiiese ettt e 187

E3 Uncertainty of calculated parameters...........ccocueeeveerieeiieenieenienie e 188

E4 Uncertainty calculation for the present worki..........ccccoceeveniiniinniininnnne. 188
REFERENCES .....cuuiuiiiniininsuinsensesssissssssesssissssssesssisssssssssssssssssssssssssssssssassssssssssssssass 192

X



LIST OF FIGURES

Fig. 2.1 TEM images of soot particles from (a) ULSD, (b) biodiesel, (c) DBEO, (d)

DBES, (e) DBE10 and (f) DBE20 at engine load of 0.17 MPa. ........cccovievieienieienee. 14
Fig. 2.2 TEM images of soot particles from (a) ULSD, (b) biodiesel, (c) DBEO, (d)
DBES, (e) DBE10 and (f) DBE20 at engine load of 0.58 MPa. .......ccceecvveviiiniieniiennnnne 14
Fig. 2.3 Heat flow rate (derivative of DSC signal) curves for different fuels at a high
engine 10ad (0.58 MPQA). .....oooouiiieieieeeeeeee et 15
Fig. 2.4 Particulate mass reduction curve for different fuels at high engine load (0.58
IMIP). .ttt ettt et h ettt eat e bt et e she et et 15
Fig. 3.1 Schematic diagrams of the experimental setup (up) and fueling modes (down)
investigated in the present StUAY. .....ccoviiiiiiiiiiiiie e 25
Fig. 3.2 TEM Sampling SELUP. .....ecoueeiiieiiieiiieiieee ettt ettt e 36
Fig. 3.3 Schematic of fringe length, tortuosity and separation distance ........................... 37
Fig. 3.4 Original STEM IMAGE. .......ccccvieriiiriieiieeieeiteete et eteesteeseveeseessseesseessseeseesnaeenne 37
Fig. 3.5 STEM image after applying negative transformation............cccceceeverieneenennnene 37

Fig. 3.6 STEM image after applying contrast enhancement, Gaussian lowpass filter and
top-hat tranSfOrMAtION. ......c.eeiiiiiiiiie e e e e e ea 38
Fig. 3.7 STEM image after applying threshold, morphological opening and closing and
SKEIEONMIZATION. ...ttt ettt ettt ettt sae et e b ees 38
Fig. 4.1 Variations of in-cylinder pressure and heat release rate with low, medium and
high loads for different fuels. ..........cooooiiiiiiiii 52
Fig. 4.2 Variations of (a) peak in-cylinder pressure (b) and peak HRR with engine load
for different fUELS. .......ccooiiiiiii e 52

Fig. 4.3 Variations of (a) ignition delay (b) and duration of combustion with engine load

fOr dIfferent fUCLS. ......oo.eiiii e 53
Fig. 4.4 Variations of (a) COVvep and (b) COV wax(dpiasy With engine load for different
FULLS. et ettt sttt st 55
Fig. 4.5 Variation of exhaust gas temperature with engine load for different fuels.......... 55
Fig. 4.6 Variations of (a) BTE and (b) BSFC with engine load for different fuels. ......... 57
Fig. 4.7 Variation of BSCO, with engine load for different fuels. ............ccccoeiniinicnn 58
Fig. 4.8 Variation of BSCO with engine load for different fuels............ccceoeriinienennnne. 59
Fig. 4.9 Variation of BSHC with engine load for different fuels............cccooeviiniinnnnene. 60
Fig. 4.10 Variation of BSNOx with engine load for different fuels.............ccceeeevirennenn. 61

X



Fig. 4.11 Variation of BSPM with engine load for different fuels. .........c.cccecuvevrrirennenn. 63
Fig. 4.12 Variation of total number concentration with engine load for different fuels. .. 64
Fig. 4.13 Variation of geometric mean diameter with engine load for different fuels...... 64
Fig. 5.1 Variations of in-cylinder pressure and HRR with low, medium and high loads. 68
Fig. 5.2 Variations of (a) peak in-cylinder pressure and (b) peak HRR with engine load.

Fig. 5.3 Variation of cumulative heat release fraction with low, medium and high engine
LOAAS. et 69
Fig. 5.4 Variations of in-cylinder pressure and HRR with low, medium and high engine
] 11T (SRR 71
Fig. 5.5 Variations of (a) peak in-cylinder pressure and (b) peak HRR with engine speed.

Fig. 5.6 Variation of cumulative heat release fraction with low, medium and high engine
] 11T (SRR 72
Fig. 5.7 Variations of (a) ignition delay, (b) duration of combustion and (c) and overall
combustion progression with engine 1oad. ...........cccoeeeuieiviiiiniiiiniiee e 75
Fig. 5.8 Variations of (a) ignition delay, (b) duration of combustion (c) and overall
combustion progression with engine SPEed. ...........coervueriiririiiniiniiienieeeeeeseee e 76
Fig. 5.9 Variations of (a) premixed combustion phase, (b) diffusion combustion phase (c)
and overall premixed/diffusion combustion fraction with engine load...............c...c......... 78

Fig. 5.10 Variations of (a) premixed combustion phase, (b) diffusion combustion phase

(c) and overall premixed/diffusion combustion fraction with engine speed...................... 80
Fig. 5.11 Variation of COVygp with engine load............cceeevieeiiiiiniieieiieeie e 81
Fig. 5.12 Variation of COVygp With engine speed. .........cceevveeviieeniieencieeeiie e 81
Fig. 5.13 Variation of COV wax(dp/ae) With engine load. ..........ccocooiviiiiiiiiiinininininenns 82
Fig. 5.14 Variation of COV wax(dp/ae) With engine speed. ..........coceeevieieieiiinininenenennes 83
Fig. 5.15 Variation of exhaust gas temperature with engine load............c.ccceevvverieeennenn. 84
Fig. 5.16 Variation of exhaust gas temperature with engine speed..........c.cccecvvrervveennenne 84

Fig. 5.17 Peak in-cylinder pressure for 500 working cycles for different fueling modes at

high engine load (left) and high engine speed (right). .........ccccoeviiiiiiiiiiiniiiee e 86
Fig. 5.18 Variations of (a) BTE and (b) BSFC with engine load..............ccccccooininnnnn 87
Fig. 5.19 Variations of (a) BTE and (b) BSFC with engine speed. .........cccccecvvvevvieennnennn. 88
Fig. 5.20 Variation of equivalence ratio with engine load. ..........c..ccccevviiriininiinienennne. &9
Fig. 5.21 Variation of equivalence ratio with engine speed. ........c..ccccevvverieneriieneenennene &9

X1



Fig. 6.1 Variation of BSCO with engine load. ...........ccceeviieeiiiieiiieeieeeeeeee e 93

Fig. 6.2 Variation of BSCO with engine speed..........ccceeeviieeiiieeiiieeieeeee et 94
Fig. 6.3 Variation of BSHC with engine load. ...........ccccooeviiiiiiiniiniicee 95
Fig. 6.4 Variation of BSHC with engine Speed...........cccceeviiriieiieniienieeiieieee e 96
Fig. 6.5 Variation of BSNOx with engine load. ..........ccccccovveeiiiiiiiiiciieeeee e 98
Fig. 6.6 Variation of BSNO with engine 10ad...........ccccoeeviiiiiiiiniiiiceeceeeee e 98
Fig. 6.7 Variation of BSNO, with engine 1oad. ...........ccceeoveriiieiiiniiiinieeiieeeee e 99
Fig. 6.8 Variation of BSNOx with engine speed..........cccceevvieriiiiiiinieeiieniecieeie e, 100
Fig. 6.9 Variation of BSNO with engine speed. ........cccccocevviiniiiiniinieniniinicneeiceeee, 100
Fig. 6.10 Variation of BSNO, with engine speed. .........ccccocuevieninviinienienninicneeicneene. 101
Fig. 6.11 Variation of BSCO, with engine load............cccccveriiriiiiniieiiinieceeeieeeeee, 102
Fig. 6.12 Variation of BSCO, with engine speed. .........ccccouveriiriiieniieiienieceeeieeee e 102
Fig. 7.1 Variation of BSPM with engine load. ...........cccooeniiniiiiniiniiniiiccciceee, 106
Fig. 7.2 Variation of BSPM with engine speed..........cccccoerviiniiiiniinienieniinecneeiceeee 108
Fig. 7.3 Variation of total particle number concentration with engine load. .................. 109
Fig. 7.4 Variation of geometric mean diameter with engine load..........c...ccocceveininne. 109

Fig. 7.5 Variation of particle size distribution with (a) low, (b) medium and (c) high
ENZINE LOAAS. .. ittt ettt ettt nte bt e eeeereen 110
Fig. 7.6 Variations of (a) number and (b) percentage of nano-particle (Dp< 50 nm), ultra-

fine particle (50 nm < Dp < 100 nm) and fine particle (Dp > 100 nm) with engine load.

......................................................................................................................................... 112
Fig. 7.7 Variation of total particle number concentration with engine speed. ................ 113
Fig. 7.8 Variation of geometric mean diameter with engine speed.............cocceeveerueenne. 113

Fig. 7.9 Variation of particle size distribution with (a) low, (b) medium and (c) high
ENZINE SPEEAS. ..eeuvieeutieiieeiieite et et te et e e et e estteebeesteeeabeesstesabeesseeesbeenseesnbeensbeenbeenneeenseens 114
Fig. 7.10 Variations of (a) number and (b) percentage of nano-particle (Dp< 50 nm),

ultra-fine particle (50 nm < Dp < 100 nm) and fine particle (Dp > 100 nm) with engine

] 01T SRS 115
Fig. 7.11 Variations of (a) PM mass, (b) particle number concentration and (c) geometric
mean diameter with engine speed and [oad............cccceeviieiiiiniiiiiiniie e, 117
Fig. 7.12 Variation of particle size distribution with engine speed and load. ................. 117

Fig. 7.13 Variations of (a) number and (b) percentage of nano-particle (Dp< 50 nm),
ultra-fine particle (50 nm < Dp < 100 nm) and fine particle (Dp > 100 nm) with engine
SPEEA ANA 10AA. ....eieiiiiiieeiiee e et et 119

Xii



Fig. 7.14 Low magnification images of PM deposited on TEM grid, analyzed by SEM
(left) and STEM (right) at 2200rpm-57Nm, for different fueling modes. ...................... 121
Fig. 7.15 Low magnification images of PM deposited on TEM grid, analyzed by SEM
(left) and STEM (right) at 2200rpm-228Nm, for different fueling modes. .................... 123
Fig. 7.16 Medium magnification images of PM deposited on TEM grid, analyzed by
SEM (left) and STEM (right) at 2200rpm-57Nm, for different fueling modes. ............. 126
Fig. 7.17 Medium magnification images of PM deposited on TEM grid, analyzed by
SEM (left) and STEM (right) at 2200rpm-228Nm, for different fueling modes. ........... 127
Fig. 7.18 Primary particle diameter distribution for different fueling mods at 2200rpm-
57Nm (left) and 2200rpm-228Nm (T1ZHL). ..eeoveeiiieiieiiieieee e e 129
Fig. 7.19 Simplified sketch of nano-structure of primary particle ............ccecverveenennen. 130
Fig. 7.20 Nano-structure of PM analyzed by STEM (high resolution image) for different
fueling modes at 1400rpm-57Nm (left) and 1400rpm-228Nm (right)......cccceeevueeriennnne 132
Fig. 7.21 Nano-structure of PM analyzed by STEM (high resolution image) for different
fueling modes at 2200rpm-57Nm (left) and 2200rpm-228Nm (right).......cccveevrverveennenn. 134
Fig. 7.22 Distribution of fringe length of primary particles for different fueling modes at
2200rpm-57Nm and 2200rpm-228NM....ccueriiriiriieieniieienteneeie ettt 137
Fig. 7.23 Distribution of tortuosity of primary particles for different fueling modes at
2200rpm-57Nm and 2200rPpm-228N1M.....c.ueierirreriieeniieeiieeeieeeeieeesieeesreeesreeesereeenneeas 138
Fig. 7.24 Distribution of fringe separation distance of primary particles for different
fueling modes at 2200rpm-57Nm and 2200rpm-228NM. ....c..ccceriererrieneenieeienieneennens 139
Fig. 7.25 SAED pattern images of PM deposited on TEM grid, analyzed by STEM at
2200rpm-228Nm, for different fueling modes. .........cccvvevviieiiiieiiiieieeeeeee e, 141
Fig. 8.1 Variations of (a) specific emission and (b) mass fraction of OC1-OC4 and EC1-
EC3 in TC for diesel (D), blended (B), F+B and fumigation (F) modes with engine speed
ANA LOAA. ..cneiiiiiie ettt sttt 148
Fig. 8.2 Variations of (a) OC/TC, (b) EC/TC, (c¢) OC/EC and (d) TC/PM mass ratios with
engine speed and 10ad. ........coooiiiiiiiieiiieeee e e e 149
Fig. 8.3 Particle mass reduction curve for different fueling modes and operating
CONAITIONS. 1.ttt ettt b et sttt ettt be et sbe e s bt et e eatesbeebesaeesaeennens 150
Fig. 8.4 H-VS, L-VS and non-VS compositions of particles for diesel (D), blended (B),
F+B and fumigation (F) modes at different operating conditions............cccceeevveerveennneen. 151
Fig. 8.5 Activation energy versus (a) primary particle diameter (b) fringe length, (c)

tortuosity and (d) fringe separation distance for different fueling modes and conditions.

xiil



......................................................................................................................................... 157
Fig. 8.7 Variations of (a) WSOC/WSTC, (b) WSOC/OC, (c) WSOC/TC and (d)
WSOC/PM mass ratios with engine speed and load. ...........cccoveevvieiiiiiencieeccie e, 157

Fig. 8.8 Variation of total PAHs concentration based on low (MW < 200), medium (200
< MW < 250) and high (MW > 250) molecular weight for different fueling modes and

loads (57Nm and 228Nm) at 22001PIM......cvieriieiiieriieeiierie et eeiee et ereesreeebeeseneeeeens 160
Fig. 8.9 Variation of BaPeq for different fueling modes and loads (57Nm and 228Nm) at
2200TPIM. ettt ettt ettt et et ettt b e sb bt a et e bbbt bbbt et et et e bbb ene e 161
Fig. 8.10 Variation of n-alkanes concentration for different fueling modes and loads
(57Nm and 228Nm) at 2200TPIN. c..eeevierirerieriieeieesieereeseeeteeseeeseessaessseessseesseessseesseens 162
Fig. 8.11 Variation of total n-alkanes concentration based on medium chain and long
chain for different fueling modes and loads (57Nm and 228Nm) at 2200rpm................ 163
Fig. 8.12 Variation of sodium with engine speed and load..............cccceeriiiiinnnnninnnn. 164
Fig. 8.13 Variation of ammonium with engine speed and load. ...........ccccceevvveennnnnnnen. 165
Fig. 8.14 Variation of nitrate with engine speed and load. ..........c.ccceevviviieiniieenieennen. 165
Fig. 8.15 Variations of metals and elements with engine speed and load....................... 169

Fig. 8.16 Composition of PM mass (+ standard error at 95% confidence level) for diesel,
blended, F+B and fumigation modes at different engine speeds and loads. ................... 172
Fig. 8.17 Composition of PM mass for (a) diesel mode, (b) blended mode, (c¢) F+B mode
and (d) fumigation mode based on the average of four conditions. ...........ccceeereenennnen. 173

Fig. A.1 Flow chart of the image processing program for STEM images. ........cc.c........ 183

Xiv



LIST OF TABLES

Table 3-1 Specifications Of t€St ENEINE ........cccuveerciiieeiiieeiie et e e e ens 25
Table 3-2 Operating conditions for the present StUdy .........cccceeevviieieiiieinieeeniie e 26
Table 3-3 Properties of the tested fUClS.........cccveviiiiiiniiiiieeee e 27
Table 3-4 Composition of fatty acids in waste cooking oil biodiesel ............cccceveeuennee. 28
Table 3-5 Magnification and resolution of STEM and SEM...........ccccoeieiiiiiiieiiieeeiene 34
Table 3-6 Minimum detection limit (MDL) of the DRI carbon analyzer ......................... 40
Table 3-7 Two-stage heating program for TGA ........ccccceveieriieiienieeeeeeeee e 42
Table 3-8 Type of used equipment with range and accuracy..........ccceccverveereerveenreenenennn. 46
Table 4-1 Properties of the tested fUClS.........cccveviieiiieiiiiiieeeee e 49

Table 4-2 Effect of used alternative fuels on the engine combustion and performance and
emissions based on the average of five engine 10ads..........ccceeiiiiiiiiiiniiiii e 65
Table 5-1 Effect of fueling modes on the engine combustion and performance based on
the average of five engine loads and SPeeds ...........cccvevvieriiieiieiiiiiecece e 91
Table 6-1 Effect of fueling modes on the regulated gaseous emissions based on the
average of five engine 1oads and SPeeds ...........cocieriiriiieniiiiieiiee e 103
Table 7-1 Mean primary particle diameter (nm (SD)) for different fueling modes and
OPETAtING CONAITIONS ....vviieiiiieeiiieeiieeeieeeetteeeiteeeiteesteeesaeeessaeeesabeeesnseeensseeesseessseesnnseas 128
Table 7-2 Fringe length (L,), tortuosity (Tf) and fringe separation distance (Ds) of
primary particles for different fueling modes and conditions...........ccceveevierienenicnnenne. 135
Table 7-3 Effect of fueling modes on the PM emissions and physical properties of PM
based on the average of various CONAItIONS.........ceecuveeeriiieeiiieeeiieeeiie e e 142
Table 8-1 Particle oxidation kinetic parameters for different fueling modes and operating
COMAITIONS ..ottt ettt ettt sttt et aeaesaesaeene e eae 152

Table 8-2 Variations of WSOC/WSTC, WSOC/OC, WSOC/TC and WSOC/PM mass

ratios based on average of four Conditions...........cccvveeeiiieeiiieeiieece e 156
Table 8-3 Individual PAH for different fueling modes and loads at 2200rpm, (mean+SD;
LLEKWI) et ettt sttt e ettt e rte e et e e bt e e naeeneeenaeenne 159

Table 8-4 Effect of the fueling modes on the individual metals and elements compared to
the diesel mode in Percentage (90) .....ccveeeueeeriiieeiiee et e e 169
Table 8-5 Effect of fueling modes on the chemical properties of PM based on the average
OF fOUL CONAITIONS ...ttt ettt s sae e 174

Table B-1 Specifications of the total organic carbon analyzer ..........c.ccccceeveviieniinnnnnen. 184

XV



Table C-1 Specifications of the scanning spectrophotometer............ccceevevveeeveeeeveeenneen.

Table D-1 Operation conditions for ICP-OES ...........cccoooiiiiiiie e,

Xvi



NOMENCLATURE AND ABBREVIATIONS

NOMENCLATURE

ny Diesel fuel mass consumption rate (kg/s for BTE and g/h for BSFC
calculations)

MppE Blended fuel mass consumption rate (kg/s for BTE and g/h for BSFC
calculations)

ny Fumigated fuel mass consumption rate (kg/s for BTE and g/h for BSFC
calculations)

X; Sample observation

X, Xy Independent variables

X, Mean of measurements

A Lambda (air/fuel equivalence ratio)

v Degrees of freedom

@y, ...,0N Uncertainties of independent variables

w, Random error

Wp Uncertainty of the result

Wy Systematic error

[CO2]b CO; concentration of the exhaust gas in the background (%)
[COs4 CO; concentration of the exhaust gas after dilution (%)
[CO2]e CO; concentration of the exhaust gas before dilution (%)
°CA Crank angle degree

‘OH Hydroxyl radical

A Frequency factor (s™)

Ds Fringe separation distance (nm)

E Activation energy (kJ/mol)

HO; Peroxyl radicals

keV Kiloelectron-volts

L, Fringe length (nm)

LHV Lower heating value (kJ/kg)

xvii



LHV4 Lower heating value (kJ/kg) for diesel
LHVpgg Lower heating value (kJ/kg) for blended fuel
LHV¢ Lower heating value (kJ/kg) for fumigated fuel
mol Mole
N Number of samples or number of particles
n Reaction order
Py Brake power (kW)
pC Pico coulomb
Molar gas constant (8.314 J/mol.K)

. Correlation coefficient
T Tortuosity (non-dimensional ratio)
ABBREVIATIONS
AB Animal biodiesel
ALM Accurate lambda meter
ASTM American Society for Testing and Materials
B Biodiesel or Blended mode
BaP Benzo[a]pyrene
BBu Biodiesel-butanol
BE Biodiesel-ethanol
BM Biodiesel-methanol
BMEP Brake mean effective pressures
BO Biodiesel-octanol
BPe Biodiesel-pentanol
BPr Biodiesel-propanol
BSCO Brake specific carbon monoxide
BSCO, Brake specific carbon dioxide
BSFC Brake specific fuel consumption

xviil



BSHC Brake specific hydrocarbon

BSNO Brake specific nitrogen monoxide
BSNO; Brake specific nitrogen dioxide
BSNOx Brake specific nitrogen oxides
BSPM Brake specific particulate matter
BTDC Before top dead center

BTE Brake thermal efficiency

CI Compression ignition

CcoO Carbon monoxide

CO, Carbon dioxide

Ccov Coefficient of variation

COV (max(dr/dey Coefficient of variation in maximum cylinder pressure

COVimEp Coefficient of variation in indicated mean effective pressure
CPC Condensation particle counter

D Diesel fuel or Diesel mode

DAcBuE Diesel-acetone-butanol-ethanol

DB Diesel-biodiesel

DBBu Diesel-biodiesel-butanol

DBBuPr Diesel-biodiesel-butanol-propanol

DBE Diesel-biodiesel-ethanol
DBM Diesel-biodiesel-methanol
DBPe Diesel-biodiesel-pentanol
DBPr Diesel-biodiesel-propanol
DBu Diesel-butanol

DCP Diffusion combustion phase
DE Diesel-ethanol

DEh Diesel-ethylhexanol

DF Dual-fuel

DI Direct injection

X1X



DM
DMA
DNA
DO
DOC
Dp
DPe
DPr
DR
DS
DSC
E

EC
EC1

EC2

EC3

ECU
EGT
EOC
EUSAAR
F/A
F+B
FAME
FC

F
GC/MS
GMD
HC

Diesel-methanol

Differential mobility analyzer
Deoxyribonucleic acid
Diesel-octanol

Duration of combustion
Diameter of particle
Diesel-pentanol
Diesel-propanol

Dilution ratio

Dry soot

Differential scanning calorimeter
Ethanol

Elemental carbon

Elemental carbon determined in 98% helium/2% oxygen atmosphere at
580 °C

Elemental carbon determined in 98% helium/2% oxygen atmosphere at
740 °C

Elemental carbon determined in 98% helium/2% oxygen atmosphere at
840 °C

Electronic control unit

Exhaust gas temperature

End of combustion

European supersites for atmospheric aerosol research
Fuel/air ratio

Fumigation+blended mode

Methyl ester of fatty acids

Fuel consumption

Fumigation mode

Gas chromatograph/Mass spectrometer
Geometric mean diameter

Hydrocarbons

XX



HCLD
HFID
HRR
HRTEM
H-VS
IC

ID
IMEP
IMPROVE
IS

ISO
ITE
KHP
LPG
LSD
L-VS
MDL
MO
NDIR
NO
NO;
non-VS
NOx
NPOC
oC
OCl1
0C2
0C3
0C4

Heated chemiluminescent analyzer

Heated flame ionization detector

Heat release rate

High-resolution transmission electronic microscope

High-volatile substance

Inorganic carbon or Ion chromatograph

Ignition delay

Indicated mean effective pressure

Interagency monitoring of protected visual environments

Indicated specific

International Organization for Standardization

Indicated thermal efficiency (%)

Potassium hydrogen phthalate

Liquefied petroleum gas

Low-sulfur diesel

Low-volatile substance

Minimum detection limits

Mahua oil

Non-dispersive infrared analyzer

Nitrogen monoxide

Nitrogen dioxide

Non-volatile substances

Nitrogen oxides

Non-purgeable organic carbon

Organic carbon

Organic carbon determined in a 100% helium atmosphere at 140 °C
Organic carbon determined in a 100% helium atmosphere at 280 °C
Organic carbon determined in a 100% helium atmosphere at 480 °C

Organic carbon determined in a 100% helium atmosphere at 580 °C

xx1



PAH Polycyclic aromatic hydrocarbon

PCP Premixed combustion phase
PM Particulate matter
POC Pyrolyzed carbon

POHRI10 Positions of 10% heat release
POHRS50 Positions of 50% heat release
POHRO95 Positions of 95% heat release

Pr Pressure

ROI Region of interest

rpm Revolution per minute
RSD Relative standard deviation
RSO Rubber seed oil

RSOME Rubber seed oil methyl ester

SAED Selected-area electron diffraction

SD Standard deviation

SEM Scanning electron microscope

SMPS Scanning mobility particle sizer

SOC Start of combustion

SOF Soluble organic fraction

SOI Start of injection

STEM Scanning transmission electron microscope
STN Speciation trends network

TC Total carbon

TD-GC/MS  Thermal desorption-gas chromatography/mass spectrometry

TEF Toxic equivalent factor

TEM Transmission electron microscope
TEOM Tapered element oscillating microbalance
TGA Thermogravimetric analyzer

THC Total hydrocarbons

xxi1



TNC
TOC
TOR

ULSD
U.S.EPA
VB

VOC
VOF

VS
WSIC
WSOC
WSTC
XRD

Total number concentration
Total organic carbon

Thermal optical reflection
Total uncertainty
Ultra-low-sulfur diesel

United States Environmental Protection Agency
Vegetable biodiesel

Volatile organic compound
Volatile organic fraction
Volatile substance
Water-soluble inorganic carbon
Water-soluble organic carbon
Water-soluble total carbon

X-ray diffraction

xx1ii



CHAPTER 1 INTRODUCTION

1.1 Background

According to 2018 Outlook for Energy [1] and BP Energy Outlook 2018 Edition [2], the
world’s population (about 7.5 billion, today) is expected to reach approximately 9 billion
people by 2040. The huge increase in population will drive the global energy demand up
by about 25% from 2016 to 2040. Global transportation-related energy demand is also
projected to increase by about 30% in the same period of time; while about 60% of this
growth is in liquid fuels [1,3]. Petroleum oil will remain an essential energy source for
the transportation sector, despite there will be increasing penetration of alternative fuels,
particularly natural gas and liquefied petroleum gas (LPG), and electrical vehicles by
2040 [1-3]. To reduce the threats of engine emissions to the environment and human
health, some countries, especially those in Europe, are planning to ban the sale of new
vehicles powered by gasoline or diesel engines starting in 2030. However, such motions
are aimed at private cars. For commercial vehicles, like the heavy-duty vehicles, diesel
engines will remain be the main choice in the foreseeable future. It is expected that diesel
fuel demand will grow by about 30% to meet marine and trucking demands from 2016 to
2040. However, the use of diesel oil in transportation sectors leads to increase in air

pollution, global warming and human health issues.

In recent years, air pollution is a major concern due to its serious toxicological influence
on human health and the environment [4]. In detail, air pollution has long-term impacts
on human health such as causing inflammations, respiratory infections, cancer and
cardiovascular dysfunctions [5-10]. Various sources such as cigarettes (as a small unit),
natural sources like volcanic activities and emissions from industrial activities and
automobiles have impacts on the formation of air pollution [11,12]. While in the
automobile sector, the diesel engines have a huge effect on the formation of air
pollutants, especially NOx and PM. Thus, the search for environmentally-friendly,
economical and sustainable technologies or alternative energy sources for operating
diesel engines will remain the major challenges in the future [3,13]. Over the last few
decades, several techniques have been applied to overcome these challenges, which
include improvement in engine technology, use of emission catalysts and development of
alternative fuels. The literature reveals that the use of renewable alternative fuels, in lieu

of the non-renewable fossil fuels, is one of the most attractive, suitable and promising
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methods to reduce emissions from the transportation sectors [14-16].

Among all the renewable alternative fuels, biodiesel and alcohols (especially ethanol) and
their blend with diesel have been widely investigated for use in diesel engines [17-20].
Biodiesel can be blended easily with diesel. The most common method to use biodiesel in
a diesel engine is to use it in the blended form with diesel. On the other hand, among the
alcohols, methanol and ethanol are immiscible with diesel; while higher molecular weight
alcohols are miscible with diesel. Therefore, various techniques have been applied for the
application of alcohols in diesel engine. Common techniques to use alcohols in diesel

engines include the following:

1. Alcohol-diesel blend: in this method, the alcohol and diesel fuels are premixed
uniformly, if they are miscible, and then injected by a high-pressure pump via the fuel
injector into the engine cylinder directly.

2. Alcohol fumigation: in this method, the alcohol fuel is introduced into the intake air
upstream of the manifold by using low-pressure fuel injectors. However, the amount
of injected alcohol should be controlled to prevent flame quenching and misfire at
low engine loads and the incipience of engine knock at high engine loads.

3. Alcohol-diesel emulsification: in this method, if the two fuels are immiscible, an
emulsifier or co-solvent is used to mix the alcohol with diesel fuel for preventing their
separation.

4. Dual injection system: in this method, a separate high-pressure fuel injection system
and a related major design change of the cylinder head are required for the injection

of the two fuels into the cylinder, using separate fuel injectors [21,22].

However, among the above four methods, the alcohol-diesel blended and alcohol

fumigation modes are the most commonly used methods in diesel engines [16,21,23,24].

1.2 Overview and motivation

In recent years, the concept of fuel design has been developed in which different fuels are
mixed to obtain the desired fuel properties for application in diesel engines. Since
biodiesel-diesel blends and ethanol-diesel blends have their own advantages and
disadvantages, they have been blended together to form a ternary fuel, the diesel-
biodiesel-ethanol (DBE) blend, with more desired properties. DBE has been focused for

potential use in diesel engines due to its similar fuel properties with pure diesel. It can



fulfill the cetane number, viscosity and lubricity requirements for standard diesel fuel
[25] and it is stabile even below 0 °C [26]. On the other hand, in addition to the blended
mode, ethanol can be applied to a diesel engine in the fumigation mode by injecting it
into the air intake to form a uniform air/fuel mixture inside the engine cylinder. As
summarized in the review papers [21,27-29], each fueling mode, the blended or the
fumigation mode, has its own advantages and disadvantages. For instance, the application
of biodiesel and alcohols in the blended mode leads to increase in BTE and decrease in
HC and CO emissions, but increase in NOx emissions in most cases. On the other hand,
the application of the alcohols in the fumigation mode has reverse effects of the blended
mode, leading to decrease in NOx, but reduction in BTE and increase in HC and CO
emissions in most cases. However, most of the former studies on the application of
biofuels, mostly biodiesel and ethanol, to diesel engines were conducted either in the
blended mode or in the fumigation mode, separately. Only a few studies [30-33] were
conducted to compare the effect of these two modes, using the same fuel, on the same
diesel engine and under the same operating conditions. Moreover, in the reviewed

studies, only pure alcohol, mainly methanol or ethanol, was utilized as the fumigated fuel.

According to the literature review, there is lack of investigation conducted to understand
the differences between the effects of the blended mode and the fumigation mode of
operation on the performance, combustion and emissions of a diesel engine, especially on
the physicochemical properties of the PM. Also, only alcohol fuels were utilized in the
fumigation mode and the use of a mixture of biodiesel and alcohol as a fumigated fuel
cannot be found for comparison with the blended mode. Moreover, there are very few
studies about the effect of a fumigated fuel, containing a mixture of biodiesel and alcohol,
on the combustion, performance and emissions (but no investigation on the
physicochemical properties of PM) of diesel engines compared to pure diesel fuel
[34,35]. Since DBE is a viable blend for use in diesel engines and it is a widely
investigated blended fuel [15,16,27], there is an interest to apply it in the fumigation
mode, using a mixture of biodiesel and ethanol as the fumigated fuel, for comparison
with the use of DBE blend, on the combustion, performance and emissions of a diesel

engine with the same fuel composition and operating conditions.

Epidemiological and toxicological studies show that the PM emission is of major concern
because exposures to it might have pulmonary and cardiovascular morbidity and

mortality consequences due to its physicochemical properties [36-40]. Since diesel
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engines can produce reactive PM which is harmful for environmental chemistry, climate
and public health [41]; therefore, information about the physicochemical properties of
PM from diesel engines is required in order to find the appropriate methods to reduce PM
emissions. However, very few studies have been conducted to investigate the
physicochemical properties of PM from diesel engines operating in the blended mode
and/or in the fumigation mode; while there is almost no study comparing the
physicochemical properties of PM from blended mode operation with that form
fumigation mode operation. Therefore, the present research aims at covering the above
knowledge gaps by conducting experiments to compare the impact of blended mode,
using DBE as the fuel, with fumigation mode, using BE (mixture of biodiesel and
ethanol) as the fumigated fuel and diesel as the main fuel to form DBE, on the engine
combustion, performance, emissions and especially on the physicochemical properties of
PM. In addition, since the blended mode and fumigation mode have their own advantages
and disadvantages; therefore, the combined operation in blended and fumigation modes
may be useful to achieve the advantages of both modes, simultaneously. This type of

fueling system is introduced in this study as a fumigation+blended (F+B) mode.

1.3 Objective and scope

The present experimental study aims to investigate the effects of using DBE in different
fueling modes (blended, F+B and fumigation modes) on the engine combustion,
performance and emissions. In addition, this study investigates the physicochemical
properties of PM emitted from the engine using DBE in different fueling modes. In the
blended mode, 80% diesel, 5% biodiesel and 15% ethanol (D8OBS5SE1S5), by volume %,
were mixed. In the fumigation mode, a mixture of biodiesel and ethanol (BE) was
injected into the intake manifold and diesel fuel was used as the main fuel. In the F+B
mode, half of the mixture of BE was injected into the intake manifold as the fumigated
fuel and another half of the BE mixture was blended with diesel to form the DBE and
used as the main fuel. The experiments were conducted at different engine speeds and
loads at a constant mixture composition of DS8OBSE15 for the blended, F+B and
fumigation modes of operation to provide the same fuel composition and operating

conditions for comparing the effects of each fueling mode.



In particular, the objectives of the present experimental research involve:

1. To investigate the effects of alternative fuels (a ternary blend, DBE) in the blended
and fumigation modes on the engine combustion, performance and emissions of a
diesel engine under different engine loads and engine speeds.

2. To investigate the effects of a combined fumigation and blended (F+B) mode on the
engine combustion, performance and emissions of a diesel engine.

3. To investigate in particular the physical (particle number, size, mass, morphology,
micro-structure and nano-structure) and chemical (elemental carbon, organic carbon,
water-soluble organic carbon, particle volatility, oxidation reactivity, particle-phase
polycyclic aromatic hydrocarbons, particle-phase n-alkanes, metals, elements and
inorganic ions) properties of PM emitted from the engine using the ternary fuels in
different modes of operation.

4. To investigate the combustion mechanisms (in relation to the different modes of

combustion) affecting the performance and emissions of the engine.

1.4 Outline

The background, overview, motivation, objective and scope of the present study are
presented in this Chapter. Chapter 2 is an overview of the literature to show the methods,
operating conditions and finding of former investigations which are related to this study.
Chapter 3 presents the experimental setup and procedures for conducting the tests and
analyzing the results. Chapter 4 compares the effects of using ethanol, as the alcohol for
blending with diesel and biodiesel, with the effects of using other alcohols, namely
methanol, propanol, n-butanol and n-pentanol, on the combustion, performance and
emissions of a diesel engine. The results and discussions on the effects of the different
fueling modes (diesel, DBE blended, DBE fumigation, DBE F+B) are presented in four
separate chapters as: Chapter 5 on the engine combustion and performance; Chapter 6 on
the gaseous emissions; Chapter 7 on the physical properties of PM; and Chapter 8 on the
chemical properties of PM. The conclusions and suggestions for future study are

presented in Chapter 9.



CHAPTER 2 LITERATURE REVIEW

This chapter reviews former studies conducted to investigate the effect of using DBE, in
the blended or fumigation mode, on diesel engines. For studies conducted in the blended
mode, firstly, properties of DBE, secondly, influence of DBE blends on the combustion,
performance and emissions, and finally, influence on the physicochemical properties of
PM are presented. However, for studies conducted in the fumigation mode, since there is
lack of related studies involving the use of BE as the fumigated fuel, the effects of using
pure alcohols, in particularly those involving the use of ethanol, as the fumigated fuel on
the combustion, performance and emissions, and physicochemical properties of PM are
reviewed. At the end of this chapter, the knowledge gaps to be filled up by this study are
identified.

2.1 Blended mode

2.1.1 Properties of ternary blend

In recent years, biodiesel and ethanol have gained much attention for the potential use as
alternative fuels for diesel engines. This attention is due to their advantages such as wide
availability, easy handling, reasonable price and easy operating. Also both of them are
renewable and can be produced domestically in many countries. In addition, reduction in
emissions such as CO, unburned hydrocarbon and PM by use of biodiesel and ethanol in

diesel engines [21,27,28] is another important advantage of these two fuels.

Biodiesel, which is mainly Methyl Ester of Fatty Acids (FAME), can be produced from
vegetable oils (both edible and non-edible), animal fat and waste cooking oil [42].
Biodiesel can be used in diesel engines as a single fuel or as a diesel-biodiesel blend;
while no or little engine modifications [42,43] are required. However, ethanol cannot be
used as a single fuel in diesel engines and it should be blended with diesel with an
emulsifier (known as diesohol or e-diesel) or other. Ethanol has both positive and
negative effects on the properties of the blended fuel. On the one hand, it can improve the
cold flow properties such as cloud point, pour point and freezing point [44,45] and filter
plugging point and filterability [44]. On the other hand, it leads to decrease in density,
calorific value, kinematic viscosity [45] and flash point [46,47] and increase in corrosive

behavior [48] of the blended fuel.



Despite of the advantages of ethanol, there are some technical barriers and problems in
the direct use of ethanol in diesel engines due to the limited solubility of ethanol in diesel
[49-51]. Therefore, different additives (emulsifiers) have been added to the diesel-ethanol
blend to form stable diesohol. However, the additives can only improve the solubility, but
they cannot affect certain important properties of the blended fuel. For instance, the low

flash point of diesohol cannot be improved with the additives [52].

The use of biodiesel as a fuel additive in diesohol has positive influence like increase in
solubility of ethanol in diesel over a wide range of temperature and improvement in the
physicochemical properties of diesohol [16,26]. The fuel formed by the combination of
diesel, biodiesel and ethanol is referred to as DBE. DBE has good stability even under
under sub-zero temperature [16,53] and it has equal or superior physicochemical
properties compared to fossil diesel fuel [16,53,54], diesel-biodiesel or diesohol [16,55].
The water tolerance and stability of DBE is also better than diesohol and biodiesel-diesel
[56]. Different percentages of ethanol, biodiesel and diesel have been tested in ternary
blend, for example use of ethanol up to 40% with 10% biodiesel and 50% diesel [57].
According to the two review papers of Shahir et al. [16,27], it can be concluded that the
physicochemical properties of DBE are almost similar to the diesel fuel and it is suitable

for use in diesel engines.

2.1.2 Effect of blended mode on engine combustion, performance and regulated

emissions

Among all the alternative fuels, biodiesel, lower and higher alcohols or their blends with
diesel fuel (in binary, ternary or quaternary blends) have been utilized in various studies
to investigate their effects on the combustion, performance and emissions characteristics
of different diesel engines. In addition to DBE, these include blends of diesel-biodiesel
(DB) [15,58-75], diesel-ethanol (DE) [76-78], biodiesel-ethanol (BE) [76,79,80], diesel-
methanol (DM) [77,78,81,82], biodiesel-methanol (BM) [80,83,84], diesel-biodiesel-
methanol (DBM) [65,71,85-87], biodiesel-butanol (BBu) [79,88-91], diesel-butanol
(DBu) [77,91-96], diesel-biodiesel-butanol (DBBu) [66,69,73,91,97-104], diesel-pentanol
(DPe) [92-94,96,105], biodiesel-pentabol (BPe) [90,106], diesel-biodiesel-pentanol
(DBPe) [63,68,73,107,108], diesel-propanol (DPr) [109-112], biodiesel-propanol (BPr)
[113], diesel-biodiesel-propanol (DBPr) [73,114-116], diesel-octanol (DO) [117-119],
biodiesel-octanol (BO) [106,120], diesel-ethylhexanol (DEh) [121] diesel-biodiesel-



butanol-propanol (DBBuPr) [122] and diesel-acetone-butanol-ethanol (DAcBuE) [123].
Various investigations conducted with DBE on diesel engines are reviewed in this

section.

According to literature, studies about the effect of DBE on the performance and
emissions of diesel engines can be traced back to about 1995. Ali et al. [124] performed
experiments to optimize the blend of diesel, methyl tallowate and ethanol with
concentrations of 80:13:7, 70:19.5:10.5 and 60:26:14 (by volume %) respectively, to find
a suitable blended fuel to reduce engine emissions. It was found that the blended fuel
with concentration of 80:13:7 had the lowest emissions and it had no significant effect on
the engine power output. Shi et al. [56] investigated the effects of DB12E3 and DB16E4
(by volume %) on the engine performance and emissions of a diesel engine under various
engine speeds and loads. It was recorded that the use of DBE caused reduction in PM and
CO, but increase in BSFC, NOx and HC compared to the diesel fuel. Also, Shi et al.
[125] found that the application of DB20ES5 (by volume %) had lower PM, but higher
NOx compared to the diesel fuel. In another study, Barabés et al. [126] observed that
DBE caused decrease in BTE, PM, HC and CO and increase in BSFC, CO, and NOx in
comparison with the diesel fuel. In addition, various studies about the use of DBE in
diesel engines, which are summarized in some review papers [15,17,27], which show that
investigations on the combustion, performance and emissions of diesel engines fueled

with DBE blends remain active in recent years.

Oliveira et al. [127] evaluated the combustion, performance and emissions of a four-
cylinder stationary diesel engine under a fixed engine speed of 1800 rpm with different
engine loads, varying from 0 kW to 37.5 kW, fueled D93B7 (as a reference fuel),
D88B7ES, D83B7E10 and D78B7E15 (by mass %). According to their results, the
increase in ethanol concentration in the blends led to reduction in duration of combustion,
CO; and NOx and increase in ID and fuel consumption compared to those of D93B7. The
in-cylinder peak pressure and the heat release rate were decreased at low engine loads,
but increased at medium and high engine loads with the increase in ethanol concentration
in comparison with D93B7. The CO and HC emissions were increased at low and
medium loads, but dropped at high engine loads with the rise in ethanol content compared

to D93B7.



Tse et al. [128,129] analyzed the performance, emissions and soot properties of a four-
cylinder DI diesel engine at a fixed engine speed of 1800 rpm with five engine loads
fueled with diesel, biodiesel, DB and DBE. For the blended fuels, the biodiesel
concentration was fixed at 15% (by volume %); while ethanol had various concentrations
of 0, 5, 10 and 20%. Their results revealed that the increase in ethanol concentration in
the DBE caused decrease in duration of combustion, BSNOx, BSPM mass, TNC and
increase in BSFC, BTE (slight rise), in-cylinder pressure, peak heat release rate and ID. It
was also reported that the increase in ethanol in the DBE led to decrease in diffusion
combustion duration and hence lower mass of fuel burned in the diffusion mode,

resulting in lower PM emissions.

Shinde et al. [130] investigated the influence of DBE on the performance and emissions
of a single-cylinder, variable compression ratio diesel engine under a fixed engine speed
and six engine loads with three compression ratios of 16,17 and 18. Three blended fuels,
D90BSES, DSOB10E10 and D8OBSE1S, were used. It was found in general that all the
tested blends had higher BTE, but lower smoke at almost all the tested engine loads and
compression ratios compared to the diesel fuel. However, the DBE blends had a reduction

effect on CO; only at higher engine loads (75 and 100% loads).

Paul et al. [131] investigated the effect of DBE on the combustion, performance, exergy
and emission characteristics of a single-cylinder diesel engine under a constant speed of
1500 rpm and six engine loads. Five fuels were tested as D100, D45B50ES5, D40B50E10,
D35B50E15 and D30B50E20. It was found the D35B50E15 blend was the best blended
fuel in regard to the combustion, performance, exergy and emission characteristics.
Because this blended fuel had the lowest BSFC, HC and CO and the highest BTE,
exergetic efficiency, maximum in-cylinder pressure and heat release rate among all the

tested fuels. This blended fuel also had lower NOx emissions compared to the diesel fuel.

Aydin and Ogiit [132] explored the impact of DBE fuel on the performance and
emissions of a single-cylinder diesel at a constant engine load with various engine speeds.
Four blended fuels (D95B2.5E2.5, D9OBSES, D92.5B2.5E5 and D92.5B5E2.5, based on
volume %) were analyzed to compare their effects on the performance and emissions
(including CO,, CO, HC, O,, NOx and SO,) in comparison with pure diesel fuel. The
results showed that the D92.5B5E2.5 was the optimum in regard to the emissions; while

pure diesel had the highest engine performance.



Jamrozik et al. [133] investigated the influence of using DBE on the combustion,
performance, and emissions characteristics on a single-cylinder DI diesel engine under a
constant engine speed and three engine loads of 70, 85 and 100% of the maximum load.
Ethanol up to 50% (volume %) was added to diesel-biodiesel blends. It was recorded that
in general the increase in ethanol in the blends caused increase in fuel consumption, BTE,
ID, BSNOx, BSCO,, in-cylinder temperatures and IMEP and decrease in duration of
combustion and BSCO. It was found that with up to 30% of ethanol in the blended fuel,
BSHC and COVyygp of the blended fuels were almost similar to the diesel fuel; while
further increase in ethanol concentration up to 50% caused increase in BSHC and

COVvmep compared to the diesel fuel.

Tan et al. [134] investigated the influence of DBE emulsions on the single-cylinder DI
diesel engine under nine engine speeds. The experiments were conducted on five fuels
including pure diesel, DB20, DBI15ES5, DB10E10 and DBSE15 (by volume %). The
diesel content was fixed at 80% for all the blended fuels. According to the results, the use
of DB and DBE fuels caused reduction in engine power, torque, exhaust gas temperature,
BTE, volumetric efficiency, CO and CO,, but increase in BSFC, under almost all engine
speeds compared to the diesel fuel. However, the DB fuel had higher NOx at all speeds;
while the DBE fuels had lower NOx at most of the tested speeds in comparison with the

diesel fuel.

Hu et al. [135] investigated the volatile organic compound (VOCs) emissions of a single-
cylinder diesel engine under five operating conditions fueled with diesel and DBE (10%
ethanol and 30% biodiesel, volume %). In that study, benzene, ethylbenzene, toluene, n-
butyl acetate, styrene, m-xylene, p-xylene, o-xylene, n-undecane were analyzed with Gas
chromatograph/ Mass spectrometer (GC/MS). It was found that benzene and toluene were
the major VOCs for both fuels. In addition, it was observed that in general DBE fuel had
lower VOCs compared to the diesel fuel.

Emiroglu et al. [136] studied the combustion, performance and emissions of a single-
cylinder diesel engine fueled with diesel, biodiesel and alcohols (methanol, ethanol and
butanol) at a constant engine speed of 1500 rpm with four brake mean effective pressures
(BMEP) of 0.09, 0.18, 0.27 and 0.36 MPa. Five fuels including pure diesel, D80B20,
D70B20M10, D70B20E10 and D70B20Bul0 were utilized. According to the results for

the engine combustion, it was observed that ignition delays, maximum cylinder pressures,
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maximum pressure rises and maximum heat release rates of the alcohols were higher than
those of pure diesel for all the engine loads. In regard to the engine performance, the
increase in the BSFCs and similar BTEs were for alcohol blends compared to the diesel
fuel. For emissions, alcohol fuels had lower CO and smoke, but higher NOx and HC in

comparison with the diesel fuel.

Noorollahi et al. [137] investigated the influence of DBE on the performance and
emissions of a single-cylinder DI diesel engine at four engine speeds under full engine
load. In addition, the fuel properties of DBE were analyzed. Four fuels including D100,
D97B2E1, D94B4E2 and D91B6E3 were tested. It was concluded that D91B6E3 had the
best efficiency, performance, and emission among the all the tested fuels. However, the

amount of ethanol used in the blended fuels was very low in that investigation.

Guedes et al. [138] investigated the effects of DBE on the combustion and performance
of a four-cylinder diesel engine (Euro III) under three engine speeds and two loads with
different fuel injection timings for the fuel. The biodiesel percentages in blends were 7
and 15%, the ethanol percentages were 0, 5, 10, 15 and 20% by volume and the diesel
percentage varied to achieve the desired blend percentages; while 1% additive was added
to each blend to ensure the blend’s stability. It was found that the increase in ethanol in
the blended fuel caused increase in fuel consumption and ignition delay at various
injection timings. In addition, the best fuel injection optimizations were observed for the
advance in fuel injection by 1°CA for each 5% ethanol increment from BI15ES to BISE15

due to ethanol’s combustion postponing characteristic properties.

Prakash et al. [139] attempted to find an optimum ternary fuel blend with castor oil-
diesel-bioethanol suitable for small diesel engines in regard to the combustion,
performance and emissions. Experiments were conducted on a single-cylinder diesel
engine at constant engine speed of 1500 rpm with four engine loads. Five fuels including
pure diesel, neat castor oil (biodiesel), D30B60E10, D30B50E20 and D30B40E30 were
tested. For engine combustion, it was found that castor oil and all blended fuels had lower
maximum rate of pressure rise, but longer ignition delay and combustion duration
compared to the diesel fuel. In regard to engine performance, castor oil and all blended
fuels caused increase in BSFC and decrease in BTE. In addition, castor oil and all
blended fuels had a reduction effect only for NO emissions, but CO, HC and smoke of
these fuels were higher than diesel fuel. The lowest NO and BTE and the highest BSFC,
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CO, HC and smoke among all the tested fuels were recorded for the neat castor oil.

According to the results, the D30B40E30 was selected as the optimum blended fuel.

Madiwale et al. [45] analyzed the fuel properties and engine performance of a single-
cylinder diesel engine fueled with diesel, ethanol and biodiesel (from different feedstocks
including Jatropha, Soybean, Palm, and Cotton seed) at a fixed speed of 1500 rpm with
five engine loads. Two types of blends were prepared as diesel-biodiesel blends without
ethanol (20, 40, 60 and 80% of biodiesel, by volume %) and diesel-biodiesel blends with
5% ethanol. It was recorded that the use of ethanol as an additive into the DB blends
caused decrease in the density, calorific value and kinematic viscosity, improvements in
the cold flow properties such as cloud point and pour point and increase in the BSFC and

BTE compared to DB.

Turkcan [140] investigated the injection, combustion, performance and emission
parameters of a four-cylinder, common rail DI diesel engine under a constant engine
speed of 2000 rpm with four engine loads fueled with diesel, biodiesel and ethanol. Two
types of biodiesel were tested as animal biodiesel (AB) and vegetable biodiesel (VB).
The experiments were conducted at five fuels namely pure diesel, D55AB20E2S,
D45AB20E35, D55VB20E25 and D45VB20E35, by mass percentage. In general, all the
DBE fuels led to reduction in maximum pressure rise rate, in-cylinder pressure, smoke
and HC and increase in ID, BSFC and NOx in comparison with pure diesel fuel. It was
also found that the blended fuels caused reduction in BTE at low engine load, but

increase at medium and high loads.

Mahmudul et al. [141] investigated the combustion characteristics of a single-cylinder
diesel engine at 1200 rpm with one engine load fueled with diesel, D95BS, D80B20,
D75B5E20 and D75B5Bu20 by volume %. It was obtained that all the blended fuels had
slight increase in in-cylinder pressures compared to diesel. The ethanol blend had the
lowest ID among all tested fuels. Also it had slightly higher energy release and faster

mass burned fraction compared to diesel.

It can be concluded, despite of many studies had been conducted in the last two decades
to investigate the effects of DBE on the combustion, performance and regulated
emissions of diesel engines, there are continued investigations in recent years to
understand the effects of different blending ratios and different biodiesel on the

performance, as well as the combustion and emissions characteristics of diesel engines.
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2.1.3 Effect of blended mode on physicochemical properties of PM

According to the literature review, only a few studies have been performed to explore the
effects of DBE on the physicochemical properties of PM. However, many studies have
been conducted to investigate the physicochemical properties of PM using diesel,

biodiesel or diesel-biodiesel blends [142-144].

Chen et al. [145] performed some experiments to investigate the impact of DE and DBE
on the combustion and PM emissions of a four-cylinder diesel engine using six fuels
including pure diesel, DE10, DE30, DB5SE10, DB10E20 and DB10E30. It was found that
the increase in ethanol in the DBE fuels caused decrease in the PM mass, smoke and dry
soot (DS) compared to the diesel fuel. However, the sulfates of all the fuels were almost
similar to each other. The soluble organic compounds (SOF) were lower for DBE than
diesel fuel; while the lowest SOF value was recorded for 20% ethanol in DBE. It was
reported that about 80% of PM emitted from DB10E30 was SOF and about 10% was DS;
while the diesel had the lowest SOF, but highest DS percentages among all the tested

fuels.

Tse et al. [128,146] examined the performance, emissions and soot properties of a four-
cylinder DI diesel engine under a constant engine of 1800 rpm with five engine loads
(BMEPs of 0.09, 0.17, 0.35, 0.58 and 0.70 MPa), fueled with diesel, biodiesel, DB and
DBE. For the blended fuels, the biodiesel concentration was fixed at 15% (by volume %);
while ethanol had various concentrations of 0, 5, 10 and 20%. For the soot properties, it
was found that the biodiesel and all the blended fuels had higher BSVOF compared to the
diesel fuel; while the pure biodiesel had the highest value among all the fuels. However,
the increase in ethanol in the blends caused a slight reduction in BSVOF (DBE20 had
lower BSVOF than DBEYS). It was also found that the increase in ethanol in DBE caused
increase in mass fraction of VOF in PM at both low and high loads compared to the
diesel fuel. In addition, the biodiesel has the highest mass fraction of VOF in PM among
all the tested fuels. For DBE20, about 50% of PM was VOF at low load and about 20%
of PM was VOF at high load. For the diesel, about 30% of PM was VOF at low load and
about 10% of PM was VOF at high load.

They extended their investigations to the morphology and oxidation reactivity of the PM
using  High-resolution transmission electronic  microscope (HRTEM) and

thermogravimetric analyzer (TGA), respectively. Their results revealed that increase in
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ethanol in the blended fuel caused increase in amorphous nano-structure characterized by
smaller particles and agglomerates. In addition, it was found that agglomerates from
different fuels (diesel, biodiesel and DBE) at different loads were observed to be
composed of fine primary particles to form a mixture of chain-like structures and clusters
of spherules (Fig. 2.1and Fig. 2.2). The increase in fuel oxygen content led to reduction in
size of primary particle, agglomerates, fringe separation and fringe-length, but increase in

tortuosity in comparison with the diesel fuel.

Fig. 2.1 TEM images of soot particles from (a) ULSD, (b) biodiesel, (c) DBEO, (d) DBES, (e)
DBEI10 and (f) DBE20 at engine load of 0.17 MPa [128].

Fig. 2.2 TEM images of soot particles from (a) ULSD, (b) biodiesel, (c) DBEO, (d) DBES, (¢)
DBE10 and (f) DBE20 at engine load of 0.58 MPa [128].
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The TGA results indicated that the increase in fuel oxygen content caused reduction in
ignition temperature (Fig. 2.3), activation energy and frequency factor and increase the

oxidization reactivity (Fig. 2.4) compared to those of diesel fuel.
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Fig. 2.3 Heat flow rate (derivative of DSC signal) curves for different fuels at a high engine load
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Guan et al. [147] investigated the particle-phase compounds of PM emitted from a four-
cylinder diesel engine. Experiments were operated at a fixed speed of 1800 rpm with two
engine loads (25 and 75% of full torque) and fueled diesel, DB20, DB50, DBES and
DBE10 (by volume %); while 10% biodiesel was added to each DBE blend as a co-
solvent. It was recorded that both DB and DBE fuels had lower soot formation at both
loads; while the DBE had better physicochemical aspects in soot compared to the DB.
Also all the blended fuels had almost lower n-alkanes (C10-C30). Polycyclic aromatic
hydrocarbons (PAHs) of both blends also reduced with use of DB and DBE blends; while
DBE had higher effect on PAHs reduction than DB. The total particle-phase nitro-PAHs
emissions of both DB and DBE were lower than pure diesel; while DBE10 had the lowest
value. However, the use of DB and DBE caused increase in the total particle-phase oxy-

PAHs emission in comparison with the diesel fuel.

According to the above studies, it can be concluded that most of the investigations are
related to the engine combustion, performance and regulated emissions and only a few
studies have been performed to explore the effect of DBE on the physicochemical

properties of PM.
2.2 Fumigation mode

2.2.1 Effect of fumigation mode on engine combustion, performance and regulated

emissions

According to the literature, various studies have been conducted to explore the effects of
fumigated alcohols on the combustion, performance and emissions of diesel engines.
Besides ethanol, the fumigated alcohols used include methanol [148-169], butanol
[148,170-176] and propanol [148]. In addition, some studies utilized biodiesel (e.g. pine
oil [177,178]) as a fumigated fuel. Due to lack of investigation on DBE using a mixture
of biodiesel and ethanol as the fumigated fuel, the literature review presented in this
section is mostly related to investigations conducted using fumigated ethanol. In those
studies, fumigated fuel was injected into the intake manifold; while diesel fuel was

injected into the engine cylinder directly.

The application of fumigated ethanol for diesel engines can be found in about 1980s
[179]. Broukhiyan and Lestz [180] investigated the effects of fumigated ethanol, with up

to 50% of the total fuel energy, on the engine performance and emissions of a light-duty
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diesel engine under twelve operating conditions. It was found that fumigated ethanol
caused decrease in PM and NOx compared to the diesel fuel; while engine knock was
recorded using higher ethanol percentage. In another study, Heisey and Lestz [181] tested
the fumigated ethanol and methanol, with up to 55% of the total fuel energy, and found
that the fumigated alcohols caused reduction in PM and NOx and increase in ID and BTE
compared to baseline diesel operation. Hayes et al. [182] also examined the impact of
fumigated ethanol on the combustion and emissions of a turbocharged DI diesel engine
under a constant engine speed of 2400 rpm with three loads. It was recorded that the
fumigated ethanol had lower NOx, but higher rate of pressure rise, peak pressure, HC and

CO than those of baseline diesel operation.

Chauhan et al. [183] found that ethanol in fumigation mode improved engine
performance and caused reduction in exhaust temperature NOyx, CO;, and CO, but a
penalty of increase in HC in comparison with baseline diesel operation. Pannirselvam et
al. [184] explored the influence of fumigated ethanol on the performance and emissions
of a diesel engine under various fumigated ethanol percentages and operating conditions.
Their results showed that the fumigation mode had lower BTE and NOx and higher HC

and CO emissions compared to baseline diesel operation.

More recently, Morsy [185] investigated the impact of fumigated ethanol on the
performance and emissions of a single-cylinder diesel engine under a constant engine
load with six engine speeds. It was found the use of fumigated ethanol caused reduction
in exhaust gas temperature and increase in BSFC, CO, HC and thermal and exergy

efficiencies compared to baseline diesel operation.

Lee and Kim [34] investigated the impact of using wood pyrolysis oil+ethanol mixture as
a fumigated fuel on the combustion, performance and emissions of a single-cylinder DI
diesel engine under a constant engine speed of 1000 rpm with various engine loads. Three
mixtures for fumigated fuel (20, 30 and 40% of wood pyrolysis oil mixed with ethanol,
by mass %) were tested and the pure diesel was used as a pilot fuel. It was found that the
use of fumigation mode caused reduction in in-cylinder pressure, HRR, indicated fuel
conversion efficiency, COVvep, ISNOx and smoke opacity, but increase in ISHC, ISCO
and particle number concentration compared to baseline diesel operation. Similar results
were also reported by Lee et al. [35] for fuel conversion efficiency, ISNOx, ISHC and

ISCO using wood pyrolysis oil+ethanol mixture as a fumigated fuel.
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Bharathiraja et al. [186] explored the performance and emissions of a single-cylinder
diesel engine using fumigation mode under a fixed engine speed and various engine
loads. Ethanol and methanol were introduced into the intake manifold to achieve
fumigation ratios of 10, 20 and 30% based on energy. It was reported that both
fumigated fuels caused reduction in NOx, CO, and smoke and increase in BSFC, CO and
HC compared to baseline diesel operation. For BTE, the fumigated fuels had lower BTE
at low load, but slightly higher BTE at medium and high loads. It was concluded that the

ethanol had better performance and lower emissions compared to methanol.

Kumar et al. [187] investigated the effect of fumigated high octane fuels (ethanol,
methanol and eucalyptus oil) on the combustion, performance and emissions of a single-
cylinder diesel engine at a fixed engine speed of 1500 rpm with two engine loads. In
single-fuel mode, two fuels including pure diesel and pure Mahua oil (MO) were used. In
dual-fuel (DF) mode, the ethanol, methanol or eucalyptus oil was injected into the intake
manifold via a carburetor and MO was used as a pilot fuel. The amount of fumigated
fuels was tested up to the maximum possible limit. For engine combustion, it was found
that fumigated fuels had longer ID than pure diesel and MO for both load and different
fumigated fuel percentages; while the methanol the longest ID. However, the values of
peak in-cylinder pressure, maximum HRR and duration of combustion were varied with
different types and percentages of fumigated fuels and engine loads. In regard to engine
performance, the fumigated fuels had higher BTE than pure MO at 100% load, but almost
lower at 40% load. Compared to pure diesel, the fumigated fuels had almost lower BTE
at both loads (except eucalyptus oil at high load). The fumigated eucalyptus oil had the
maximum BTE among the fumigated fuels. In the respect of emissions, all fumigated
fuels caused decrease in NOx and increase in HC and CO at both tested loads compared
to pure diesel and MO. However, fumigated fuel had lower smoke opacities only
compared to pure MO for both loads. At low engine load, all the fumigated fuel and even

pure MO had huge increase in smoke opacities in comparison with diesel.

Geo et al. [188] analyzed the effects of fumigated ethanol on the combustion,
performance and emissions of a single-cylinder diesel engine at a fixed speed of 1500
rpm with four engine loads. The fumigated ethanol fractions were varied and three types
of fuels including diesel, rubber seed oil (RSO) and rubber seed oil methyl ester
(RSOME) were employed as pilot fuels. The results showed that the increase in ethanol

led to reduction in duration of combustion, brake specific energy consumption (BSEC),
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exhaust gas temperature and smoke; however, increase in peak in-cylinder pressure,
maximum rate of pressure rise, ID, BTE, NOx, HC and CO compared to baseline diesel,

RSO and RSOME fuels.

Lee et al. [189] investigated the effect of ethanol in fumigation mode on the combustion,
performance and emissions of a heavy-duty single-cylinder diesel engine conducted at
constant engine speed of 1000 rpm with different engine loads. The fumigated fuel ratio
(ethanol-diesel ratio) was controlled according to the input energy from 0 to about 50%
of input energy. It was observed that the increase in ethanol caused reduction in indicated
thermal efficiency (ITE), exhaust loss, ISNOx, ISPM, mean size of the PM emissions and
increase in ID, combustion loss, heat transfer loss, ISCO and ISHC in comparison with
the diesel fuel. Also, the increase in ethanol led to reduction in total particle number
(TNC), but increase in the number of nucleation mode particles compared to baseline
diesel operation. However, the effect of using fumigated ethanol on the in-cylinder

pressure, heat release rate and duration of combustion varied for different engine loads.

Pedrozo and Zhao [190] investigated the impact of fumigated ethanol on the combustion,
performance and emissions of a single-cylinder diesel engine. The tests were conducted
at different ethanol fractions, exhaust gas recirculation (EGR) ratios, effective
compression ratios (ECR) and global fuel/air equivalence ratios at a constant engine
speed (1200 rpm) and high load (IMEP of 1.8 MPa). It was observed that the increase in
fumigated ethanol fraction led to reduction in maximum in-cylinder pressure, maximum
HRR, ID (auto ignition was recorded), duration of combustion, combustion efficiency
and ISNOx and increase in net indicated efficiency, COVpgp, ISCO, ISHC and ISsoot
under almost all the tested EGRs compared to baseline diesel operation. It was reported
that the use of Miller cycle and charge air cooling could reduce the in-cylinder gas

temperature and control the auto ignition caused by fumigated ethanol.

The above studies show that the fumigation mode is still an attractive method in
application to diesel engines. There are still active investigations conducted to find a
suitable fumigated fuel and fumigated percentage to achieve the desired engine emissions
and engine performance. However, most of the former studies are related of the
fumigated ethanol and there are very few experiments about the use of a mixture of
biodiesel and ethanol (BE) as the fumigated fuel. In addition, most of experiments were

conducted under various engine loads at a constant engine speed, resulting in little
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information about the effects of engine speed on the engine combustion, performance and
emissions. Therefore, there is a knowledge gap about the effects of using BE as the

fumigated fuel on the engine combustion, performance and emissions, which needs to be

filled.

2.2.2 Effect of fumigation mode on physicochemical properties of PM

According to the literature, there are very few studies about the influence of the
fumigation mode on physicochemical properties of PM of a diesel engine. For instance,
Ruiz et al. [191] investigated the diesel PM oxidation reactivity and nano-structure and
morphological characteristics of a dual-fuel combustion engine using ethanol or n-
butanol as the fumigated fuel, with fumigation ratios of 10 and 15% based on the energy
of baseline diesel operation. The results showed that the use of ethanol or n-butanol as
fumigated fuel caused increase in PM, THC and VOF compared to baseline diesel
operation; while ethanol had the maximum values. In addition, according to TGA results,
the soot produced by the fumigation mode (for both ethanol and n-butanol) was more
reactive to oxidation and exhibited higher active surface area in comparison with soot
obtained under pure diesel operation; while ethanol had the highest values. However, the
results obtained from TEM, X-ray diffraction spectroscopy (XRD) and Raman
spectroscopy showed that the fumigation mode had almost no effect on the soot nano-
structure or PM morphology at both engine loads compared to soot obtained under pure
diesel operation. The measured soot nano-structure or morphology include interplanar
distance between carbon layers, stacking thickness, fringes length (analyzed by XRD),
Raman peaks intensity ratio (analyzed by Raman spectroscopy), aggregate images, mean

primary particle diameter and fractal dimension of aggregates (analyzed by TEM).

Gargiulo et al. [192] investigated the combustion, performance, emissions and
physicochemical properties of soot from a single-cylinder dual-fuel engine using ethanol
as a port injected fuel. The tests were performed using various ethanol percentages at
constant speed of 2000 rpm with two engine loads (medium and high loads). In regard to
PM, it was found that the increase in fumigated ethanol led to decrease in BSPM mass
and PM total number concentration. However, the TEM results showed that increase in
fumigated ethanol had no effect on the average size of primary particles and a negligible
effect on the soot nano-structural properties. The TGA analyses also revealed that the use

of fumigated ethanol had faster oxidation reactivity than pure diesel, and the soot mass
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losses for fumigated ethanol occurred at lower temperature compared to diesel.

It can be concluded from the above studies that investigation on the effects of fumigation
fuel on the physicochemical properties of PM from diesel engine remains a knowledge
gap in the literature, especially in the use of BE as the fumigated fuel. Therefore, more

experiments are needed to fill this gap.

2.3 Comparison between blended and fumigation modes on engine

combustion, performance and emissions

Several studies have been conducted to compare the effects between the blended and
fumigation modes on the diesel engine combustion, performance and emissions. Mariasiu
et al. [33] studied the performance and emissions of a single cylinder diesel engine using
DBS5 (95% diesel+ 5% biodiesel by volume %), blended mode (DBE15) and fumigation
mode (DB+ ultrasonic fumigation of bioethanol) under a constant speed of 1800 rpm and
four engine load. It was found that the fumigation mode had lower BSFC (-7.45%), NOx
(-3.8%) and THC (-1.63%), and higher CO (11.1%) emissions compared to the blended

mode.

Abu-Qudais et al. [30] compared the effects of ethanol fumigation and ethanol-diesel
blend on the performance and emissions of a single cylinder diesel engine at different
engine speeds. In that study, 20% of ethanol was mixed with diesel and 20% of ethanol
(ethanol percentage as a fraction of the diesel energy input at full rack setting) was used
in the fumigation mode. The results revealed that both modes had better performance and
emissions compared to baseline diesel operation; however, the fumigation mode showed
higher BTE and lower CO, HC and soot emissions, in comparison with the blended

mode.

Cheng et al. [31] compared the influences of 10% blended methanol (by volume %) or
10% fumigation methanol with waste cooking oil biodiesel on the performance and
emissions of a diesel engine at a constant engine speed of 1800 rpm with five engine
loads. It was observed that both modes of operation led to decrease in CO,, NOx and
particulate mass emissions and reduction in mean particle diameter in comparison with
baseline diesel operation; while the blended mode led to the lowest GMD and total
number concentration among all the tested fuels and modes of operation. Compared to

the diesel fuel operation, CO and HC emissions were similar in the blended mode, but
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were higher in the fumigation mode. In addition NO, emission in the fumigation mode
was higher than that of the blended mode and diesel mode. In regard to BTE, a higher
BTE was found at low engine load for the blended mode compared to the fumigation
mode; while a higher BTE was observed at medium and high engine loads for the

fumigation mode.

In addition, Sahin et al. [32] compared the impact of n-butanol/diesel blends and n-
butanol fumigation on the performance and emissions of a turbocharged diesel engine,
using 2%, 4%, and 6% by volume of n-butanol, under different engine loads and engine
speeds. It was found that both modes (blended and fumigation) led to reduction in smoke
compared to the diesel fuel; while the reduction was higher in the fumigation mode. NOx
emission of fumigation mode was lower than that of diesel fuel; however, NOx emission
of the blended mode was higher than that of diesel fuel. HC emissions of both modes
were higher than that of diesel fuel; being higher in the fumigation mode that in the
blended mode. Similarly, CO, emissions were increased for the two modes compared to
that of diesel fuel; however, CO, emissions were lower in the fumigation mode than in
the blended mode. In regard to BSFC, n-butanol fumigation caused increase in BSFC at
all test conditions; while the blended mode led to reduction in BSFC for 2% and 4% n-
butanol blends (except 6% n-butanol blend which caused increase in BSFC). Also, the
HRR diagrams of the blended modes were similar to those of diesel fuel; however, the
HRR diagrams of fumigation mode had a double peak structure. The first peak, which
was small, occurred earlier than that of diesel fuel and the second peak, which was also

the main peak, took place later.

It can be observed that only a few studies have been conducted to investigate the
differences between the blended mode and the fumigation mode on the engine
combustion, performance and emissions; while almost no information is available in
regard to the difference between the two modes on the physicochemical properties of PM.
In addition, only pure alcohols were used as fumigated fuels and BE cannot be found as a
fumigated fuel for comparison with blended mode (DBE). Thus, there are needs of more

experimental studies to fill these gaps.
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2.4 Summary

According to the above literature review, it can be concluded that despite of different
studies had been conducted using blended and fumigation ethanol, the following

knowledge gaps still exist.

e There is lack of investigation that compare the blended mode with fumigation mode
using DBE fuels on the engine combustion, performance and emissions;

e There is lack of investigation on the effects of a combination of fumigation and
blended modes (F+B mode) on the engine combustion, performance, emissions and
physicochemical properties of PM;

e There is lack of study about the physicochemical properties of PM for DBE blended
and fumigation mode of operation;

e There is lack of study on the use BE as the fumigated fuel;

This study will address the above issues.
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CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES

The present chapter describes the experimental setup and procedures for investigating
the engine performance, combustion and emissions under different fueling modes. The
measurement and analysis of combustion and performance parameters, the regulated

emissions and the methodologies for analysis of the physicochemical properties of the

PM samples are also explained.

3.1 Test engine rig

The test engine was a 4-cylinder, direct injection (DI), naturally aspirated, water-cooled
diesel engine. The engine speed and torque were controlled by use of an eddy-current
dynamometer and Ono Sokki heavy diesel engine test system. The schematic diagram of
the experimental setup and the specifications of the test engine are shown in Fig. 3.1 and
Table 3-1, respectively. In addition, schematic diagrams for different fueling modes
investigated in the present study, including diesel, blended, fumigation and combined

fumigation+blended are also presented in Fig. 3.1.
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Fig. 3.1 Schematic diagrams of the experimental setup (up) and fueling modes (down)

investigated in the present study.

Table 3-1 Specifications of test engine

Model

Isuzu 4HF1

Engine type

Combustion chamber shape

Maximum power
Maximum torque
Bore x stroke
Displacement
Compression ratio
Fuel injection timing
Injection pump type

Injection nozzle

In-line 4-cylinder DI
Omega

88 kW/ 3200 rpm

285 Nm/ 1800 rpm

112 mm x 110 mm
4334/cc

19.0: 1

8° BTDC

Bosch in-line type

Hole type (with 5 orifices)
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3.2 Test procedures

In this study, the experiments for engine combustion, performance and emissions can be
separated into three groups. The first group concerns with the effects of using different
fueling modes (diesel, blended, F+B and fumigation modes) on the engine combustion,
performance and emissions at different engine loads. In this case, the experiments were
conducted under a constant engine speed of 1800 rpm with five engine loads of 57, 99.8,
142.5, 185.3 and 228 Nm corresponding to 20, 35, 50, 65 and 80% of the full engine
torque, respectively. The second group is related to the effects of using different fueling
modes on the engine combustion, performance and emissions at different engine speeds.
In this case, the tests were performed at a constant engine torque of 142.5 Nm (50% of
the full engine torque) with five engine speeds of 1400, 1600, 1800, 2000 and 2200 rpm.
The third group is aimed to study the physicochemical properties of PM. In this case, the
tests were performed at a low engine speed of 1400 rpm and at a high engine speed of
2200 rpm, and at each engine speed, tests were performed at 20% and 80% loads. The

operating conditions covered in the present study are summarized in Table 3-2.

At each operating condition, the engine was allowed to run for around one hour until the
exhaust gas temperature, the cooling water temperature, the lubricating oil temperature as
well as the CO, concentration reached steady-state conditions and data was measured
subsequently. The steady state experiments were repeated three times for the first and
second groups of tests and two times for the third group for ensuring that the data was
repeatable within the experimental uncertainties of the measurements. The experimental
results were compared with the two-tailed student’s T-test to verify if they are

significantly different from each other at 95% significance level.

Table 3-2 Operating conditions for the present study

Group Purpose Engine speed Engine load No. of operating
of test (rpm) (Nm) conditions
1 Combustion, performance 1800 57,99.8, 142.5, 5
and emissions 185.3 and 228
2 Combustion, performance 1400, 1600, 1800, 142.5 5
and emissions 2000 and 2200
3 Physicochemical 1400 and 2200 57 and 228 4

properties of PM
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3.3 Fuel properties and fueling modes

The main fuels involved in this study include diesel with fuel sulfur content of less than
10 ppm by weight (Euro V), waste cooking oil biodiesel in compliance with EN14214
standard and ethanol with a high purity of 99.9% (sugarcane feedstock). The properties of
diesel and biodiesel used in this study meet all the limitations from the American
standard (ASTM) and European standard (ISO), respectively. The properties of the fuels
are shown in Table 3-3. The biodiesel was produced from waste cooking oils collected
from restaurants in Hong Kong by a local company (Dynamic Progress Company). The
composition of the biodiesel is shown in Table 3-4. The biodiesel composition was
determined by a Hewlett-Packard 7890 SERIES II Gas chromatograph with Flame
ionization detector (FID). The detector and injection systems were conducted at a
constant temperature (280 °C). While a heating program from 100 °C to 220 °C with a
constant rate of 3 °C/ min for 15 minutes was utilized for the Durabond-Wax capillary
column (30 m x 0.25 mm x 0.25 um). The retention time of each fatty acid methyl ester
peak from the amount of their respective standards showed the fatty acid profile and

hence determined the composition of biodiesel.

Table 3-3 Properties of the tested fuels [128]

Parameters * Diesel Biodiesel Ethanol
(Euro V) (waste cooking oil) (sugarcane feedstock)

Cetane number 52 51 6
Lower heating value (MJ/kg) 42.5 37.5 28.4
Density (kg/m’) at 20 °C 840 871 786
Viscosity (mPa.S) at 40 °C 2.4 4.6 1.2
Heat of evaporation (kJ/kg) 250-290 300 840
Carbon content (% mass) 86.6 77.1 52.2
Hydrogen content (% mass) 13.4 12.1 13
Oxygen content (% mass) 0 10.8 34.8
Sulfur content (ppm) <10 <10 0
Flash point (°C) 78 210 15
Stoichiometric air—fuel ratio 14.56 12.59 9.00

a: according to the ASTM standard for diesel, and ISO standard for biodiesel and ethanol
obtained from [128] and fuel suppliers; b: calculated according to [193].
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Table 3-4 Composition of fatty acids in waste cooking oil biodiesel

Fatty acid methyl esters Composition, by weight (%)
c10:0 Methyl caprate Capric acid 0.1
c12:0 Methyl laurate Lauric acid 0.2
cl4:0 Methyl myristate Myristic acid 0.7
cl6:0 Methyl palmitate Palmitic acid 17.3
cl6:1  Methyl palmitoleate Palmitoleic acid 1.3
c18:0 Methyl stearate Stearic acid 3.6
cl8:1 Methyl oleate Oleic acid 48.7
c18:2 Methyl linoleate Linoleic acid 23.7
c18:3 Methyl linolenate Linolenic acid 4.4

The four fueling modes adopted in this study (Fig. 3.1) are diesel alone, blended,
fumigation and fumigation+blended (F+B) modes. The first mode involves using pure
diesel to obtain the baseline results. The pure diesel fuel was directly injected into the
engine cylinder and the ignition was initiated by hot compressed air which is a type of
heterogeneous combustion. The second mode is the blended mode, in which the ternary
blend contains 80% diesel, 5% biodiesel and 15% ethanol (DS8OB5SE15) by volume was
tested. The type of combustion in blended mode is the same as that in the diesel mode,
i.e., heterogeneous combustion. The third mode is the fumigation mode. In this mode, a
mixture comprising 25% biodiesel and 75% ethanol (BE) was injected into the intake
manifold with fuel injectors, one for each cylinder, with an injection pressure of 0.35
MPa; while diesel fuel was injected directly into the cylinders, with a desired overall fuel
consumption comprising 80% diesel and 20% BE (5% biodiesel and 15% ethanol), to
match with the composition of the fuel used in the blended mode. During the intake and
compression strokes, the BE is mixed with air to form a homogeneous mixture and then
the main fuel is injected into the cylinder, resulting initiation of combustion by the hot
compressed air/BE mixture (homogeneous+heterogeneous combustion), which is
different from that of the diesel or blended mode (heterogeneous combustion). As ethanol
is a corrosive fuel, a Teflon fuel line (PTFE) which is suitable for ethanol up to 85%
(E85) was utilized to deliver the BE fuel in the intake manifold. An electronic control
unit (ECU) was used to adjust and control the fueling rate of BE; while the amount of
diesel fuel was adjusted automatically through the Ono Sokki heavy diesel engine test
system. Two electronic balances with readability and precision of 0.1g were used to

measure the mass consumption rates of diesel and BE. To achieve the 20% of fumigated
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fuel, firstly the engine was run by diesel only at the desired engine load, then the
fumigated fuel (BE) was injected into the intake manifold; while the mass of diesel fuel
would be reduced automatically by the Ono Sokki heavy diesel engine test system to
maintain the desired engine load and the consumed masses of diesel and fumigated fuel
were recorded with the two electronic balances. If the consumed volume of the fumigated
fuel was less than 20% of the total volume (diesel+fumigated fuel), the amount of
injected BE fuel was increased by adjusting the ECU. In contrast, if the consumed
volume of the fumigated fuel was more than 20% of the total volume, the rate of injected
BE fuel was decreased by adjusting the ECU. After several trials on the measurements of
diesel and BE mass flow rates, the desired fuel content (DS8OB5SE15) for each engine load
could be achieved. The fourth mode is the F+B mode. In this case, half of the BE mixture
was injected into the intake manifold; while another half of the BE mixture was blended
with diesel to form the DBE mixture comprising 90% diesel, 2.5% biodiesel and 7.5%
ethanol for direct injection into the diesel engine. Therefore, the final fuel content in the
F+B mode is also D80OBSE15. The type of combustion in the F+B mode is a
homogeneous+heterogeneous combustion which is the same as that of the fumigation
mode; while the amount of the homogeneous mixture (BE injected) for the F+B mode is
half of the fumigation mode. The constant fuel percentage (DSOBSE15) is the key point

for comparison of different fueling modes.

According to the literature [15,17,27], alternative fuels in various percentages even up to
50% (10% biodiesel with 40% ethanol or 40% biodiesel with 10% ethanol) have been
mixed with diesel fuel. On the other hand, some studies have reported (based on
experiments) that there is a limitation to use the certain amount of biodiesel and ethanol
mixing with diesel fuel in those diesel engines which have no engine modification. For
instance, 20% biodiesel or 25-30% biodiesel+ethanol [16] can be mixed with diesel fuel
in diesel engine without need for major engine modification. However, in this study,
since the fumigation mode which might has an effect on the engine operating was tested;
therefore there was a limitation of using biodiesel and ethanol. Thus, some tests were
conducted to find a suitable biodiesel+ethanol percentage which had not much effect on
the engine operating, and finally 20% of biodiesel+ethanol was selected for this study. In
regard to the selection 5% biodiesel, two criteria were considered. Firstly, there is a need
of using the highest biodiesel content to make the DBE blended fuel stable (for the

blended mode). Secondly, there is a need of using the lowest biodiesel content in the
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fumigation mode; because a low pressure fuel injector (0.35 MPa) cannot be worked
properly with use of higher biodiesel content due to its higher viscosity and density.
Thus, the 5% biodiesel was selected which had a sufficient effect in stabilizing the DBE
blend (in blended mode) and also it could be easily injected with low injection pressure

(in fumigation mode).

Fuel samples were observed for four months to understand the stability of the blended
fuels. No phase separation was observed for the DBE for blended mode and BE for
fumigation mode up to four months. However, the DBE for F+B mode had a phase
separation after about two months due to the low percentage of biodiesel in the blended

fuel.

3.4 Combustion and performance analyses

The combustion characteristics of a diesel engine are normally reflected by the variation
in in-cylinder pressure and heat release rate. The influence of different fueling modes on
the combustion characteristics can be investigated by comparing the heat release rates to
obtain information in regard to ignition delay (ID), in-cylinder gas temperature, start of
combustion (SOC), duration of combustion (DOC), rate of pressure rise and rate of heat
release rise. Start of combustion (SOC) is defined as the zero crossing of heat release
(which means the beginning of rapid pressure rise or the beginning of heat release) in the
unit of crank-angle degree (°CA). Ignition delay is the interval between the start of fuel
injection (8 °CA BTDC) and the SOC. End of combustion (EOC) is the point at 95% of
heat release. Duration of combustion is defined as the interval between the SOC and the
EOC. Premixed combustion phase (PCP) is calculated based on the heat release in the
interval between the SOC and the end of rapid decrease of heat release rate. Diffusion

combustion phase is the heat release in the interval between the end of PCP and the EOC.

In addition, some other parameters of engine combustion and performance were analyzed
and calculated, which include brake thermal efficiency (BTE), brake specific fuel
consumption (BSFC), coefficient of variations (COV) of IMEP and maximum pressure,

exhaust gas temperature, mass fraction burnt and air/fuel ratio.

For engine combustion analyses, the in-cylinder pressure was measured using a
piezoelectric pressure sensor (type 6056A, Kistler Co., Inc.) and a charge amplifier (type

5011B, Kistler Co., Inc.) was employed to amplify the recorded in-cylinder pressure
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signals. The crank-angle signal was measured by a crank-angle encoder (type CA-RIE-
360/720, DEWETRON GmbH) with resolution of 0.5 °CA. First Law of
Thermodynamics was employed to convert the measured pressure data to HRR data using

the commercial software DEWESoft"™ (DEWETRON GmbH).

To calculate the BSFC and BTE for engine performance analyses, the fuel consumptions
were recorded for five minutes gravimetrically. Two electronic balances (Shimadzu
Balance, Model BX-32KH) with readability and precision of 0.1g were utilized to
measure the fuel consumptions, one for diesel fuel (for diesel mode) or the blended fuel
(for blended mode) and the other for the fumigated fuel (for fumigation mode). The

exhaust gas temperature was measured by use of a K-type thermocouple.

The brake thermal efficiency (BTE) is the efficiency that chemical energy of a fuel is

turned into useful work, calculated as shown below for each mode of operation:
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While the brake specific fuel consumption (BSFC) is the ratio of fuel mass consumption

rate to the brake power, calculated as shown below for each mode of operation:
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Where BTE is the brake thermal efficiency (%), BSFC is the brake specific fuel
consumption (g/kWh), P, is the brake power (kW), 7y, riippp and rirp are the fuel mass
consumption rates (kg/s for BTE and g/h for BSFC calculations) for diesel, blended and
fumigated fuels, respectively. LHV,;, LHVpgy and LHV; are the lower heating values

(kJ/kg) for diesel, blended and fumigated fuels, respectively.
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3.5 Gaseous emissions measurement

The gaseous emissions measured in the present study include carbon monoxide (CO),
nitrogen oxides (NOx) and total hydrocarbons (THC). In addition, concentrations of
carbon dioxide (CO,) and oxygen were measured for reference. CO and CO, were
measured with Non-dispersive infrared analyzers (300 NDIR, CAI Inc.). NOx was
recorded through a Heated chemiluminescent analyzer (600 HCLD, CAI Inc.); while its
components, NO, and NO, could be evaluated separately. HC was measured with a
Heated flame ionization detector (300 HFID, CAI Inc.). O, was recorded with an
Accurate lambda meter-gauge (ALM-Gauge, Ecotrons Inc.) which consists a Bosch LSU
4.9 wideband oxygen sensor and a Bosch driver chip CJ125. All the analyzers were
calibrated before the start of measurements with zero and span gases. All the regulated
gaseous emissions were directly sampled from the engine exhaust line, where NOx and
HC were sampled through a heated line which was maintained at 190°C. All gaseous
emissions were recorded over a period of five minutes to obtain the average values. The
measured volumetric concentrations, expressed in % or ppm, are converted into brake

specific concentrations, expressed in g/kWh, following the procedures in [194].

3.6 Particulate matter (PM) sampling and measurement

For particulate measurement, the exhaust gas was diluted with a two-stage mini-diluter
(Dekati Ltd, Finland). The first stage was heated at about 160 °C (the final PM
temperature was 47+£5 °C) with an electrical heater; while the second stage was not
heated. The sampled gas was taken from the exhaust manifold through an insulated and
heated sampling line to prevent the condensation of volatile substances and deposition of
solid particles on the interior pipe wall. The actual dilution ratio (DR) in this study was
calculated according to the measured CO; concentrations in the raw exhaust, background
and diluted exhaust as presented in the following equation.

_ [COz[-[COs ]y

DR= [CO,]-[CO5 ]y

3.9

Where [/CO;/., [CO,], and [CO;],; are the CO, concentrations of the exhaust gas before
dilution, in the background and after dilution, respectively. In the present study,
depending on the engine operating conditions, the first-stage DR varied from 5.48 to 8.3

and the second-stage DR varied from 44.9 to 67.9.
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3.6.1 PM mass, particle number concentration and size distribution

For measuring PM mass concentration, the first-stage diluted exhaust gas was delivered
to a Tapered element oscillating microbalance (TEOM 1105, Rupprecht & Patashnick
Co., Inc.), and for measuring the particle size distribution and number concentration, the
second-stage one was connected to a Scanning mobility particle sizer (SMPS model
3494, TSI Inc.) (Fig. 3.1). The SMPS consists of a Differential mobility analyzer (DMA
model 3071 A, TSI Inc.) and a Condensation particle counter (CPC model 3022, TSI
Inc.). The particle number concentration and size distribution was measured from 15 nm
to 750 nm. PM mass concentration was measured for five minutes continuously; while
particle number concentration and size distribution was measured four times at each

operating condition and the averages of the results are presented.

3.6.2 Particulate matter sampling for chemical analysis

Particulate samples are required for analysis of the chemical properties of the particulate
matter. The PM samples were taken from the first diluter (first-stage diluted exhaust gas).
For getting the samples required for off-line PM measurement, two types of filter
including 47 mm diameter quartz fiber filter and Teflon filter were utilized. The quartz
fiber filter (type QM-H, Whatman'", Sweden) was made from 100% pure quartz and
could be used up to 900 °C. The quartz fiber filter was utilized to collect the PM for
analyses of the OC-EC, water-soluble organic carbon, PAHs, n-alkanes, particle
volatility, oxidation reactivity and inorganic ions. The Teflon filter (Membrane filter,
PTFE supported, Whatman™', Germany) with pore size of 0.2 pm was employed to
collect the PM for the metal and elements analysis.

The PM sampling durations varied from 3 to 20 min, depending on the engine operating
conditions, to obtain enough PM mass (more than 1 mg) for PM analyses, for each
fueling mode. The filters with deposited PM were stored one day in a desiccator cabinet,
maintained at temperature of 22+2 °C and humidity of 50+5%, to remove water content
from the filters and permit the collected PM mass to reach equilibrium for weighing
(similar method to [195]). The PM mass was calculated as the difference in mass of the
filter after PM sampling with that of the same filter before PM sampling (the blank filter),
as measured with a micro balance (Sartorius MCS5, capacity of 5.1 g with readability of 1
ug). To increase the accuracy in PM mass measurement, each filter (before and after PM

sampling) was weighed five times and the average result was utilized. The collected
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samples were stored in a desiccator cabinet for less than 3 days until they were delivered
for the extraction or analysis for all the off-line PM measurements. To obtain the
chemical properties (e.g. ions, metals or etc.) of PM from exhaust (without filter or
solvent), chemical properties of three blank filters for each analysis were subtracted from
the total chemical properties of PM, filter and solvent. Therefore, only the amount of
chemical properties of PM from exhaust without contaminants (chemical properties) from

filters or solvents (for extraction) are presented in this study.

3.7 Physical properties of PM

PM emission is a major concern because exposure to it has various effects in pulmonary
and cardiovascular morbidity and mortality due to its different physicochemical
properties [36-40]. Therefore, there are needs of more studies to investigate the
physicochemical properties of PM emitted from the engine using different fueling modes.
In regard to the investigation of physical properties of PM emissions, the micro-structure

and nano-structure are analyzed in the present study.

3.7.1 Micro-structure and nano-structure of PM

For the morphology and the nano-structure analyses of the PM, two equipment including
Field emission-scanning transmission electron microscope (known as STEM, Jeol JEM-
2100F) and Field emission-scanning electron microscope (known as SEM, Tescan
MAIA3) were employed. The magnification and resolution of each equipment are

presented in Table 3-5.

Table 3-5 Magnification and resolution of STEM and SEM

Equipment Maximum Resolution

magnification

Field emission-scanning transmission  up to 910,000X  0.23 nm

electron microscope (STEM)

Field emission-scanning electron up to 500,000X 1 nm at 15 kiloelectron-volts
microscope (SEM) (keV) and 1.4 nm at 1 keV in

the beam deceleration mode

The literature shows that the samples for micro-structure and nano-structure analyses
have been collected directly or indirectly from the PM sources. In direct PM sampling,

the TEM grid is directly exposed to the PM sources (e.g. exhaust from engines, burners
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or etc.) using collectors like probes based on aerodynamic quenching, N, dilution, and
thermophoresis [196-202]. The collectors have been located in different positions to
collect the samples, such as inside the engine cylinder (in-flame soot sampling) [203-
205], in the engine exhaust pipe [204,206,207] or after a diluter [208,209]. However, in-
flame soot sampling has some disadvantages, such as difficulty in inserting the probe into
the engine cylinder, and the soot particles may not be formed completely due to the short
time duration between the combustion and TEM sampling. On the other hand, long
sampling time and adding air in a diluter during the dilution process will affect the

particle structures.

In in-direct PM sampling, firstly the particles are collected using filters and then extracted
by solvents to form a solution, and finally some droplets are put on the TEM grids and
after drying, the samples are ready for analysis [210-214]. However, this method has the
disadvantage in affecting the physicochemical properties of the particles due to
suspending the particles in a liquid medium [215,216] and also changing the shape and

structure of the agglomerated particles.

For the present study due to the disadvantages of in-flame, diluted or filter sampling
methods as mentioned above, the required PM sample for STEM and SEM analyses was
directly collected from the exhaust pipe on a TEM grid using a solenoid valve in
combination with a time controller (accuracy of operating time was +1%) as shown in
Fig. 3.2. The 3 mm copper grid with 400 meshes supported by holey-carbon film was
utilized. The hot particles from exhaust gas can stick on the TEM grid due to the
thermophoretic effect [207]. The solenoid valve is suitable for application of hot gas
(steam) and sustainable with solid particulate contaminants. The orifice size of the
solenoid valve is 3 mm, the maximum working temperature is 180 °C and the maximum
working pressure is 2 MPa. The sampling time varied from 50 ms to 10 s, according to
the operating conditions: 50ms for 2200rpm-228Nm, 700ms for 1400rpm-228Nm, 5s for
2200rpm-57Nm and 10s for 1400rpm-57Nm. The sampling time was selected after doing
some pretests with STEM to find the time required for deposition of sufficient particles
on the TEM grids for analysis. Since the sampling time was short (50ms to 10s), the hot
exhaust gas from the exhaust pipe had no effect on the working efficiency of the solenoid
valve. Since the use of gold film may change the shape and the location of the particles
and clusters and also the copper grid has high conductivity; therefore, no gold film was

used for SEM analyses.
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Time Controller

Solenoid Valve

@ TEM Grid

Fig. 3.2 TEM sampling setup.

For analyzing the micro-structure (including primary particle size and aggregate particle
size) and nano-structure (including fringe length, separation distance and tortuosity) of
PM from STEM and SEM images, a commercial image processing software (Image-Pro
Plus 6.0, Media Cybernetics) was employed. To increase the accuracy of the results,
about 200 spherical particles with clear boundaries were randomly selected to investigate
the primary particle size for each operating condition. In regard to nano-structure of PM,
about 10 regions of interest (ROI) without underlying carbon films were chosen from the
STEM images to analyze the fringe length, separation distance and tortuosity of PM for

each fueling mode.

According to the results summarized in [217], various fringe parameters have been
identified including fringe length, tortuosity (curvature, elongation or aspect ratio), fringe
separation (interplanar spacing), parallel stacking number and orientation (structural
ordering) to reflect the nano-structure of a particle. However, the fringe length, tortuosity
and fringe separation distance are most closely related to the physico-chemical properties
of the PM [218]. Therefore, they are selected to analyze in the present study. The term
fringe length is a measure of the physical extent of the atomic carbon layer planes which
can be obtained from the high resolution TEM image (STEM image). The fringe length
also shows the dimension of the basal plane diameter. The term tortuosity is a measure of
the curvature of the fringes and shows the extent of odd numbered (5-membered and 7-
membered) carbon rings with the substance. The tortuosity is also a measure of disorder
within the substance. The tortuosity of a fringe is calculated as a ratio of fringe length to
distance between two endpoints. The term fringe separation reflects the mean distance
between the adjacent carbon layer planes [217]. The fringe length, tortuosity and fringe

separation distance are presented in Fig. 3.3.
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Fringe length

Separation distance

Tortuosity

Fig. 3.3 Schematic of fringe length, tortuosity and separation distance [219].

Before analyzing the fringe length, tortuosity and fringe separation distance, the STEM
images have to be pre-process flowing the pre-processing procedures described in [217].
The flow chart of the image processing program for STEM images is shown in Appendix
A. The pre-processing procedures in one STEM image, as an example for this study, are

presented in Fig. 3.4 to Fig. 3.7.

Fig. 3.4 Original STEM image.

Fig. 3.5 STEM image after applying negative transformation.
37



Fig. 3.6 STEM image after applying contrast enhancement, Gaussian lowpass filter and top-hat

transformation.

Fig. 3.7 STEM image after applying threshold, morphological opening and closing and

Skeletonization.

3.8 Chemical properties of PM

It is well known that to reduce the amount of PM emissions or make them less
detrimental to human health and the environment, it is necessary to determine their
chemical properties. Since the diesel engine is a source of PM to the atmosphere, there
are needs of more investigations on the chemical properties of PM emitted by diesel
engines. In this study, the chemical properties of PM emitted by the diesel engine under
various fueling modes, including organic carbon, elemental carbon, volatile and non-
volatile substances, oxidation reactivity, water soluble organic carbon, inorganic ions,

metals, elements, PAHs and n-alkanes, are analyzed.
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3.8.1 Carbonaceous components analysis

Carbonaceous component (total carbon, TC) is abundant material of PM emitted from a
diesel engine. TC consists of organic carbon (OC) and elemental carbon (EC) which are
harmful for the environment and human health. OC, due to consisting of some semi-
volatile hydrocarbons, is a suspected human carcinogen component [220]. On the other
hand, EC has an effect on the air pollution, global carbon cycles and it can absorb the
solar radiation resulting in energy redistribution and climate change [221-223].
Therefore, some methods are needed to reduce the OC and EC emission from diesel
engines. In this study, the use of DBE in the blended and fumigation modes is tested to

investigate its effect on the amount of EC and OC compared to the diesel mode.

According to the available methods reported in the literature the thermal/optical methods
are the accepted and the most widely used methods for OC/EC analysis [224,225]. In the
last three decades, these approaches have been introduced for various protocols, including
the IMPROVE (Interagency Monitoring of Protected Visual Environments) [226-229],
NIOSH (National Institute of Occupational Safety and Health) [226,230], EUSAAR
(European Supersites for Atmospheric Aerosol Research) [231] and STN (Speciation
Trends Network, a modification of NIOSH) [232] protocols. The separation between OC
and EC in these protocols is based on the different volatility properties of OC and EC at
different analyzing temperatures. The EC compared to OC, is a low-volatility component

which is not liberated in an inert atmosphere under temperatures < 350°C [233].

In the present study, the OC and EC were analyzed according to IMPROVE-A
(Interagency Monitoring of Protected Visual Environments) TOR (thermal optical
reflection) protocol using DRI Model 2001 Thermal/optical carbon analyzer (Atmoslytic
Inc., Calabasas, CA 91302, USA). According to the nominal IMPROVE-A TOR protocol
[227], eight carbon fractions can be defined including OC fractions (OC1, OC2, OC3,
OC4 and POC) and EC fractions (EC1, EC2 and EC3). The OC is determined as four
OCs plus a Pyrolyzed carbon (POC), including OC1 (140 °C) + OC2 (280 °C) + OC3
(480 °C) + OC4 (580 °C) + POC in a 100% helium (He) atmosphere. The Pyrolyzed
carbon, namely POC, is the carbon which is evolved from the time that the carrier gas
flow is changed from helium to helium/oxygen at 580°C to the time that the laser-
measured filter reflectance reaches its initial value. The EC consists three ECs minus the

POC (EC=ECI+EC2+EC3-POC). The ECI, EC2, and EC3 are determined in 98%
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helium/ 2% oxygen atmosphere at 580 °C, 740 °C and 840 °C, respectively. The total
carbon is determined as the summation of OC and EC (TC=OC+EC) [227]. The DRI
carbon analyzer can detect the OC and EC according to the preferential oxidation of OC
and EC compounds (using helium and oxygen atmosphere) at different temperatures in

the carbon range of 0.05 to 750 pg carbon/cm?.

Before conducting the OC/EC analyses, the analyzer was calibrated with four standards
including 5% nominal methane (CH4) in He, 5% nominal CO; in He, Potassium hydrogen
phthalate (KHP) and sucrose. The calibration slopes were historically differed by less
than 5% based on these four compounds. The CH4 was used as the internal standard
which was injected at the end of each analysis. To obtain the amount of carbon in pg, the
integrated peak area of each measurement was divided by the calibration peak area and
then multiplied by an instrument-specific calibration factor (Internal Standard Calibration
Method). According to the DRI carbon analyzer catalogue, the minimum detection limits
(MDL) of the analyzer (analyses of 693 individual blanked quartz-fiber filters) defined as
three times the standard deviation of measured results for OC, EC and total carbon (TC)
are presented in Table 3-6 were used to collect the particles from the first-stage diluter for
analyzing of carbonaceous components including EC and OC; while they were prebaked
at 800 °C for 3 hours to remove or minimize the carbon contamination of the filters. For
carbon analysis, a small part of filter (area of 0.526 cm”) was punched and then directly
inserted into the DRI carbon analyzer. In addition, the analyzer precision is about 5% for

the homogeneous deposits containing >10 pg/filter of TC.

Quartz filters were used to collect the particles from the first-stage diluter for analyzing
the carbonaceous components including EC and OC; while they were prebaked at 800 °C
for 3 hours to remove or minimize the carbon contamination of the filters before they
were used for collecting the PM samples. For carbon analysis, a small part of the filter

(area of 0.526 cm?) was punched and then directly inserted into the DRI carbon analyzer.

Table 3-6 Minimum detection limit (MDL) of the DRI carbon analyzer

Component Minimum detection limit (ug/cm?)
Total organic carbon 0.82
High-temperature organic carbon 0.81
Total elemental carbon 0.19
High-temperature elemental carbons 0.12
Total carbon 0.93
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3.8.2 Water-soluble organic carbon

The organic carbon in the PM can be divided into water-soluble organic carbon (WSOC)
and water-insoluble organic carbon [234,235]. According to the literature, the water-
soluble materials from PM which are toxic when respired [236-238] have impacts on the
pro-inflammatory response resulting in cardiovascular diseases and promoting pulmonary
[236], DNA damage [237], environment climate changing by altering cloud droplet
formation and cloud properties [239]. Therefore, various studies have been conducted to
investigate the WSOC and water-soluble components from PM of engines [92,235,240-
243] and atmospheric aerosol [234,244-248]. The present study also aims to explore the
effect of different fueling modes on the WSOC of PM emitted from the diesel engine.

The water-soluble organic carbon (WSOC) was analyzed using a Total organic carbon
analyzer (TOC-Lcgn, Shimadzu, Japan) with a Non-dispersive infrared detector (NDIR)
after catalytic conversion of the OC to CO, at 680 °C. The specifications of the total
organic carbon analyzer are presented in Appendix B. The analyzer can detect the total
carbon (TC) and inorganic carbon (IC). The sample is burned in the analyzer combustion
tube at 680 °C and the TC components in the sample are converted to carbon dioxide
(CO;) which can be detected by NDIR. The IC measured by the analyzer consists of the
carbon contained in carbonates and in carbon dioxide dissolved in water. The IC was
eliminated, automatically by the analyzer, prior to analysis by acidification using 1.5%
hydrochloric acid (HCIl) to obtain a pH of less than 3 in which all carbonates are
converted to CO,. The CO; and dissolved CO; in the sample are volatilized by bubbling
(sparging) air or nitrogen gas that does not contain CO, through the sample. Then the IC
in the sample is converted to CO, which can be detected by the NDIR. The total organic
carbon (TOC) is the difference between amounts of TC and IC. In regard to calibration,
50 ppm TC and 50 ppm IC standard solutions were inserted to the analyzer as stock
solutions and then the analyzer would dilute the standards automatically to 40, 20 and 10
ppm for both TC (calibration curve with R?=0.9999) and IC (calibration curve with
R?=0.9998) calibrations.

In regard to the analysis of WSOC, PM collected by quartz fiber filter was extracted
using 25 ml of Milli-Q water (Millipore™) by an ultrasonic extractor for 2 hours. The
temperature of ultrasonic water was kept about 20 °C by adding ice to prevent the

evaporation of volatile components during the extraction. The solution was filtrated to
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remove the big solid particles by using PTFE syringe filter with pore size 0.45um
(Allpure™). All the apparatuses were washed with Milli-Q water before extraction to

minimize the contaminants in the apparatuses.

3.8.3 Particle volatility and oxidation reactivity

Diesel particles contain soot, adsorbed hydrocarbons and other substances. The soot is
non-volatile; while the adsorbed hydrocarbons are volatile. The volatility of the
particulate matter affects its oxidation properties which is an important parameter in the
design of after-treatment system for PM oxidation. In this study, the volatile and non-
volatile fractions of the particles were analyzed using a Thermogravimetric analyzer/
Differential scanning calorimeter (TGA/DSC3+, Mettler Toledo). Parts of the PM
collected on the quartz fiber filter (about 12 mg of PM and filter for all the conditions)
were put into an Alumina (Al,O3) crucible with capacity of 70 puL and then inserted to the
TGA/DSC3+ for analysis. The two-stage heating program, including the de-volatilization
stage and the oxidation stage, is presented in Table 3-7. For the de-volatilization process
(steps 1 to 4), the sample was heated only in nitrogen atmosphere in order to remove the
volatile substances (the oven temperature was up to 400 °C). While for the oxidation
process (steps 5 to 8), the sample was oxidized in an air atmosphere and the oven
temperature reached up to 850 °C. The nitrogen and air flow rates were maintained at 50

mL/min.

Table 3-7 Two-stage heating program for TGA

Stage Program

I De-volatilization

1 Initial atmosphere: nitrogen
2 Isothermal for 10 min

3 Ramp 3°C/min to 45°C

4 Ramp 10°C/min to 400°C

11 Oxidation

Changing atmosphere: air
Ramp 10°C/min to 850°C

Isothermal for 10 min

[ B N

Cooling to room temperature
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Results obtained from the TGA/DSC analysis can be used to calculate the oxidation
kinetics of soot particles, based on the modified Arrhenius expression [249-251] shown

below:

§;=AgEanw 3.10

When the time step is set small enough in the oxidation process, it can be assumed that
the TGA curve is composed of very small linear segments of AT therefore:

-A—mZAe'E/RT m" 3.11
At

The logarithmic form of the equation above is:

mp%mwzmmﬁé) 3.12
where m is instantaneous mass (mg) of the soot sample during the soot oxidation process,
t is the time (s) during the soot oxidation process, A is the frequency factor (s™), E is the
activation energy (kJ/mol), R is the molar gas constant (8.314 J/mol.K), T is the
instantaneous heating temperature (TGA furnace temperature) (K) and # is the reaction
order. Since air is used for the second stage of TGA program in the temperature range of
400°C to 850°C; therefore, the oxidation kinetics of soot particles can be calculated from
the results obtained in the second stage of TGA program. The reaction order can be

assumed to be 1 [249,250]. The activation energy and frequency factor can be obtained

from the slope and intercept of the parametric plot of /n (- % m™) versus ( iT ).

3.8.4 Polycyclic aromatic hydrocarbons (PAHs) and n-alkanes

Nowadays, there is increasing concern about the amount of organic compounds (e.g.
PAHs and n-alkanes) in the environment, because some of the PAH compounds are
highly mutagenic or carcinogenic; while benzo[a]pyrene (B[a]P) has been identified as
being highly carcinogenic [252-256]. The effects of different fueling modes on the PAHs
and n-alkanes emitted from the diesel engine are investigated in this study. The PAHs and
n-alkanes were determined wusing in-injection port Thermal desorption-gas
chromatography/mass spectrometry (TD-GC/MS) method and analyzed by an Agilent
6890 GC/5975 MS detector (Santa Clara, CA, USA). In the TD-GC/MS method, only a
small part of the quartz filter (0.52 cm?) was directly inserted into the analyzer. In this
study, the service of Hong Kong Premium Services and Research Co. was employed to

conduct the PAHs and n-alkanes analysis. The collected samples were sent to the
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company for analysis. Detailed PAHs and n-alkanes analysis procedure is available in
[257]. This method has some advantages compare to the solvent extraction method, like
decrease in time, labor and operating cost by avoiding sample pre-treatment, avoiding the
contamination from solvent impurities (due to no extraction usage) and requiring less
filter material for analysis [257-259]. To minimize the evaporation of semi-volatile
components, the samples were kept at around 4°C until the analysis time. The analyses

were repeated three times to increase the accuracy and the average results are presented.

3.8.5 Inorganic ions

Engines can produce ions due to the combustion of fuels and lubricating oil. Therefore,
various studies have been conducted to determine the amount of ions emitted from
engines and investigate the effect of using different fuels (like biofuels) on the ion
concentrations [260-264]. The present study also aims to explore the amount of inorganic
ions in the PM, but under various fueling modes using DBE. The inorganic ions
investigated in this study include sodium (Na"), potassium (K"), ammonium (NH4") and

nitrate (NO3).

Sodium (Na"), potassium (K") and ammonium (NH4") ions were determined by an Ion
chromatograph (IC) (761 SD Compact IC, Metrohm Ltd., Switzerland). The analyzer was
operated at the measured conductivity of about 800 pS/cm, measured pressure of 7.4
MPa and pump flow rate of 0.90 ml/min. The used column was METROSEP C 4 150/4.0
(6.1010.420) with size of 4.0 x150 mm and 1.7 millimolar (mM) nitric acid and 0.7 mM
dipicolinic acid were used as eluents. Four calibration standard points (0.25, 0.5, 1 and 2
ppm) were utilized to get the calibration curves. The calibration correlation coefficients

(R?) are recorded as 0.9998 for sodium, 0.9989 for potassium and 0.9999 for ammonium.

The nitrate (NO;) was analyzed by a Scanning spectrophotometer (UV-2101PC,
Shimadzu). The specifications of the scanning spectrophotometer are presented in
Appendix C. The wavelength of 220 nm detected the nitrate and organic matters; while
the wavelength of 275 showed the organic matters. Thus the nitrate was calculated as the
difference between the two readings. Five calibration standard points (0.5, 1, 2, 4 and 10
ppm) were prepared and a calibration curve with R?=0.9990 was obtained. The PM

extraction procedure for inorganic ions analysis was the same as that for WSOC.
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3.8.6 Metals and elements analysis

It is well known the trace amount of heavy metals and trace elements are existed
normally in the drinking water and foods. But, some of heavy metals and trace elements
are essential for the body; while some of them are harmful and toxic (e.g. Pb, Zn, As, Ni,
Ti, Cu, Cd and V) [265,266]. Thus, many investigations can be found in regard to the
amount of metals and elements in the atmosphere and tunnel aerosols [248,267-276] or
PM emitted from motor vehicles [143,277-280]. However, there is no information about
the effects of different fueling modes on the concentrations of metals and elements
emitted from a diesel engine using DBE. Therefore, the present study aims to fill in this

knowledge gap.

For metal and elements analysis, an Inductively coupled plasma optical emission
spectrometer (Agilent 700 Series ICP-OES) was employed. The operation conditions for
ICP-OES are presented in Appendix D. Sixteen metals were selected for metal analysis.
Four calibration standard points (0.5, 1, 5, 10 and 20 ppm) were prepared and the
calibration correlation coefficients (R*) were found for Al (0.9997), Ca (0.9960), Cd
(0.9991), Co (1.0000), Cr (0.9996), Cu (0.9997), Fe (0.9993), K (0.9996), Mg (0.9990),
Mn (0.9994), Na (0.9988), Ni (0.9999), Pb (0.9999), S (1.0000), Ti (0.9997) and Zn
(0.9987). The relative standard deviations (RSD) for calibration curves of all metals
(based on average) were about 1.6%. The Indium (In) was used as an internal standard.
To prepare the standard solutions, firstly the required standard for each metal was poured
into the volumetric flask, and secondly a blank solution (1% nitric acid (HNOs) + 99%

Milli-Q water) was added to the volumetric flask up to 25 ml.
The PM collected by Teflon filters was digested as listed in the following procedures.

e Putting the Teflon filter into the centrifuge vial;

¢ Adding of 10 ml acid (25% HNO;+75% HCI);

e Putting the vial on the hot plate (95 °C) for 3 hours;

e Cooling to room temperature for 24 hours for complete digestion;

e Pouring the cooled solution after filtration (using PTFE syringe filter with pore size of
0.45um (Allpure™)) into the volumetric flask.

e Adding Milli-Q water into the flask up to the marked line to get 25 ml solution.
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It is noticeable that the acid (25% HNOs+75% HCIl) was selected after various trials
(such as pure HNO;, pure HCI and 50% HNO;+50% HCI), because it has the highest
efficiency to digest the PM for metal analysis. All the apparatus were cleaned by a
mixture of acid and Milli-Q water before using. The petri slides were soaked for half an
hour by 10% HNO3, 10% HCI and 80% Milli-Q water (by volume) and then rinsed by
Milli-Q water. Centrifuge vials were washed three times with the same mixture for petri
slides; while volumetric flasks were soaked for 24 hours and then rinsed with Milli-Q
water. For Teflon filter cleaning, three acid concentrations (pure HNOs, pure HCI and
50% HNO3+50% HCI) were tested; while pure HNO; had the highest effect on removing
the metals from the blank filters. Therefore, the blank filters were soaked for 1 hour in
HNOj; and then dried in a clean area (fume hood). In order to minimize the contaminating
effect of metal apparatus on metal analysis, metal apparatuses were not used (for instance

use of plastic forceps instead of metal forceps).

3.9 Experimental errors and uncertainties

The total (overall) uncertainty in this study was calculated by the root-sum-square
combination of fixed and random errors contributions, according to Moffat [281] and the
uncertainties at 95% confidence level for the combustion, performance and emissions
parameters are presented as error bars in the Figures and also in Table 3-8. For the
chemical properties of PM, the standard errors at 95% confidence level are presented as
error bars in the Figures. The detailed procedure to calculate the error and uncertainty is

presented in Appendix E.

Table 3-8 Type of used equipment with range and accuracy

Parameters Type of equipment  Range Accuracy Uncertainty
% (at 95%)

NO or NOx 600 HCLD Analyzer  0-3000 ppm (NO or NOy) +0.5% +1.00

HC 300 HFID Analyzer 0-30000 ppm of carbon +1% +1.98

CO, 300 NDIR Analyzer  0-20% +1% +1.96

CO 300 NDIR Analyzer  0-25000 ppm +1% +1.97

PM mass TEOM 1105 0.1mg/m> to several g/m’ £0.1mg/m’ £1.91

TNC and SMPS model 3494 5-1000 nm LN +2.07 TNC

GMD N +£0.87 GMD

Rotational FC 3000 Engine 0-8000 rpm +1% Accuracy

speed Automatic Measure and £5 rpm for
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and Control System

Control

Torque FC 3000 Engine 0-600 Nm +0.3% Accuracy -

Automatic Measure and £0.2% for

and Control System Control
Fuel mass BX32KH Digital 0-32 kg +0.2 gram -
consumption  Balance
Time Alba Stopwatch 0-up to 23 h 59 min 59 s + 20s per month -

99/100sec

Converting of Charge Amplifier, +10 - £999000 pC +0.5% -
pressure Kistler Co., Type
signal to 5011B
voltage
In-cylinder Piezoelectric 0-250 bar <=+0.3% -
pressure Pressure Sensor,

Kistler Co., Type

6056A
Crank-angle CA-RIE-360/720 0-6000 rpm +2.5% -
signal Encoder,
acquisition (DEWETRON

GmbH)
BSFC +2.15
BTE +2.16
ID or DOC +1.95
Peak pressure +1.16
Peak HRR +1.98
COV (Max(dprany) +1.21
COV vep +1.23
EGT +0.78
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CHAPTER 4 EFFECT OF ETHANOL IN COMPARISON WITH
OTHER ALCOHOLS IN FORMING THE TERNARY FUEL

Different alcohols can be mixed with biodiesel and diesel to form the ternary fuel. This
chapter reports a study on the combustion, performance and emissions of the diesel
engine fueled with diesel/biodiesel/alcohol blends having the same oxygen concentration.
The test was conducted with seven fuels including pure diesel, DB, DBM, DBE, DBPr,
DBBu and DBPe, which (except the diesel fuel), have almost the same LHV and hydrogen
and carbon concentrations,; while the oxygen content of each blended fuel was exactly the
same. The effect of ethanol, as compared to the other alcohols, can be identified. The

results, as presented in this chapter, have been published in [282,283].

4.1 Experimental setup and procedure

The experiments were conducted at a constant engine speed of 1800 rpm with five engine
loads of 10, 30, 50, 70 and 90% of the full engine torque, corresponding to 28.5, 85.5,
142.5, 199.5 and 256.5 Nm. Seven fuels were used, which include diesel (D), waste
cooking oil biodiesel (B), lower alcohols (methanol (M) and ethanol (E)) and higher
alcohols (2-propanol (Pr), n-butanol (Bu) and n-pentanol (Pe)), were blended with
various blending mass percentages to obtain six blended fuels with constant fuel oxygen,
almost constant carbon and hydrogen contents and almost constant lower heating values.
The six blended fuels are designated as DB (D53.7 B46.3), DBM (D82.74 B9.26 MS),
DBE (D79.25 B9.26 E11.49), DBPr (D75.71 B9.26 Pr15.03), DBBu (D72.22 B9.26
Bul8.52) and DBPe (D68.76 B9.26 Pe21.98). In each blended fuel, the fuel oxygen
content was maintained at 5.0%. When an alcohol was added, the biodiesel was kept at
9.26% to provide 1% oxygen; while the content of diesel fuel was reduced and the
alcohol contributed 4% of the oxygen. Since methanol has the highest oxygen content,
hence DBM contains only 8% methanol, comparing with 21.98% of pentanol for DBPe.
It can be seen from Table 4-1 that the carbon contents vary from 81.7% to 82.2%, the
hydrogen contents differ from 12.8% to 13.3% and the lower heating values change from
40.2 MJ/kg to 40.3 MJ/kg for the blended fuels. Fuel samples were prepared and
observed for three weeks to understand the stability of the six blended fuels. For all the
blended fuels, no phase separation was observed during the experiments. Except DBM,

the other blended fuels were stable for three weeks. For the DBM sample, phase
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separation occurred after approximately 10 hours. The use of surfactants (emulsifiers),
co-solvents [87] or higher percentage of biodiesel can solve the miscibility problem of
methanol in DBM fuel. Since all the alcohol blended fuels (irrespective of DBM) were
stable with 9.26% of biodiesel (using low percentage of biodiesel to better sensing of
alcohols’ effects on the parameters) without using any chemical surfactants, the methanol
suffered a phase separation in DBM fuel; while the chemical surfactants (or higher
percentage of biodiesel) could not be utilized for DBM fuel due to fixing of the same
condition compared to the other blended fuels. Therefore, since no phase separation
occurred during the experiments for the DBM case, the results pertaining to DBM are

included in this study for comparison.

All the alcohols used in this study had high purities of over 99.8%. Information of the
diesel fuel and biodiesel has been given in Chapter 3. The properties of the tested fuels
are presented in Table 4-1. The engine operation, experimental error analysis and
measurement methods follow those described in Chapter 3. The steady state experiments
were repeated two times for ensuring that the data was repeatable within the experimental

uncertainties of the measurements.

Table 4-1 Properties of the tested fuels

Properties Cetane LHV Density ~ Viscosity = Heat of Boiling  Flash C (% H®% O(% Sulfur

No. MJ/kg) (kg/m3) (mPaS) evaporati  point point mass) mass) mass) (ppm)
at20°C at40°C  on(klkg) (°C) (°C)

Diesel [129]* 52 42.5 840 2.4 270 180-360 78 86.6 134 0 <10

Biodiesel [129]* 51 375 871 4.6 300 - 210 77.1 12.1 108 <10

Methanol 168]" 5 19.58 791.3 0.58 1162.64 64.7 12 37.48  12.58 50 0

Ethanol [129]* 8 26.83 789.4 1.13 918.42 78.3 17 52.14 13 34.8 0

Propanol [284] 12 30.63 803.7° 1.74 727.88 97.1 11.7 5996 1342 26.62 -

Butanol [284] 17 33.09 809.7° 222 581.4 117.5 35 6482 13,6 216 -

Pentanol [284] 18.2 34.65 814.8° 2.89 308.05 137.9 49 68.13  13.72 18.15 -

DB (D53.7 40.2 854.4 82.2 12.8 5.0 <10

B46.3)

DBM (D82.74 40.2 839.0 81.8 13.2 5.0 <9.2

B9.26 M8)

DBE (D79.25 40.2 837.1 81.8 13.2 5.0 <8.9

B9.26 E11.49)

DBPr (D75.71 40.3 837.4 81.7 133 5.0 <8.5

B9.26 Pr15.03)

DBBu (D72.22 40.3 837.3 81.7 133 5.0 <8.1

B9.26 Bul8.52)

DBPe (D68.76 40.3 837.3 81.7 133 5.0 <7.8

B9.26 Pe21.98)

a= from the same laboratory; b= at 15°C.
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4.2 Engine combustion

The following parameters were selected to analyze the effect of alternative fuels on the
engine combustion characteristics and performance: in-cylinder pressure, heat release rate
(HRR), ignition delay (ID), duration of combustion (DOC), coefficient of variation
(COV) of indicative mean effective pressure (IMEP), COV of maximum cylinder
pressure derivative (Max (dP/d0)), brake specific fuel consumption (BSFC) and brake
thermal efficiency (BTE).

Typical curves of in-cylinder pressure and HRR are shown in Fig. 4.1 for low (28.5 Nm),
medium (142.5 Nm) and high (256.5 Nm) engine loads. Fig. 4.2 (a and b) reveal the peak
in-cylinder pressure and peak HRR, respectively. The similar in-cylinder pressure and
heat release rate curves of the blended fuels with diesel (Fig. 4.1) indicates that
alternative fuels have undergone similar combustion process, including a premixed

combustion phase followed by a diffusion combustion phase.

Fig. 4.1 and Fig. 4.2 (a) illustrate that the in-cylinder pressure increases, with the peak
value occurring further away from the top dead center, with increasing engine load for all
the tested fuels which is due to more fuel consumption at higher loads [86]. Similar
behavior was observed in [87,128,129,285] with diesel, DB, DBE and DBM. However,
for HRR, Fig. 4.1 and Fig. 4.2 (b) show that the peak HRR increases with increasing load
only from 28.5 Nm to 142.5 Nm (except for D and DBPe at 199.5 Nm) and then it
decreases at the high load (256.5Nm) for all the tested fuels. Similar trend in the peak
HRR (increase in peak HRR at low and medium loads and decrease at high engine load)
was also reported in the literature [128,129,286] for diesel, biodiesel and DBE. At the
very high engine load of 199.5 Nm or 228 Nm, the combustion temperature is high and
the fuel/air ratio is also much richer than that at the lower engine loads; however, there is
not enough time for mixing of fuel and air, resulting in incomplete combustion and
decrease in the peak HRR. In addition, the ID (Fig. 4.3 (a)) is shorter at very high engine
load, thus less fuel is accumulated during the delay time to burn in the premixed burning

phase, resulting in the decrease of peak HRR.

Fig. 4.1 and Fig. 4.2 (a) illustrate that all the blended fuels cause a slight reduction in the
peak in-cylinder pressure at the low engine load (except for DB and DBM) and a slight
increase at the medium and high loads in comparison with the diesel fuel. However, on

the average of five loads, peak in-cylinder pressures of all the blended fuels have only
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about 1% increase (almost similar) compared to that of diesel fuel Thus, there is no
significant difference between the blended fuels on the peak in-cylinder pressure. The
small drop in peak in-cylinder pressure at low load for the blended fuels is due to the
lower combustion temperature and the higher ignition delay (compared to other loads and
use of diesel) which cause initiation of combustion further away from the top dead center

during the expansion stroke [128,129].

For HRR, all the ternary blended fuels lead to an increase in the peak HRR at all loads
compared to pure diesel, as shown in Fig. 4.1 and Fig. 4.2 (b). This increase in the peak
HRR can be attributed to the better volatility and lower viscosity (hence better fuel
atomization) of the alcohols and the longer ignition delay associated with the lower
cetane number of the alcohols which cause accumulation of more fuel during the delay
time to burn in the premixed burning phase and hence the higher peak HRR [83,287,288].
In contrast, the higher viscosity and lower ignition delay of biodiesel cause decrease in

the peak HRR in comparison with the diesel fuel.

On the average of five loads, the higher alcohols have the same trend in the increase of
peak HRR, about 22.1% increase for DBPe, DBPr and DBBu, compared to that of pure
diesel fuel. However, the lower alcohols cause less increase in the peak HRR, being
14.8% for DBE and 5.9% for DBM. In contrast, biodiesel has a reduction of 3% in the
peak HRR. Same behavior (increase in the peak HRR for alcohols and reduction in the
peak HRR for biodiesel) was also found in [287] for DBB and DBPe and in [285] for DB.
It can be inferred that the magnitude of the peak HRR is almost dependent on the ignition
delay of the fuels (as shown in Fig. 4.3 (a)).
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Fig. 4.1 Variations of in-cylinder pressure and heat release rate with low, medium and high loads

for different fuels.
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Fig. 4.2 Variations of (a) peak in-cylinder pressure (b) and peak HRR with engine load for
different fuels.

Fig. 4.3 (a and b) indicate the variations of ignition delay and duration of combustion of
the tested fuels, respectively. It can be seen from Fig. 4.3 (a and b) that the increase in
engine load causes decrease in ID and increase in DOC for all the tested fuels. The ID is
reduced due to increase in in-cylinder temperature [57] as a consequence of increase in
engine load. For DOC, the increase in load leads to longer duration of fuel injection,

air/fuel mixture formation [289] and fuel combustion.

Fig. 4.3 (a and b) demonstrate that all the ternary blended fuels cause increase in ID and

shorter DOC in comparison with those of diesel fuel. The lower cetane number and
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higher latent heat of evaporation of the blended fuels, as a consequence of the alcohols,
cause decrease in in-cylinder temperature and increase in ID compared to the diesel fuel
[125,290,291]. For DB, the higher bulk modulus and higher viscosity of biodiesel cause
earlier start of injection (hence combustion) and reduction in ID [292,293]. The shorter
DOC with use of alcohols in the blended fuels has various reasons. Firstly, the addition of
alcohols into the blended fuels leads to achieve higher HRR in the premixed combustion
phase caused by the longer ignition delay [127]. Secondly, faster flame propagation of
alcohols can shorten the DOC [294]. Thirdly, oxygen in the alcohols can suppress the
pyrolysis process and enhance the oxidation during the combustion resulting in shorter

DOC [295].

On the average of five engine loads, the increase in ID is in the order of DBPr (9.7%),
DBPe, DBBu and DBE (6.7%) and DBM (1.7%) compared to the diesel fuel; while DB
has a reduction of 3.9% in ID. The longest ID of DBPr is due to the slower H-abstraction
and inhibition of isomerization in the branched chain alcohols (2-propanol was tested)
compared to the straight chain alcohols [296]. For DOC, the average results show that the
higher alcohols have similar effect in reduction of DOC (about 2.3% for pentanol,
propanol and butanol); while the lower alcohols have less influence in reduction of DOC
(1.1% for methanol and ethanol) compared to the diesel fuel. In addition, biodiesel has an
identical DOC (only 0.6% increase which is not significant with T-test at 95% level) in
comparison with that of diesel fuel. It can be found that the sequence of DOC is almost

opposite to the ID of the fuels.
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Fig. 4.3 Variations of (a) ignition delay (b) and duration of combustion with engine load for

different fuels.
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Coefficient of variation in indicated mean effective pressure (COVygp) is an important
parameter of cyclic variability. COVygp is defined as the cyclic variability in indicated
work per cycle. This parameter is calculated based on the standard deviation in IMEP
divided by the mean IMEP, and is usually expressed in percent; while an excess of 10%
in COVvep could result in vehicle drivability problems [297]. Fig. 4.4 (a) shows that the
COVuep (for 500 working cycles) of all the tested fuels varies with engine load; while
the maximum and minimum COVygp are recorded at the engine loads of 28.5 Nm and
85.5 Nm, respectively for all the tested fuel, except for DBM and DBE. The higher
COVvep at the lowest load (28.5 Nm) indicates a bigger variation of indicative work
done among each cycle due to less stable combustion associated with the lower

combustion temperature and incomplete combustion.

The average results in Fig. 4.4 (a) reveal that despite of a slight reduction in COV ygp by
using DBM (only 1.6%), the application of alternative fuels causes increase in COV pgp
in the order of DBBu and DB (9%), DBE (7.8%), DBPe (5.8%) and DBPr (2.7%)

compared to that of diesel fuel.

Coefficient of variation in maximum cylinder pressure (COV waxap/de)) 1S another
indicator of combustion process which shows whether the combustion process of an
engine 1s fast and robust or that is slow and less repeatable [297]. COV waxdp/ae) also can
implicitly reflect the level of combustion noise. Fig. 4.4 (b) illustrates that the COV
Max(dp/de) (for 500 working cycles) of all the tested fuels (irrespective of DBBu) increases
from low load (28.5 Nm) to medium load (142.5 Nm) and then decreases until the highest
tested load (256.5 Nm).

Also, it can be clearly seen from Fig. 4.4 (b) that the use of different fuels has various
effects on COV waxapr/de) compared to the diesel fuel. Biodiesel causes a reduction of 3%
and methanol has an identical value (only 0.5% reduction) in COV paxdp/ae) 1N
comparison with the diesel fuel; while the other blended alcohols fuels lead to increase in
COV wmaxriapy in the sequence of DBPe (12.8%), DBPr and DBBu (7.5%) and DBE
(1.4%).
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Fig. 4.4 Variations of (a) COVygp and (b) COV waxap/de) With engine load for different fuels.

Fig. 4.5 indicates the variation of exhaust gas temperature (EGT) with engine load. It is
clearly observed that the increase in engine load causes increase in EGT for all the tested
fuels. With increase in engine load, more fuel is injected into the cylinder for burning
which causes the rise in in-cylinder temperature and thus increase in EGT [73]. The
average results in Fig. 4.5 show that all the alternative fuels lead to slight decreases
(about 1.5% for all blends) in EGT compared to the diesel fuel. This small reduction in
EGT is due to the lower calorific value and higher latent heat of evaporation (cooling
effect) of the alcohols and biodiesel which can reduce the combustion temperature [27]
and thereby reduce the EGT compared to the diesel fuel. According to Fig. 4.5, the
maximum reduction is recorded at the engine load of 256.5 Nm for all the blended fuels
which shows that the alternative fuels have a strong influence on the reduction of EGT

only at higher engine loads.
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Fig. 4.5 Variation of exhaust gas temperature with engine load for different fuels.

55



4.3 Engine performance

Variations of BTE and BSFC are presented in Fig. 4.6 (a and b), respectively. It can be
seen that the best engine performance occurs at the engine load of 199.5 Nm which has
the highest BTE and the lowest BFSC for all the tested fuels. At low engine loads, the
combustion temperature is low; therefore, incomplete combustion takes place. On the
other hand, at very high loads, the combustion temperature is high and the fuel/air ratio is
richer; however, there is not enough time for mixing of fuel and air, resulting in

incomplete combustion and decrease in BTE and increase in BSFC.

Fig. 4.6 (b) illustrates that all the blended fuels have higher BSFC (except for DBM at
256.5 Nm) at all the tested loads compared to the diesel fuel. Lower calorific value (due
to using alcohols and biodiesel) and lower density (due to use of alcohols) of the blended
fuels are the reasons leading to the increase in BSFC compared to the diesel fuel
[73,284,298,299]. And in order to maintain the same output power by the blended fuels,
more fuel is required. The increases in BSFC on the average of five loads are found as
about 6.6% (DBE, DB, DBPr and DBPe), 4% (DBBu) and 2.3% (DBM) compared to that

of diesel fuel.

For BTE, the average results of five loads from Fig. 4.6 (a) show that DBM (3.5%) and
DBBu (1.5%) have higher BTE and other blended fuels have similar BTE (about 1%
reduction which is not significant with T-test) in comparison with the diesel fuel. The
higher or similar BTEs (despite of increase in BSFC) of the blended fuels is due to the
lower fuel viscosity, improvement in fuel atomization and increase in oxygen contents
which improve the combustion process for converting the chemical energy of fuel into
the useful engine work and thereby increase the BTE compared to the diesel fuel [128]. It
can be inferred from the above results that DBM shows the best performance, because it
has the highest BTE among all the tested fuels and the lowest BFSC among all the tested
blended fuels. Methanol has the shortest chain and the lowest molecular weight [284]
among all the tested alcohols which leads to easier ignition and better combustion and
hence resulting in the highest BTE and the lowest BSFC. In addition, the lowest boiling
point of methanol among the tested alcohols causes reduction in heat losses and hence

resulting in higher BTE.
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Fig. 4.6 Variations of (a) BTE and (b) BSFC with engine load for different fuels.

4.4 Exhaust gaseous emissions

Fig. 4.7 shows the variation of BSCO; with engine load. It can be seen from Fig. 4.7 that
the variation of BSCO, is almost similar to that of the BSFC (Fig. 4.6 (b)) at different
engine loads. It is also found that the lowest BSCO, is recorded at the engine load of
199.5 Nm (which also has the lowest BSFC) and the highest BSCO, is observed at the
engine load of 28.5 Nm (which also has the highest BSFC) for all the tested fuels.

Fig. 4.7 also illustrates that all the ternary blended fuels can reduce BSCO, compared to
the diesel fuel. Similar trend in reduction of BSCO; with ethanol and DBE was reported
in [127,128,300] and a slight increase and no significant effect in CO, was found in [301]
using pure biodiesel (5.63% increase), DB50 (2.77% increase) and DB20 and DB10
(identical) compared to the diesel fuel. The lower carbon-to-hydrogen ratio and the higher
oxygen content of the ternary blended fuels cause reduction of BSCO, in comparison
with the diesel fuel [300,302,303]. The percentage reductions in BSCO, are 8.2% for
DBM, 3.2% for DBBu and about 1.8% for DBE, DBPe and DBPr, compared to the diesel
fuel, which are similar to the results of BSFC. Moreover, DB has an identical BSCO, (a
slight increase of 1.4% which is not significant with T-test) compared to the diesel fuel. It
can be inferred that only DBM is effective on reducing BSCO,, with a magnitude of
8.2%, which is due to its lowest BSFC (Fig. 4.6 (b)) among all the tested fuels. The other

blended fuels have almost similar effect on the BSCO, compared to the diesel fuel.
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Fig. 4.7 Variation of BSCO, with engine load for different fuels.

The effects of increase in in-cylinder temperature and complete combustion as a
subsequence of increasing engine load (except at 256.5 Nm) on reduction of BSCO
emission can be seen in Fig. 4.8. Similar behavior was observed in [127] for DBE.
Fig. 4.8 also depicts that all the blended fuels (except DBM at 85.5 Nm) cause BSCO
increase at lower loads (28.5 and 85.5 Nm) and decrease at higher loads (199.5 and 256.5
Nm) compared to the diesel fuel. On the average of five loads, the reductions in BSCO
are in the order of DBM (23.9%), DB (11.3%), DBPr and DBBu (6.4%), DBPe (3.5%)
and DBE (only 0.4%) in comparison with the diesel fuel. Other studies also found
reduction in CO for DB and DBBu [69] and for DBPe [68]. At low load the effect of
lower combustion temperature (cooling effect due to higher latent heat of evaporation)
dominates the effect of oxygen content of the blended fuels (complete combustion),
which suppress the CO oxidation process, resulting in the increase in BSCO emission
compared to the diesel fuel [57,300]. However, with increasing engine load, the effect of
combustion temperature becomes weaker and it can be seen at higher tested loads the
BSCO emissions of the blended fuels are lower than that of diesel fuel. It can be found
from the above results that DBM has the highest influence on reduction of BSCO
(23.9%) which can be attributed to better combustion and performance (lowest COV ygp
and BSFC and highest BTE) of DBM compared to the other blended fuels. After DBM,
DB shows high effect on reduction (11.3%) in BSCO which can be attributed to the long
duration of combustion (as shown in Fig. 4.3 (b)), and hence longer time is available for

oxidation of CO to COs.
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Fig. 4.8 Variation of BSCO with engine load for different fuels.

Fig. 4.9 depicts that the increase in load causes decrease in BSHC for all the tested fuels.
At low engine load the combustion temperatures are insufficient to initiate complete
combustion resulting in increments of BSHC emissions for all the tested fuels. However,
at higher loads the combustion temperatures are high enough to achieve a more complete

combustion, leading to decrease in BSHC for all the tested fuels.

Fig. 4.9 also shows that all the blended fuels (irrespective of DBE at 85.5 Nm) can reduce
the BSHC from the engine load of 85.5 Nm to the highest engine load of 256.5 Nm. The
increase in BSHC at the lowest load with the blended fuels is similar to that in the case of
BSCO (Fig. 4.8), which is due to incomplete combustion as a consequence of higher
latent heat of evaporations of the alcohols and biodiesel compared to the diesel fuel.
However, the effect of higher oxygen content of the blended fuels is a dominant factor at
higher engine loads (from 85.5 Nm to 256.5 Nm) which causes more complete
combustion and increases the oxidation of unburned hydrocarbons at higher in-cylinder
temperatures [105] resulting in lower BSHC compared to the diesel fuel. Some studies
also found an increase in THC at lower and even medium loads and a reduction at higher
load with the use of alcohol blends (like DBE [127,304], DBBu and DBPe [73] and BPn
[305]) compared to the diesel fuel. In addition, other studies found that the use of DE and
DBE [125,306,307], DBPe [68] and diesel blended with ethanol or methanol [28] can
increase the combustion quality, due to more oxygen content in the fuel, and reduce the
THC, in comparison with the diesel fuel. On the average of five engine loads, the
reductions in BSHC are in the order of DBM (24.3%), DBPe, DBPr and DB (12.3%) and
DBE and DBBu (8.8%) compared to the diesel fuel. It can be concluded from the above
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results that, similar to BSFC and BSCO, the effect of using DBM on reduction of BSHC
(24.3%) is higher than the other blended fuels which is due to better combustion and
performances of DBM (lowest COVygp and BSFC and highest BTE). The other blended

fuels have almost similar impacts on the reductions of BSHC.

BSHC (g/kW.h)

28.5 85.5 142.5 199.5
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Fig. 4.9 Variation of BSHC with engine load for different fuels.

Fig. 4.10 shows that the BSNOx approximately decreases with increasing engine load
which is in line with the results of other studies with use of diesel and DBE [127,128] and
diesel, DBu and DPe [287]. Fig. 4.10 also reveals that all the blended fuels (except DB at
all loads and DBPe at 28.5 Nm) cause decrease in BSNOx at all the tested loads
compared to the diesel fuel. On the average of five loads, reductions in BSNOx are in the
order of 19.3% for DBPr, 14.2% for DBM, 11.7% for DBPe, 4.7% for DBE and DBBu;
while DB has an increase of 5.8% in BSNOx in comparison with the diesel fuel. Despite
of the huge effect of combustion temperature on formation of NOyx, it can be found from
the above results that the combustion duration (residence time) also has an effect on NOx
formation. DBPr has the highest impact on the reduction of BSNOx (23.3%) among all
the tested blended fuels due to its shortest duration of combustion, as shown in Fig. 4.3
(b), for formation of NOx. On the other hand, DB leads to higher BSNOx (5.8%) which
can be attributed to its longest duration of combustion. In addition, Koivisto et al. [296]
reported that the increase in alcohol branch (from 1-Octanol to 3-Octanol or adding two
methyl group branches to 3-Octanol to form 3,7-Dimethyl-3-octanol) caused reduction in
NOx emission due to increase in ignition delay and decrease in adiabatic flame

temperature. The 2-propanol used in this study has higher branch than the other alcohols,
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thus DBPr has the longest ID (Fig. 4.3 (a)) and the lowest NOx (Fig. 4.10). Reduction in
BSNOx was also reported in some studies using ethanol [127,128], butanol and pentanol
[287] and butanol and propanol [284]. In addition, the increase in NOx using biodiesel

was also reported in many studies as shown in the review paper [72].

It can be inferred from the above results that the effects of higher latent heat of
evaporation and lower calorific value of alcohol fuels are dominant factors, compared to
other parameters (like lower cetane number and higher oxygen content of blends which
increase the combustion temperature), which cause reduction in BSNOx for different

loads.

28.5 85.5 142.5 199.5 256.5
Load (Nm)

Fig. 4.10 Variation of BSNOy with engine load for different fuels.

4.5 PM emissions

Fig. 4.11 illustrates that the increase in engine load (except at 28.5 Nm) leads to increase
in BSPM for all tested fuels. The small reduction in BSPM from low load (28.5 Nm) to
medium load and then a significant increase until the highest load (256.5 Nm) was
reported in other studies [128,129] for DBE and diesel. At higher engine loads, the
shorter time available for soot oxidation [83] causes increase in soot formation, resulting
in the increase of BSPM. Also, the fuel/air mixture is richer and there is lower oxygen
concentration for soot oxidation. Moreover, the ignition delay becomes shorter; therefore,
more fuel is burned during the diffusion combustion period, resulting in the increase in

PM emissions [105].
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Fig. 4.11 also shows that the utilization of blended fuels (except DB at the engine loads
of 25.8 and 85.5 Nm) has a positive effect on the reduction of BSPM at various loads
compared to the diesel fuel. According to the average of five loads, the reductions in
BSPM are in the sequence of DBE and DBM (70%), DBBu (61%), DBPr (46.2%), DBPe
(32.6%) and DB (only 5.2%) compared to the diesel fuel. This finding is in line with
some other studies for DBE [129,308], pentanol [105], butanol and pentanol [92] and
DBE and DBM [86]. The reasons for the decrease in BSPM with the oxygenate fuels can
be attributed to the following factors. Firstly, there are lower aromatic and sulfur contents
(except DB) in the blended fuels [105]. Secondly, higher oxygen content of the blended
fuels enhances the soot oxidation, because through the hydroxyl radical (OH) formation,
the oxygen component consumes the soot precursors which causes lower soot formation
[27]. Thirdly, the carbon to hydrogen mass ratio of all the blended fuels is lower than that
of diesel fuel [105].

It is found from the above results that all the alcohol fuels have huge effect on the
reduction of BSPM; while DB shows a smaller effect (only 5.2% reduction) on BSPM
reduction compared to the other tested fuels. The smaller impact of DB on the reduction
of BSPM is due to its shortest ignition delay and hence longer diffusion combustion
period, resulting in higher soot formation. In addition, the bonding of two oxygen atoms
of biodiesel as R(C=0) OR with one carbon [309,310] causes the decomposition of
CH;0(CO)’ radical to form CO, (CH3+CO,) instead of CO (CO+CH;0) [311-313].
While for reduction in soot formation, each oxygen atom can remove one carbon atom
from the reactive pool (consuming the soot precursors by oxygen atoms); however, for
biodiesel, the two oxygen atoms can only remove one carbon atom which is less efficient
[309,313] compared to the fuels containing one oxygen atom in their structure like the
alcohols. Therefore, biodiesel shows the weakest effect on the reduction (only 5.2%) of
BSPM in comparison with the other blended fuels with alcohol (especially DBE and
DBM with 70% reduction). On the other hand, the lowest BSPM of the DBE and DBM
fuels can be attributed to the shorter chains of methanol and ethanol which lead to easy
extraction of oxygen atoms from the decomposition of their molecule structures resulting
in higher consumption of soot precursors by these free oxygen radicals compared to the

longer-chain alcohols like propanol, butanol and pentanol.
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Load (Nm)

Fig. 4.11 Variation of BSPM with engine load for different fuels.

Fig. 4.12 and Fig. 4.13 depict that the increase in engine load causes an increase in both
total number concentration (TNC) and geometrical mean diameter (GMD) of the PM for
all the tested fuels. In other studies, the increase in TNC and GMD of diesel and DBE
[128], diesel and pentanol [105] and diesel, butanol and pentanol [92] with increasing
engine load was also reported. The same factors which cause increase in BSPM will also
cause increase in TNC. Moreover, as the number of particles is increase, the particle
coagulation rate is also increases and hence larger particles are formed, leading to larger

GMD [314].

Fig. 4.12 and Fig. 4.13 also show that all the blended fuels have a positive influence on
reduction of TNC (irrespective of DBPr and DBPe at the engine loads of 142.5, 199.5
and 256.5 Nm) and GMD for different loads. On the average of five loads, the reductions
in TNC are in the order of DBE (37.3%), DBBu (31.1%), DBM (22%), DB (9%) and
DBPe (only 1.1%) compared to the diesel fuel; while DBPr has an identical TNC (only
0.2% increase which is not significant with T-test) with the diesel fuel. For GMD, the
average results show that the decreases are in the sequence of DBPr, DBE, DBBu and
DBPe (10.3%) and DB and DBM (5.25%) in comparison with the diesel fuel. The
decrease in TNC and GMD with use of ethanol, butanol and pentanol was also found in
the literature [92,105,128,129]. The same factors which cause reduction in BSPM due to
the use of the blended fuels will also cause reduction in TNC and subsequently reduction
in GMD. In regard to the effect of ID on PM, Koivisto et al. [296] found that the use of
an alcohol caused increase in total particle number and smaller particle size compared to

those of hydrocarbon fuels due to longer ignition delay caused by the alcohols. In the
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present study, the highest TNC and lowest GMD are also recorded for DBPr which has
the longest ignition delay.

Total number concentration x E+7 (#/cm?3)

285 85.5 142.5 199.5 256.5

Load (Nm)

Fig. 4.12 Variation of total number concentration with engine load for different fuels.
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Geometric mean diameter (nm)
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Fig. 4.13 Variation of geometric mean diameter with engine load for different fuels.

4.6 Summary

A summary of the results based on the average of five loads is listed in Table 4-2. Despite
all the blended fuels have almost the same C/H/O composition and LHV, there are some
differences in the influence of each fuel to the combustion, performance and emissions of
the diesel engine. According to the average of five engine loads, it was observed that all

the tested blended fuels using alcohols had almost similar trends on the engine
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combustion, performance and emissions; while the use of biodiesel blend (DB) had
opposite trends in some parameters. In detail, the alcohols blends had higher HRR, ID
and COV wax@p/ae) and lower DOC, BSCO; and BSNOx in comparison with the diesel
fuel; however, biodiesel blend (DB) had lower HRR, ID and COV waxpiae), higher
BSNOx and similar DOC and BSCO, compared to those of diesel fuel. It is noticeable
that all the blended fuels with alcohol can reduce both NOx and particulate emissions,
which are major problems with diesel engines. Moreover, they have higher PM reduction

effects than the DB fuel.

Among the ternary blended fuels, DBM showed the best engine performance (highest
BTE among all the fuels and lowest BSFC among all the blends) and had the lowest
emissions of BSCO,, BSCO, BSHC, and BSPM (same with ethanol blend) and COV pygp
compared to all the other tested fuels. However, there is problem with its miscibility to
form a stable ternary fuel. On the other hand, DBE achieved the lowest BSPM (same as
DBM), TNC and GMD. Ethanol can form a stable ternary fuel and it is widely available,

compared to the higher alcohols.

Table 4-2 Effect of used alternative fuels on the engine combustion and performance and

emissions based on the average of five engine loads

Parameter Order (Highest to lowest)

Peak in-cylinder Pr  All the blended fuels (1%) = Diesel

Peak HRR DBPe ~ DBPr =~ DBBu (22.1%) > DBE (14.8%) > DBM (5.9%) > Diesel > DB (-3%)

ID DBPr (9.7%) > DBPe =~ DBBu = DBE (6.7%) > DBM (1.7%) > Diesel > DB (-3.9%)

DOC DB (0.6%) = Diesel = DBE =~ DBM (-1.1%) > DBBu = DBPr = DBPe (-2.3%)

COVimep DBBu ~ DB (9%) > DBE (7.8%) > DBPe (5.8%) > DBPr (2.7%) > Diesel > DBM (-1.6%)

COV Max(dprdo) DBPe (12.8%) > DBPr ~ DBBu (7.5%) > DBE (1.4%) > Diesel ~ DBM (-0.5%) > DB (-3%)

EGT Diesel > All the blended fuels (-1.5%)

BSFC DBE = DB = DBPr = DBPe (6.6%) > DBBu (4%) > DBM (2.3%) > Diesel

BTE DBM (3.5%) > DBBu (1.5%) > Diesel ~ rest blended fuels (-1%)

BSCO, DB (1.4%) =~ Diesel > DBE ~ DBPe = DBPr (-1.8%) > DBBu (-3.2%) > DBM (-8.2%)

BSCO Diesel =~ DBE (-0.4%) > DBPe (-3.5%) > DBBu = DBPr (-6.4%) > DB (-11.3%) > DBM (-23.9%)
BSHC Diesel > DBBu ~ DBE (-8.8%) > DB = DBPr =~ DBPe (-12.3%) > DBM (-24.3%)

BSNOx DB (5.8%) > Diesel > DBBu ~ DBE (-4.7%) > DBPe (-11.7%) > DBM (-14.2%) > DBPr (-19.3%)
BSPM Diesel > DB (-5.2%) > DBPe (-32.6%) > DBPr (-46.2%) > DBBu (-61%) > DBM = DBE (-70%)
TNC DBPr(0.2%) ~ Diesel > DBPe(-1.1%) > DB(-9%) > DBM(-22%) > DBBu(-31.1%) > DBE(-37.3%)
GMD Diesel > DBM =~ DB (-5.25%) > DBPe = DBBu ~ DBE ~ DBPr (-10.3%)
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CHAPTER 5 COMBUSTION AND PERFORMANCE OF
DIESEL ENGINE WITH DIFFERENT FUELING MODES

The results and discussion in regard to the combustion and performance of a diesel
engine operated with the four fueling modes under various engine loads and speeds are
presented in this chapter. The results pertaining to the engine load have been published

in [315].

5.1 Engine combustion

The combustion characteristics in the present study were obtained on the average of 500
consecutive cycles to minimize the influence of cycle-to-cycle variations based on the in-
cylinder pressure and heat release rate (HRR). The combustion parameters investigated

are similar to those mentioned in Chapters 3 and 4.
5.1.1 In-cylinder pressure and heat release rate

5.1.1.1 Based on engine load

Fig. 5.1 illustrates the typical curves of in-cylinder pressure and HRR at 1800 rpm with
low (57 Nm), medium (142.5 Nm) and high (228 Nm) engine loads for diesel, blended,
F+B and fumigation modes. The peak in-cylinder pressure and peak HRR curves are also
shown in Fig. 5.2 (a) and (b), respectively. Fig. 5.1 and Fig. 5.2 (a) reveal that the in-
cylinder pressure increases, and occurs further away from the top dead center, with
increase in engine load for all the tested fueling modes which is due to more fuel
consumption at higher loads [86]. Similar trend was recorded in the literature using
diesel, blended [87,128,129] and fumigation modes [167]. However, Fig. 5.1 and Fig. 5.2
(b) show that the peak HRR increases with rise in load from 57 Nm to 185.3 Nm and then
decreases at 228 Nm for all the fueling modes. Similar variation of HRR with engine load
was observed in the literature for diesel, blended [128,129,286] and fumigation modes
[167]. At the very high engine load of 228 Nm, the combustion temperature is high and
the fuel/air ratio is also much richer (Fig. 5.20) than that of the lower engine loads;
however, there is not enough time for mixing of fuel and air, resulting in incomplete
combustion and decrease in the peak HRR. In addition, the ID (Fig. 5.7 (a)) is shorter at
very high engine load, thus less fuel is accumulated during the delay time to burn in the

premixed burning phase, resulting in the decrease of peak HRR.
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The impact of different fueling modes on the in-cylinder pressure and HRR are shown in
Fig. 5.1 and Fig. 5.2 (a). Compared to the diesel fuel operation, the blended, F+B and
fumigation modes of operation have peak in-cylinder pressure being lower at low engine
load, similar at medium load and higher at high load (especially for the fumigation
mode). The small reduction in peak in-cylinder pressure at low engine load is due to the
lower combustion temperature and the higher ignition delay (Fig. 5.7 (a)) which lead to
SOC occurring further away from the top dead center during the expansion stroke
[128,129]. On the other hand, the increase in the peak in-cylinder pressures at the highest
load (228 Nm) is due to higher combustion temperatures and lower ignition delay of the
F+B and fumigation modes (Fig. 5.7 (a)) compared to the diesel fuel operation. Some
other studies also found the peak in-cylinder pressure decreases at low engine load and
increases at high engine load using the blended mode [128,129] and fumigation mode
[167,316] operations in comparison with baseline fuels. However, the results based on the
average of five loads and T-test at 95% level indicate that there is almost no difference
among the peak in-cylinder pressures of the blended (-0.2%), F+B (0.9%) and fumigation

(1.3%) modes compared to the diesel fuel operation.

For HRR, the blended, F+B and fumigation modes have higher peak HRR at almost all
the tested engine loads (except for fumigation mode at the engine load of 57 Nm). The
average of five loads from Fig. 5.1 and Fig. 5.2 (b) shows that the blended (20.4%), F+B
(6.3%) and fumigation (2.2%) modes of operation cause increase in peak HRR at all
loads in comparison with pure diesel. For the blended mode, this increase in peak HRR
can be attributed to the better volatility and lower viscosity (contributing to better fuel
atomization) of ethanol and the longer ignition delay (due to low cetane number of
ethanol) which lead to accumulation of more fuel during the delay time to burn in the
premixed burning phase and hence the higher peak HRR [83,287,288,297]. In the
fumigation mode, the ignition delay is shorter (Fig. 5.7 (a)), the duration of combustion is
longer (Fig. 5.7 (b)), the fuel is not well atomized due to the low fuel injection pressure of
0.35 MPa, and fuel mixing with air is poor compared to the blended mode; therefore, the
fumigation mode has less effect on the increase in peak HRR (only 2.2%). In addition,
the lean mixture of fumigated fuel and air plus the low combustion temperature at the low
load of 57 Nm cause deterioration in the combustion efficiency [31] and even a drop in
the peak HRR. The change in peak-HRR in the F+B mode is in between those of the

blended and fumigation modes.
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Fig. 5.3 shows that the cumulative heat release fractions of all the tested fueling modes

have almost similar trend at low, medium and high engine loads. A small difference is

recorded for the first 20% of cumulative heat release fraction due to the difference in the

ID of the different fueling modes. The fumigation mode has shorter ID, thus earlier

increase in the cumulative heat release fraction is recorded compared to the diesel mode.

On the other hand, the blended mode has longer ID, so later increase in the cumulative

heat release fraction is observed. Despite of the late increase in the first 20% of

cumulative heat release fraction, the blended mode reaches 100% cumulative heat release

fraction earlier due to its faster burning rate (as shown in Fig. 5.7 (c)).
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Fig. 5.1 Variations of in-cylinder pressure and HRR with low, medium and high loads.
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5.1.1.2 Based on engine speed

Typical curves of in-cylinder pressure and HRR are illustrated in Fig. 5.4 for low (1400
rpm), medium (1800 rpm) and high (2200 rpm) engine speeds. Also, Fig. 5.5 (a) and (b)
show the peak in-cylinder pressure and peak HRR, respectively. It can be seen from
Fig. 5.4 and Fig. 5.5 (a) and (b) that the peak in-cylinder pressure and peak HRR occur
further away from the top dead center with increasing engine speed; while the peak in-
cylinder pressure decreases and the peak HRR increases (irrespective of the engine speed
of 2200 rpm) with increasing engine speed for all the tested fueling modes due to increase
in ignition delay [297] (as shown in Fig. 5.8 (a) for ID). Labeckas et al. [317] also
reported that the increase in engine speed from 1400 to 2200 rpm caused increase in peak
HRR at A= 5.5 and 3 with the use of DBE in a CI engine. Wei et al. [318] and Song et al.
[319] also found an increase in the peak HRR with increasing engine speed in the

fumigation mode with methanol as the fumigated fuel.

Also, at low speed, the blended, F+B and fumigation modes cause slight increase in peak
in-cylinder pressure. On the other hand, at high speed, the blended mode causes a slight
drop; while the F+B and fumigation modes have similar peak in-cylinder pressure,
compared to that of the diesel mode. At medium speed, all the four fueling modes have
almost similar peak in-cylinder pressures. However, based on the average results of the
five speeds, the T-test at 95% confidence level indicates that there are almost no
differences among the peak in-cylinder pressures of the blended (only 0.6% rise), F+B

(1%) and fumigation (1%) modes with the pure diesel mode.

For the peak HRR, the blended and F+B modes lead to increase in peak HRR at all the
tested engine speeds compared to that of the diesel mode. According to the average of
five speeds, the blended mode leads to 18.4% increase, the F+B mode causes 7.7%
increase; while the fumigation mode has almost equal value (only 0.3%) in the peak HRR
in comparison with that of the diesel mode. The increase in HRR based on different
engine speeds was also found in the literature when using DBE blend [317] and

fumigated methanol [318,319].

Fig. 5.6 also reveals that the cumulative heat release fractions of all tested fueling modes
have almost similar trend for low, medium and high engine speeds. A small difference is
recorded in the first 20% of cumulative heat release fractions due to the difference in ID

of the different fueling modes (similar observation with engine loads in Fig. 5.3).
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5.1.2 Ignition delay and duration of combustion

5.1.2.1 Based on engine load

The impacts on the ignition delay (ID) and duration of combustion (DOC) based on
different engine loads are presented in Fig. 5.7 (a) and (b), respectively. It can be seen
from these Figures that the increase in engine load causes shorter ID and longer DOC for
all the tested fueling modes. The ID is reduced due to increase in in-cylinder combustion
temperature [57] as a consequence of the increase in engine load. For DOC, the increase
in load causes increase in durations of fuel injection, air/fuel mixture formation and
combustion, and hence the increase in DOC [289]. Also, Fig. 5.7 (a) demonstrates that ID
is longer for the blended mode at all engine loads, in comparison with the pure diesel
mode; however, the fumigation mode has shorter ID than the blended mode and could be
shorter than that of the pure diesel mode. The longer ID of the blended mode is due the

lower cetane number and higher latent heat of evaporation of ethanol which causes
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increase in ID and decrease in in-cylinder temperature, respectively, compared to the

diesel fuel [125,290].

In the fumigation mode, pure diesel fuel which has high cetane number is injected into
the engine cylinder and ignited by the hot compressed air/fumigated fuel mixture; in
addition, the combustion mixture is also richer than that in the other fueling modes
(Fig. 5.20) due to the highest fuel consumption in the fumigation mode. Thus, the shorter
ID in the fumigation mode is due to less influence of cetane number of ethanol and more
effect of the combustion in an environment with higher fuel/air ratio. These effects also
are applicable for the F+B mode at the engine load of 228 Nm, at which the combustion
temperature is high enough resulting in shorter ID. On the other hand, the longer ID of
the fumigation mode at the engine load of 57 Nm (low load) is due to the lower in-
cylinder temperature as a consequence of higher latent heat of evaporation of ethanol,
which dominates over the effect of the higher cetane number of diesel and equivalence
ratio. In addition, the very lean fumigated fuel/air mixture (not the overall equivalence
ratio as shown in Fig. 5.20) plus low combustion temperature at low engine load (57 Nm)
cause increase in ID for the fumigation mode. On the average of five loads, the blended
mode causes longer ID (10.1%), the F+B mode has almost similar ID (only slight
increase of 1.4% which is not significant with T-test at 95% level); while the fumigation

mode has a slight decrease in ID (-1.9%), compared to the pure diesel mode.

For DOC, the average of five loads shows that the blended mode has shorter DOC (-
3.1%), the F+B mode has similar DOC (only slight increase of 1% which is not
significant with T-test at 95% level) and the fumigation mode has longer DOC (3.4%),
compared to the diesel mode. The shorter DOC in the blended mode is due to the
following reasons. Firstly, ethanol in the blended fuel causes longer ignition delay and
hence increase in heat released in the premixed combustion phase [127]. Therefore, more
fuel is burned in the premixed combustion phase (Fig. 5.1, Fig. 5.2 (b) and Fig. 5.9).
Secondly, ethanol and biodiesel lead to increase in oxygen content of the blended fuel
hence suppress the pyrolysis process and enhance the rate of oxidation during combustion
[295]. Jamrozik et al. [133] also found a reduction in DOC and an increase in ID with

using with using DBE blends.

However, the shorter ID (Fig. 5.7 (a)) in the fumigation mode causes decrease in fuel

burned in the premixed combustion phase and increase in fuel burned in the diffusion
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combustion phase (Fig. 5.1, Fig. 5.2 (b) and Fig. 5.9), resulting in longer DOC. In
addition, despite of the faster flame propagation speed of ethanol, the fumigated fuel is
not well atomized due to the low fuel injection pressure and fuel mixing with air is poor;
therefore, it takes more time to burn the fumigated fuel, resulting in longer DOC in the
fumigation mode. The highest BSFC of fumigation mode (Fig. 5.18 (b)) has an effect on
the increase in DOC (especially in diffusion combustion phase as shown in Fig. 5.9).
Also, the fumigated fuel is distributed into the combustion chamber; therefore, the flame
propagation is weaker in the lean air/fuel mixture and it takes more time to burn the
fumigated fuel inside the engine cylinder. On average of the five loads, the DOC of the
F+B mode is almost similar to that of the pure diesel mode (1%) and it is in between

those of the blended mode (-3.1%) and the fumigation mode (3.4%).

Fig. 5.7 (c) illustrates the overall combustion progression (including ID, DOC and
positions of 10%, 50% and 95% heat release) of the four fueling modes at the engine
speed of 1800 rpm with five engine loads. The fuel injection starts at 8§ °CA before top
dead center. Despite of slight reduction in ID as a consequence of increase in engine load,
it can be observed that the increase in load can increase the overall combustion
progression for all the tested fueling modes which is due to rise in duration of
combustion. It can also be seen that the blended mode has almost similar while the
fumigation mode has slightly longer overall combustion progression compared to the
diesel mode. Fig. 5.7 (c) also illustrates that the interval of crank angle degrees for
achieving 50% of heat release in the blended mode is the shortest among all the tested
fueling modes which means the blended mode has a faster combustion to reach 50% of

heat release.
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combustion progression with engine load.

5.1.2.2 Based on engine speed

Variations of ID and DOC with engine speeds are presented in Fig. 5.8 (a) and (b),
respectively. The two Figures illustrate that both ID and DOC of all the tested fueling
modes (except a slight reduction in DOC at the engine speed of 2000 rpm) increase with
increasing engine speed. In general, the increase in engine speed (at constant load) causes
almost linear increase in ID and DOC in terms of °CA, but slight reduction in ID and
DOC based on milliseconds [297] which are similar to the results in the present study in
which there are increase based on °CA and slight decrease based on millisecond for both
ID and DOC. The increase in ID based on °CA is due to more restriction to free gas flow
and lower degree of scavenging of the engine cylinder with increase in engine speed
[317]; while the increase in DOC is due to increase in duration of fuel injection and
air/fuel mixture formation. In addition, the increase in engine speed causes shorter time
duration for each crank angle, necessitating longer crank angle to initiate combustion and

to complete combustion of the fuel.

Fig. 5.8 (a) depicts that on the average of five engine speeds, the blended mode causes
8.1% increase in ID, the F+B mode causes only 1.7% increase in ID; while the

fumigation mode reduce the ID by 1.4% compared to that of the pure diesel mode. Also,
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Fig. 5.8 (b) illustrates that compared to pure diesel mode, the fumigation mode and the
F+B mode have 5.5% and 5% longer DOC, respectively; while the blended mode has
almost equal DOC (0.3% reduction, which is not significant with T-test at 95%
confidence level).

It can be observed from Fig. 5.8 (¢) that the increase in speed can increase the overall
combustion progression for all the tested fueling modes. Fig. 5.8 (c) shows that the
interval of crank angle degrees for achieving 50% of heat release of the blended mode is
shorter than that of the diesel mode and the fumigation mode which means the blended
mode has a faster combustion to reach 50% of heat release (same behavior with different

loads in Fig. 5.7 (¢)).
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5.1.3 Premixed and diffusion combustion phases

5.1.3.1 Based on engine load

Fig. 5.9 (a-c) show variations of premixed combustion phase, diffusion combustion phase
and overall premixed/diffusion combustion fraction, respectively with engine load for
different fueling modes. It can be seen from Fig. 5.9 (a and b) that the increase in engine
loads causes increase in premixed combustion phase (but drop at 228Nm similar to peak
HRR in Fig. 5.2 (b)) and diffusion combustion phase. Tse et al. [129] also found an
increase in total heat release rate and diffusion combustion phase with increase in engine
load for diesel and DBE. The same factors which cause the variation of peak HRR with
engine loads also cause the change in the premixed combustion phase; while the increase
in diffusion combustion phase with increase in engine loads is due to increase in fuel
equivalence ratio. Fig. 5.9 (c) also shows that the increase in engine load leads to increase
in overall diffusion combustion fraction and hence decrease in overall premixed
combustion fraction for all the fueling modes due to increase in fuel equivalence ratio and

shorter ID.

Fig. 5.9 (a and b) also illustrate that the blended, F+B and fumigation modes have higher
premixed combustion phase (except equal at 57Nm for fumigation), but lower diffusion
combustion phase (except increase at low loads and equal at medium load for fumigation)
compared to the diesel mode at all the engine loads. The reasons are already mentioned in
DOC sections. However, the higher diffusion combustion phase in the fumigation mode
at low loads is due to the lower in-cylinder temperature as a consequence of higher latent
heat of evaporation of fumigated ethanol, and the very lean fumigated fuel/air mixture
(not the overall equivalence ratio as shown in Fig. 5.20). But, these effects are
insignificant at higher engine loads due to the higher combustion temperature and more
complete combustion. On the average of five engine loads, the increases in premixed
combustion phase are 47.2% for blended, 31.0% for F+B and 22.3% for fumigation
modes in comparison with the diesel mode. On the other hand, the blended (-19.1%) and
F+B (-7.0%) modes have higher diffusion combustion phase, but the fumigation mode

(1.7%) has similar diffusion combustion phase compared to the diesel mode.

In addition, it can be seen from Fig. 5.9 (¢) that the use of blended, F+B and fumigation
modes can reduce the diffusion combustion fraction at all the tested loads (except

fumigation at low loads of 57Nm and 99.8Nm) compared to the diesel mode; while the
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has the highest reduction.
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combustion phase (c) and overall premixed/diffusion combustion fraction with engine load.

5.1.3.2 Based on engine speed

Fig. 5.10 (a-c) show that the increase in engine speed has an effect only on the increase in
premixed combustion phase (except at 57Nm for diesel and fumigation modes) and no
significant impacts on the diffusion combustion phase and overall premixed/diffusion

combustion fraction for all the fueling modes. The increase in premixed combustion
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phase with increase in engine speed is due to the longer ID as shown in Fig. 5.8 (a).

In addition, it can be seen from Fig. 5.10, that the blended, F+B and fumigation modes
have higher premixed combustion phase, but lower diffusion combustion phase (except
increase at low speed and equal at medium speed for fumigation) compared to the diesel
mode at all the engine speeds which are similar to the finding based on the five engine

loads.

On the average of five engine speeds, the increases in premixed combustion phase are in
the order of blended (43.6%), F+B (31.6%) and fumigation (22.2%) modes compared to
the diesel mode. The reductions in diffusion combustion phase are -19.5% for blended
mode and -8.6% for F+B mode; while fumigation mode (-1.3%) has similar diffusion
combustion phase compared to the diesel mode. It can be inferred from the results that
the effect of using blended, F+B and fumigation on the premixed and diffusion
combustion phases is independent to the engine speed and load. Because, the increase in
premixed combustion phase and reduction in diffusion combustion phase by them, based
on average of five engine speeds are almost similar to average of five engine loads. In
addition, Fig. 5.10 (c) shows that the use of blended, F+B and fumigation modes can
reduce the diffusion combustion fraction at all the tested speeds (except fumigation at low
speeds of 1400 rpm and 1600 rpm) compared to the diesel mode; while the blended mode

has the highest reduction which is similar to the finding based on the five engine loads.
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5.1.4 Coefficient of variation in indicated mean effective pressure at different

engine loads and speeds

The coefficient of variation in indicated mean effective pressure (COVvep) which can be
derived from the pressure data, is an important parameter of cyclic variability. COVygp
is defined as the cyclic variability in indicated work per cycle; while the vehicle
drivability problems occur when the COVpyep exceeds of 10% [297]. COVivpp is
calculated according to the standard deviation in IMEP divided by the mean IMEP, and is
usually expressed in percent unit. Fig. 5.11 and Fig. 5.12 show the COVygp (calculated
for 500 working cycles) of five tested engine loads and five engine speeds, respectively.
It can be seen from Fig. 5.11 that the COVygp firstly decreases from the engine load of
57 Nm to 99.8 Nm and then increases up to the engine load of 228 Nm for all the tested
fueling modes. Similar trend was recorded in [282] using diesel and DBE blend. For
various engine speeds, Fig. 5.12 illustrates that the increase in engine speed causes
increase in COVygp for the fumigation mode; while other fueling modes have different

trends with increase in engine speed.
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Fig. 5.11 and Fig. 5.12 also reveal that the COVygp of the diesel mode is about 1% and
COVuep of the fumigation mode is more than 1% which is similar to the finding in
[190,320] for diesel and fumigated ethanol. According to the average of five engine
loads, the use of DBE in the blended (6.6%), F+B (16.1%) and fumigation (26.3%)
modes causes increase in COVpygp compared to the diesel mode. For the five engine
speeds, the average results show the increase in COVyygp for the blended (8.8%), F+B
(26.4%) and fumigation (53.5%) modes. Similar results were found using blended mode

[282] and fumigation mode [190,320,321].
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5.1.5 Coefficient of variation in maximum cylinder pressure at different engine

loads and speeds

Coefficient of variation in maximum cylinder pressure (COV ax@pias)) 1S another
indicator which shows whether the combustion process of an engine is fast and robust or
is slow and less repeatable [297]. COV wax@p/ae) also can implicitly reflect the level of
combustion noise. Fig. 5.13 and Fig. 5.14 illustrate the COV waxp/an) (for 500 working
cycles) under five engine loads and speeds, respectively. It can be found from Fig. 5.13
that the COV naxp/ae) increases from low load to medium load and then decreases until
the highest tested load (228 Nm) for all the tested fueling modes. For different engine
speeds, Fig. 5.14 depicts that all fueling modes have the same behavior on increasing in

COV wmax(dp/ae) With increasing engine speed.

In regard to the effect of using DBE on COV maxpiae), it can be clearly seen from
Fig. 5.13 and Fig. 5.14 that the use of DBE in the blended and F+B modes causes
increase in COV waxp/ae) at all loads or speeds, respectively. However, the fumigation
mode has lower COV nax(dp/ae) compared to the diesel mode at almost all the tested engine
loads and speeds. On the average of five loads, the blended (9.2%) and F+B (3.4%)
modes cause increase in COV vaxdp/de), but the fumigation (-2.7%) mode has lower COV
Max(dp/de) compared to the diesel mode. Similarly for different engine speeds, the blended
(6%) and F+B (4.3%) modes cause increase in COV wax(dp/ae), but the fumigation (-2.9%)
mode has lower COV wax@p/ao) In comparison with the diesel mode. The results from
Fig. 5.13 and Fig. 5.14 show that the fumigation mode has slower combustion than the
other fueling modes which is consistent with the findings in Fig. 5.7 (¢) and Fig. 5.8 (c).
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5.1.6 Exhaust gas temperature at different engine loads and speeds

Fig. 5.15 and Fig. 5.16 indicate the variations of exhaust gas temperature with five engine
loads and speeds, respectively. It is clearly observed from Fig. 5.15 and Fig. 5.16 that the
increase in engine load or speed causes increase in exhaust gas temperature for all the
tested fueling modes; while the influence of engine load is higher than that of engine
speed. With the increase in engine load, more fuel is injected into the cylinder for burning
which leads to increase in in-cylinder temperature and thus increase in exhaust gas
temperature. In respect to the influence of using different fueling modes on exhaust gas
temperature, the results in Fig. 5.15 and Fig. 5.16 show that the blended, F+B and
fumigation modes lead to slight decrease in exhaust gas temperature only at medium and
high engine loads compared to the diesel mode. This small reduction in exhaust gas
temperature is due to the higher latent heat of evaporation and lower calorific value
(cooling effect) of ethanol and biodiesel which can reduce the combustion temperature
[27] and thereby reduce the exhaust gas temperature, compared to the diesel mode.
However, the average results and the T-test reveal that there are almost no differences
(only about 0.5% reduction) among the four fueling modes for different engine loads and

speeds.
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5.1.7 Pre-ignition analysis

Since the fumigation fuel might have an effect on the pre-ignition in the engine cylinders
due to injection of fumigated fuel into the cylinders before main fuel injection; therefore,
a pre-ignition analysis for all the tested loads and speeds was conducted in this study.
While only the results of the highest engine load (228Nm) and speed (2200 rpm) are
presented in Fig. 5.17 due to the highest combustion temperatures at these conditions
which might be favorable for pre-ignition. The pre-ignition analysis in this study is
obtained from the peak in-cylinder pressures of 500 working cycles. It is found that
fortunately all the tested fueling modes, even the fumigation mode, have no pre-ignition

at all the tested loads and speeds (Fig. 5.17 is only shown as an example). Since ethanol
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has lower cetane number and higher heat of evaporation which lead to decrease in
combustion temperature; therefore, it prevents the early combustion (pre-ignition) in the

fumigation mode.
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Fig. 5.17 Peak in-cylinder pressure for 500 working cycles for different fueling modes at high
engine load (left) and high engine speed (right).

5.2 Engine performance
5.2.1 Brake thermal efficiency and brake specific fuel consumption

5.2.1.1 Based on engine load

The influences of engine load and type of fueling modes on BTE and BSFC are
illustrated in Fig. 5.18 (a) and (b), respectively. It can be seen from Fig. 5.18 (a) and (b)
that the best engine performance occurs at the engine load of 185.3 Nm engine load
which has the highest BTE and the lowest BSFC for all the fueling modes. In contrast,
the worst engine performance takes place at the lowest engine load of 57 Nm for all
modes due to incomplete combustion as a consequence of the low combustion
temperature and low fuel air ratio. On the other hand, at the very high engine load of 228
Nm, the combustion temperature is high and the fuel/air ratio is also much richer
(Fig. 5.20); however, there is not enough time for mixing of fuel and air, resulting in
incomplete combustion and decrease in heat release (Fig. 5.2 (b)), BTE and increase in
BSFC, except the BTE and BSFC for the fumigation mode which are similar to the
engine load of 185.3 Nm. The effect of engine load on the BTE (Fig. 5.18 (a)) is similar
to that on the HRR (Fig. 5.2 (b)). The BTE increases from the engine load of 57 Nm to
185.3 Nm and then decreases at the engine load of 228 Nm for all the fueling modes,
except that for the fumigation mode which has almost the same BTE at both engine loads

of 185.3 Nm and 228 Nm.
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Fig. 5.18 (a) and (b) also reveal that the blended, F+B and fumigation modes cause lower
BTE (except for the blended mode which has similar BTE) and increase in BSFC. On the
average of five loads, the decreases in BTE are in the order of fumigation mode (-5.8%)
and F+B mode (-3.6%), with equal BTE (only slight increase of 0.6% which is not
significant with T-test at 95% level) for the blended mode, compared to the diesel mode.
The increases in BSFC are in order of fumigation mode (11.2%), F+B mode (9%) and
blended (5%) mode. Lower calorific value (due to using biodiesel and ethanol) and lower
density (due to use of ethanol) lead to increase in BSFC, as compared to the diesel fuel
[73,284,297,298], because more fuel is required in order to maintain the same output
power. In the blended mode, despite of increase in BSFC (5%), the BTE is similar to the
diesel mode (0.6%). The lower viscosity of ethanol leads to improvement in fuel
atomization and the increase in oxygen content in the fuel improve the combustion
process; while the cooling effect of ethanol has adverse effect to the combustion process,
thereby leading to equal BTE with that of the pure diesel mode [128]. However, in the
fumigation mode, the fuel injected into the intake manifold is not well atomized, due to
the low fuel injection pressure, resulting in poor mixing of air and the fumigated fuel,
which cause the highest reduction in in-cylinder temperature; therefore, incomplete
combustion occurs resulting in lower BTE and increase in BSFC compared to the diesel
mode. Sahin et al. [32] also found that the fumigation mode had lower BTE and higher
BSFC than the blended mode, using n-butanol. For the F+B mode, the results show that it
has the impact of both blended mode and fumigation mode, on the BSFC and BTE.
Because, the changes in BSFC (9%) and BTE (-3.6%) of the F+B mode are between
those of the blended and fumigation modes.
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Fig. 5.18 Variations of (a) BTE and (b) BSFC with engine load.
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5.2.1.2 Based on engine speed

The variations of BTE and BSFC with engine speed and type of fueling mode are
illustrated in Fig. 5.19 (a) and (b), respectively. It can be seen that the increase in engine
speed causes reduction in BTE and increase in BSFC for all the tested fueling modes. The
decrease in BTE and increase in BSFC with increasing engine speed were also reported
for diesel and blended fuels [97,99,101-103,317] in CI engine. Fig. 5.19 (a) also shows
that on average of the five engine speeds the fumigation and F+B modes cause 5% and
3.6% reduction in BTE, respectively; while the blended mode has similar (0.05%
increase) BTE compared to the pure diesel mode. For BSFC, Fig. 5.19 (b) illustrates that
on average of the five engine speeds, the blended, F+B and fumigation modes cause

5.5%, 9.1% and 10.2% increase in BSFC, respectively compared to the pure diesel mode.
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Fig. 5.19 Variations of (a) BTE and (b) BSFC with engine speed.
5.2.2 Equivalence ratio

5.2.2.1 Based on engine load

Variations of equivalence ratio (calculated according to [193]) with engine load and types
of fueling mode are presented in Fig. 5.20. The equivalence ratios of all tested modes
increase with rise in engine loads due to increase in fuel consumption. On the average of
five loads, increases in equivalence ratio using biofuels are observed in the order of
fumigation mode (9%), F+B mode (7%) and blended mode (2.5%) compared to pure
diesel mode. The higher equivalence ratios of F+B and fumigation modes are due to the
lower calorific values of biodiesel and ethanol compared to pure diesel and lower BTE

resulting in more fuel being consumed. While the blended mode has only a slight increase
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in equivalence ratio (2.5%) due to its better BTE. The equivalence ratio is the highest
with the fumigation mode for engine loads of 57 Nm to 185.2 Nm because of incomplete
combustion; therefore, more fuel is needed. However, at the engine load of 228, the
equivalence ratio of the fumigated mode is slightly lowered, compared to that of the F+B
mode, probably due to improvement in combustion of the slightly richer biofuel/air
mixture with an increase in engine load. The increase in equivalence ratio using ethanol

fumigation was also reported in other works [320,322].
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Fig. 5.20 Variation of equivalence ratio with engine load.

5.2.2.2 Based on engine speed

Fig. 5.21 depicts the variation of equivalence ratio with engine speed and type of fueling
mode. As shown in Fig. 5.21, the equivalence ratios of all the tested fueling modes
increase with increasing engine speed due to increase in the amount of fuel injected into
the cylinder. The results based on the average of five speeds show that the fumigation
mode has 6.4% increase, the F+B mode has 5.6% increase; while the blended mode has

almost equal (0.04% increase) in the equivalence ratio compared to the diesel mode.
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Fig. 5.21 Variation of equivalence ratio with engine speed.
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5.3 Summary

The effects of the blended, F+B and fumigation modes on the engine combustion and
performance based on the average of five loads and speeds compared to those of the
diesel mode are presented in Table 5-1. It can be seen that the impact of using different
fueling modes on the all the tested parameters is independent of the different engine loads
or speeds, because the trends and percentages of increase or reduction in these parameters

on the average of five loads are almost similar to those of the five speeds.

It can also be seen that the blended and fumigation modes have opposite effects in some
combustion and performance parameters (ID, DOC, COV waxp/a0) and BTE) as shown in
Table 5-1. For instance, the blended mode causes increase in ID, but the fumigation mode
causes decrease in ID, compared to the diesel mode. In addition, the blended mode causes
a huge increase in the peak HRR (20.4% for loads and 18.4% for speeds); while the
fumigation mode has only a very small effect (2.2% for loads and 0.3% for speeds),
compared to the diesel mode. On the other hand, the blended mode has higher BTE and
lower BSFC than the fumigation mode. These parameters are the primary factors for the
different effects caused by the blended and fumigation modes on the emissions and
physicochemical properties of PM. Moreover, since the F+B mode has the combustion
and performance parameters in between those of the blended and fumigation modes;
therefore, the emissions and physicochemical properties of PM of F+B mode are also

expected to be in between those of the blended and fumigation modes.

It is found that despite of using the same overall fuel composition of DSOB5SE1S5 for both
blended and fumigation modes, different results in the combustion parameters compared
to the diesel mode were obtained from the two fueling modes due to differences in the
mode of combustion; namely, heterogeneous combustion for the blended mode versus
homogeneous+ heterogeneous combustion for the fumigation mode. The blended mode
has the same combustion mode with the diesel mode; therefore, the differences in the
combustion parameters are only due to the differences in fuel properties (DBE versus
diesel). However, in the fumigation mode, the differences in the parameters are due to
differences in both fuel properties and combustion mode (heterogeneous combustion

versus homogeneous+ heterogeneous combustion).
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Table 5-1 Effect of fueling modes on the engine combustion and performance based on the

average of five engine loads and speeds

Parameter

Order (Highest to lowest)

Based on five loads
Peak in-cylinder pressure
Peak HRR

ID

DOC

Premixed combustion phase
Diffusion combustion phase

COVIMEP

Cov Max(dP/d6)

EGT

BSFC

BTE

Equivalence ratio
Based on five speeds
Peak in-cylinder pressure
Peak HRR

ID

DOC

Premixed combustion phase
Diffusion combustion phase

COV vep
COV Max(aprao)
EGT

BSFC

BTE

Equivalence ratio

Fumigation (1.3%) = F+B (0.9%) = Diesel ~ Blend (-0.2%)
Blend (20.4%) > F+B (6.3%) > Fumigation (2.2%) > Diesel
Blend (10.1%) > F+B (1.4%) = Diesel > Fumigation (-1.9%)
Fumigation (3.4%) > F+B (1%) = Diesel > Blend (-3.1%)
Blend (47.2%) > F+B (31.0%) > Fumigation (22.3%) > Diesel
Fumigation (1.7%) ~ Diesel > F+B (-7.0%) > Blend (-19.1%)
Fumigation (26.3%) > F+B (16.1%) > Blend (6.6%) > Diesel
Blend (9.2%) > F+B (3.4%) > Diesel > Fumigation (-2.7%)
Diesel =~ All the tested fueling modes (-0.5%)

Fumigation (11.2%) > F+B (9%) > Blend (5%) > Diesel
Blend (0.6%) =~ Diesel > F+B (-3.6%) > Fumigation (-5.8%)
Fumigation (9%) > F+B (7%) > Blend (2.5%) > Diesel

Fumigation (1%) = F+B (1%) = Blend (0.6%) ~ Diesel

Blend (18.4%) > F+B (7.7%) > Fumigation (0.3%) ~ Diesel
Blend (8.1%) > F+B (1.7%) > Diesel > Fumigation (-1.4%)
Fumigation (5.5%) > F+B (5%) > Diesel = Blend (-0.3%)
Blend (43.6%) > F+B (31.6%) > Fumigation (22.2%) > Diesel
Diesel ~ Fumigation (-1.3%) > F+B (-8.6%) > Blend (-19.5%)
Fumigation (53.5%) > F+B (26.4%) > blended (8.8%) > Diesel
Blend (6%) > F+B (4.3%) > Diesel > Fumigation (-2.9%)
Diesel = All the tested fueling modes (-0.5%)

Fumigation (10.2%) > F+B (9.1%) > Blend (5.5%) > Diesel
Blend (0.05%) ~ Diesel > F+B (-3.6%) > Fumigation (-5%)
Fumigation (6.4%) > F+B (5.6%) > Blend (0.04%) = Diesel
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CHAPTER 6 REGULATED EMISSIONS OF DIESEL ENGINE
WITH DIFFERENT FUELING MODES

The results and discussion in regard to the regulated gaseous emissions of the diesel
engine operated with the four fueling modes under various engine loads and speeds are
presented in this chapter. The regulated emissions include CO, HC and NOx. The result
for CO; is also included as a reference. Results pertaining to the engine load have been

published in [315].
6.1 Brake specific CO emission

6.1.1 Based on engine load

Fig. 6.1 depicts that BSCO emission decreases with increasing engine load for all the
tested modes due to increase in combustion temperature and more complete combustion.
The reduction in CO with increase in load was also reported for diesel and blended fuels
[127] and for operation in the fumigation mode [322,323] when using ethanol. It can be
seen from Fig. 6.1 that the blended, F+B and fumigation modes cause increase in BSCO
emission at all the tested engine loads, except at 185.3 and 228 Nm for the blended fuel.
In the blended mode, at low load, the lower combustion temperature associated with the
cooling effect due to the higher latent heat of evaporation of ethanol is dominating, which
suppresses the CO oxidation process, resulting in higher BSCO in comparison with the
diesel mode [57,300]. The increment of BSCO is 39.3% using the blended mode at
engine load of 57 Nm. However, with increase in engine load, the impact of combustion
temperature becomes weaker; while the oxygen content of the fuel becomes more
dominating, hence BSCO of the blended fuel is lower than that of the diesel mode at
higher loads (185.3 and 228 Nm as shown in Fig. 6.1). The reduction in BSCO is 1.3% at
the engine load of 228 Nm using the blended mode.

The BSCO is the highest in the fumigation mode. In the fumigation mode, the effect of
incomplete combustion, lower combustion temperature and higher BSFC lead to higher
CO emission at all the tested loads. The higher CO emission in the fumigation mode
compared to the blended mode was also found in [31]. In addition, an increase in CO was
reported for fumigated fuels in [28,150] and diesel-biodiesel-alcohol blends based on
engine loads in [75,86] and based on engine speeds in [97,103,324]. On the average of
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five loads, the F+B mode causes 87.7% increase in BSCO which is in between those of
the blended mode (17%) and the fumigation mode (152.9%), compared to the diesel
mode. The lower combustion temperature associated with the cooling effect due to the
higher latent heat of evaporation of ethanol dominates the effect of higher oxygen content
of the biodiesel and ethanol fuels resulting in incomplete combustion, suppressed CO
oxidation and hence increase in BSCO in comparison with the diesel mode [57,300].
Since the fumigation mode has lower BTE and higher fuel/air ratio than the other tested

fueling modes, it has the highest BSCO.

Diesel
Wl M.
F+B

Fumigation

BSCO (g/kW.h)
(o]

57 99.8 142.5 185.3 228
Load (Nm)

Fig. 6.1 Variation of BSCO with engine load.

6.1.2 Based on engine speed

Fig. 6.2 shows that the increase in engine speed does not have a significant influence on
the BSCO because both CO formation and oxidation are both engine load dependent.
Same trend (almost constant CO with speed) was also found in [137] using diesel and
DBE. Fig. 6.2 also illustrates the increase in BSCO using the blended, F+B and
fumigation modes compared to the diesel mode at all the tested engine speeds. On the
average of five speeds, the increases in BSCO are in the order of fumigation mode
(185.7%), F+B mode (109.9%) and blended mode (19.9%) in comparison with that of the

diesel mode.
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Fig. 6.2 Variation of BSCO with engine speed.
6.2 Brake specific HC emission

6.2.1 Based on engine load

Fig. 6.3 shows the effects of engine load and different fueling mods on BSHC, which are
similar to those for BSCO (Fig. 6.1). BSHC emission decreases with increase in engine
load and the blended, F+B and fumigation modes of operation cause higher BSHC
emission at all the tested engine loads (except at the engine loads 185.3 and 228 Nm for

the blended fuel).

For the blended mode, the higher BSHC at the low engine load (similar to BSCO) is due
to incomplete combustion as a consequence of the higher latent heat of evaporation of
ethanol compared to the diesel; while leads to 22.7% increase in BSHC at the engine load
of 57 Nm. But, the higher oxygen content of ethanol and biodiesel in the blended fuel is
the more dominating factor at higher engine loads which causes more complete
combustion and increase the rate of oxidation of unburned hydrocarbons at higher in-
cylinder temperatures [105] resulting in lower BSHC emissions in comparison with the
diesel mode. The reduction in BSHC is 14.7% in the blended mode at the engine load of
228 Nm. The higher BSHC at lower and even medium engine loads and a lower BSHC at
higher load using DBE blend was observed in other studies [127,304]. For the fumigation
mode, some factors have impact on huge increase in BSHC emission. Firstly, the large
droplet size of fumigated fuels (due to low injector pressure) causes initiation of
incomplete combustion. Secondly, the mixture of fumigated fuels and air causes decrease

in combustion temperature (production of quenching flame layers), especially at lower
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loads resulting in initiation of incomplete combustion. Thirdly, the fumigation mode has
the highest equivalence ratio (Fig. 5.20) and fuel consumption (Fig. 5.18 (b)) resulting in
more fuel in combustion. Finally, some fraction of fumigated fuels could easily escape
into the low temperature quenching regions close to the combustion chamber walls and
crevices (like the region between the piston crown and the cylinder wall) especially
during the compression stroke and expansion stroke, which becomes one of the primary
sources of unburned hydrocarbon emission [297,319]. The higher HC emission in the
fumigation mode compared to that in the blended mode was also reported in the literature
[31,32]. The increase in HC emissions using fumigation mode was also reported in

review studies [28,150].

According to Fig. 6.3, on the average of five loads, the blended mode (4.6%), F+B mode
(86.5%) and fumigation mode (158.2%) have higher BSHC emission compared to that of
the pure diesel mode. It is noticeable that, similar to BSCO emission, the value of BSHC
emission of the F+B mode is in between that of the blended mode and the fumigation

mode.
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Fig. 6.3 Variation of BSHC with engine load.

6.2.2 Based on engine speed

Fig. 6.4 depicts that the increase in engine speed causes slight decrease in BSHC for all
the tested fueling modes as a consequence of increase in combustion temperature and
hence more complete combustion. The decrease in HC emission as a result of increase in
engine speed was also found in some studies [107,137,325] using diesel and blended

fuels.
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Fig. 6.4 also shows that the blended, F+B and fumigation modes have higher BSHC
compared to the pure diesel mode at all the tested engine speeds. On the average of five
speeds, the increases in the BSHC are in the order of fumigation (161.4%), F+B (91.3%)
and blended (8.4%) modes in comparison with the pure diesel mode. The higher latent
heat of vaporizations of ethanol and biodiesel lead to the decrease in combustion
temperature, resulting in incomplete combustion and the increase in THC emissions
[288,300] compared to the diesel fuel. Atmanli et al. [101] also found that the blended
fuel (diesel-biodiesel-n butanol) had higher BSHC compared to the diesel based on the
average of different engine speeds. Aydin and Ogiit [132] also recorded higher HC

emission using DBE compared to the diesel at various speeds.
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Fig. 6.4 Variation of BSHC with engine speed.
6.3 Brake specific NOx, NO and NO, emissions

6.3.1 Based on engine load

The variations of BSNOx, BSNO and BSNO, with engine loads for different fueling
modes are presented in Fig. 6.5, Fig. 6.6 and Fig. 6.7, respectively. It can be seen from
Fig. 6.5 that the BSNOx approximately decreases with increasing engine load which is in
line with results reported other investigations with using diesel and DBE blend [128,289]
and with fumigation mode [31]. Fig. 6.5 and Fig. 6.6 also reveal that the blended, F+B
and fumigation modes have lower BSNOx and BSNO at all engine loads compared to the
pure diesel mode. According to the average of five loads, the reductions in BSNOx
emissions are in the order of fumigation mode (-8.6%), F+B mode (-5.6%) and blended

mode (-3.6%) compared to that of the pure diesel mode; while the reductions in BSNO
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are in the order of fumigation mode (-32.8%), F+B mode (-24%) and blended mode (-
8.9%). The effects of higher latent heat of evaporation and lower heating value of
biodiesel and ethanol are the dominating factors, compared to the other parameters (like
lower cetane number and higher oxygen content of biodiesel and ethanol which increase
the combustion temperature), which cause reduction in BSNOx for all the tested fueling
modes. The lowest BSNOx in the fumigation mode is due to the lower combustion
temperature as a consequence of incomplete combustion. In the fumigation mode, the
fumigated fuel is injected into the cylinder via intake manifold which absorbs the heat
inside the combustion chamber, causing a lower temperature environment for
combustion; therefore, incomplete combustion takes place resulting in higher CO, HC
and lower NOx emissions. It can be inferred from the above results that the F+B mode
benefits the effects of both blended and fumigation modes. Higher effect of the
fumigation mode on reduction in NOx emission compared to the blended mode was

reported in the literature [31,32].

However, despite of reduction in BSNOx in the blended, F+B or fumigation modes of
operation, BSNO, emissions (Fig. 6.7) are increased in the order of the fumigation mode
(187.2%), the F+B mode (111.5%) and the blended mode (3.3%) compared to that of the
pure diesel mode, based on the average of five engine loads. This finding is in line with
[31], which found higher BSNO; emissions of the blended and fumigation modes higher
than that of the baseline fuel and the impact of fumigation mode on increase in BSNO,

was higher than that of blended mode.

It 1s known that the NO formed in the flame zone can be rapidly converted to NO;
through the following reaction when the fluid is cooled [297]:

NO + HO; — NO, + OH 6.1

The cooler regions are reduced with the increase of engine load, resulting in less
conversion of NO into NO, [62]; therefore, the NO, emission decreases with increasing
engine load (Fig. 6.7). The increases in BSNO, emissions when using the blended, F+B
and fumigation modes can be attributed to two reasons. Firstly, in hydrocarbon
decomposition processes, ethanol is a well-known chain-carrying agent which can react
with OH radicals to reform the peroxyl radicals (HO,); thus, the ethanol is a source of
HO; [326] which increases the formation of NO,. Secondly, the lower combustion

temperature due to ethanol can enhance the conversion of NO into NO,. Therefore, the
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BSNO,; emissions of the blended, F+B and fumigation modes are higher than that of the
pure diesel mode; while the highest BSNO, achieved by the fumigation mode is due to

the lowest combustion temperature associated with the fumigation mode of operation.

It can be inferred from the above results for different engine loads that the ratios of
NO2/NOx for the diesel mode and the blended and F+B modes are in the normal range
(10%-30% according to [297]). However, in the fumigation mode there is a huge increase
in NO,, resulting in higher ratio of NO,/NOx. The ratios of NO,/NOx for diesel, blended,
F+B and fumigation modes are 11.7%, 16.5%, 28.3% and 34.6%, respectively.
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Fig. 6.5 Variation of BSNOx with engine load.
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Fig. 6.6 Variation of BSNO with engine load.
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Fig. 6.7 Variation of BSNO, with engine load.

6.3.2 Based on engine speed

The variations of BSNOx, BSNO and BSNO, with engine speeds for different fueling
modes are presented in Fig. 6.8, Fig. 6.9 and Fig. 6.10, respectively. It can be seen that
they all decrease with increasing engine speed due to shorter duration of combustion in
terms of millisecond which causes less time available for NOx formation [72]. Atmanli et
al. [102] also found the increase in engine speed causes decrease in BSNOx, BSNO and
BSNO,; using diesel and diesel-biodiesel-n butanol blends. Similarly, Labeckas et al.
[317] reported a decrease in NOx at higher engine speed using diesel and DBE blends.

In comparison with the diesel mode, on the average of five speeds, there is an increase in
BSNO, in the fumigation (185.6%), F+B (117%) and blended (9.9%) modes, but
reduction in BSNOx (-7.5% for fumigation, -6% for F+B and -3.2% for blended modes)
and BSNO (-30.2% in the fumigation mode, -20.7% in the F+B mode and -4.6% in the
blended mode).

Similar increase in NO, emission was found in the literature [102,103] using diesel-
biodiesel-butanol blends compared to that of pure diesel fuel at different engine speeds.
Cheng et al. [31] reported that the use of fumigated methanol and methanol blend had
higher NO, than using diesel fuel; while the fumigated methanol had a huge increase in
NO, compared to the blended methanol. In addition, some studies [168,327-329] found
that the use of fumigated alcohol fuels caused increase in NO, and decrease in NO and
NOx emissions based on engine load. Prakash et al. [139] also found a reduction in NO

emission of a diesel engine using DBE blends compared to the diesel fuel.
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According to the above results for various engine speeds, the ratios of NO,/NOx for
diesel fuel and blended and F+B mode are in the normal range (10%-30% according to
[297]). But, the fumigation mode has a huge rise in NO; resulting in higher ratio of
NO,/NOx. The ratios of NO,/NOx for diesel, blended, F+B and fumigation modes are
11.8%, 13.2%, 25.9% and 34.2%, respectively.
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Fig. 6.8 Variation of BSNOx with engine speed.
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Fig. 6.9 Variation of BSNO with engine speed.
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Fig. 6.10 Variation of BSNO, with engine speed.
6.4 Brake specific CO, emission

6.4.1 Based on engine load

Variation of BSCO, with engine loads for all the tested fueling modes is presented in
Fig. 6.11. It can be observed that the variation of BSCO; is almost similar to that of the
BSFC (Fig. 5.18 (b)) at different engine loads. The lowest BSCO; is found at the engine
load of 185.3 Nm (which has the lowest BSFC) and the highest BSCO, is observed at the
engine load of 57 Nm (which has highest BSFC) for all the tested fueling modes. Despite
of higher BSFC of the blended, F+B and fumigation modes (as shown in Fig. 5.18 (b)),
based on the average of five loads, the BSCO, of the blended mode is lower (-3.3%) than
the pure diesel mode; while the changes in the F+B mode (-0.5%) and in the fumigation
mode (0.6%), compared to the pure diesel mode, are statistically insignificant at the 95%
confidence level. The reduction in CO; emission using the blended mode was reported in
the literature [103,127,128,137,300,330]. The reduction in CO, emission in the blended
mode and similar CO, emission in the F+B and fumigation modes is due to the lower C/H
ratio and higher oxygen content of biodiesel and ethanol in comparison with the diesel
fuel [300,302,303]. However, the blended mode has lower BSFC compared to the F+B
and fumigation modes, which causes reduction in carbon available for formation of CO,,
resulting in lower BSCO,. In addition, the lowest BSCO,; in the blended mode is due to

improvement in BTE [31] in comparison with the other fueling modes.
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Fig. 6.11 Variation of BSCO, with engine load.

6.4.2 Based on engine speed

Fig. 6.12 shows that the variation of BSCO, with engine speed is also similar to that of
BSFC (Fig. 5.19 (b)). The increase in BSCO; with increasing engine speed is due to the
increase in fuel consumption which is in line with the results in [137] using diesel and
DBE. According to the average of five speeds, despite of increase in BSFC (Fig. 5.19
(b)), the blended mode has lower BSCO; (-2.7% reduction); while the F+B mode (only -
0.4%) and fumigation mode (only 0.2%) have similar BSCO, compared to that of the

pure diesel mode.
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Fig. 6.12 Variation of BSCO, with engine speed.
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6.5 Summary

The influence of different fueling modes on the regulated gaseous emissions based on the
average of five loads and speeds compared to those of the diesel mode are presented in
Table 6-1. It can be seen that the effects of using different fueling modes on almost all the
tested parameters is independent of the different engine loads or speeds, because the
trends and percentages of change in those parameters on the average of five loads are
almost similar to those parameters on the average of five speeds. In addition, it can be
observed that the fumigation mode is more effective in reducing BSNOx and BSNO than
the blended mode. On the other hand, the fumigation mode has higher BSCO,, BSCO and
BSHC than the blended mode. Since the fuels used in the blended mode and the
fumigation mode have the same composition (D80OB5SE15), it can be concluded that the

gaseous emissions are affected by the mode of operation.

Table 6-1 Effect of fueling modes on the regulated gaseous emissions based on the average of

five engine loads and speeds

Parameter Order (Highest to lowest)

Based on five loads

BSCO Fumigation (152.9%) > F+B (87.7%) > Blend (17%) > Diesel
BSHC Fumigation (158.2%) > F+B (86.5%) > Blend (4.6%) > Diesel
BSNOx Diesel > Blend (-3.6%) > F+B (-5.6%) > Fumigation (-8.6%)
BSNO Diesel > Blend (-8.9%) > F+B (-24%) > Fumigation (-32.8%)
BSNO, Fumigation (187.2%) > F+B (111.5%) > Blend (3.3%) > Diesel
BSCO, Fumigation (0.6%) = Diesel =~ F+B (-0.5%) > Blend (-3.3%)
Based on five speeds

BSCO Fumigation (185.7%) > F+B (109.9%) > Blend (19.9%) > Diesel
BSHC Fumigation (161.4%) > F+B (91.3%) > Blend (8.4%) > Diesel
BSNOx Diesel > Blend (-3.2%) > F+B (-6%) > Fumigation (-7.5%)
BSNO Diesel > Blend (-4.6%) > F+B (-20.7%) > Fumigation (-30.2%)
BSNO, Fumigation (185.6%) > F+B (117%) > Blend (9.9%) > Diesel
BSCO, Fumigation (0.2%) ~ Diesel = F+B (-0.4%) > Blend (-2.7%)
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CHAPTER 7 PARTICULATE EMISSION AND PHYSICAL
PROPERTIES OF PM FOR DIFFERENT FUELING MODES

PM emissions including their mass, number, size and morphology have negative
influence on the human health with chronic complications and environment [199,207].
The small particles can penetrate deeply into the lung tissue through the respiratory
passageways which causes more damaging lung tissue compared to the large particles
[199]. However, the large particles which have the majority proportion of PM mass have
a strong effect on the global climate by absorbing the solar radiation and reacting with
other types of atmospheric constituents. The PM emissions on the mountains may cause
melting of the snow and ice due to absorbing the solar radiation, which may create
serious problem in the environment. Also, some part of the PM mass are soluble in water
(formation of water-soluble organic carbon, WSOC); therefore, they are a threat to the
animals and environment of the underwater. Thus, more concerns are needed in regard
to reduction of these emissions. Since diesel engines are one of the sources of PM
emissions, therefore, this section aims to investigate these emissions emitted from a diesel
engine under various operating conditions and fueling modes. The results and discussion
in regard to the particulate emissions and physical properties of the PM of a diesel
engine operated under the four fueling modes and various operating conditions are
presented in this chapter. The parameters investigated include brake specific particulate
mass emission, total number concentration, geometric mean diameter, we well as the

micro-structure and nano-structure of the particles.

7.1 Brake specific PM mass (BSPM), total number concentration
(TNC) and geometric mean diameter (GMD)

7.1.1 BSPM at different engine loads

Fig. 7.1 shows the variation of BSPM with engine load. In all the fueling modes, the
BSPM decreases slightly from the engine load of 57 Nm to 99.8 Nm, and then increases
up to the highest engine load of 228 Nm. This trend was also reported in the literature
using DBE and diesel fuels [128,129]; and using alcohol fumigation with ethanol and
methanol) [24,168]. It is because at the lowest engine load combustion is incomplete due
to the low combustion temperature; therefore, BSPM is higher than that at the engine load

of 99.8 Nm. On the other hand, the subsequent increase in BSPM at higher engine load
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can be attributed to the following factors. Firstly, as more fuel is burned, the available
time for soot oxidation after the end of the diffusion combustion phase is shorter [331],
resulting in the increase in particulate formation as well as the reduction in time for soot
oxidation, and thus there is an increase in BSPM. Secondly, the higher F/A ratio results in
less oxygen available for soot oxidation. Thirdly, the ignition delay becomes shorter;
therefore, more fuel is burned in the diffusion combustion period (Fig. 5.9), resulting in
the increase in particulate formation [105]. Finally, as more fuel is injected into the
engine, there is less time available for air and fuel mixing. Incomplete combustion due to

lack of enough time for fuel and air mixing also causes an increase in BSPM.

Fig. 7.1 also illustrates that the BSPM emissions of the blended and F+B modes are lower
than that of the diesel mode at all the tested engine loads. However, the fumigation mode
has lower BSPM only at the higher engine loads of 185.3 and 228 Nm which is similar to
the findings in diffusion combustion phase (Fig. 5.9 (b)). On the average of five loads, the
reductions in BSPM are in the order of blended mode (-47.9%) and F+B mode (-28.4%));
while the fumigation mode has similar BSPM (only a slight increase of 1.2% which is not
significant with T-test at 95% level) compared to that of the diesel mode. The reduction
in PM mass emissions can be found in the literature when using DBE in the blended
mode [27,86,129,282,308] and using ethanol and methanol in the fumigation mode
[24,28,168,322]. The increase in BSPM in low load (idle) and decrease in BSPM at

higher engine load was also reported in [24] using fumigated ethanol compared to diesel.

There are several factors that contribute to the reduction in BSPM when using biofuels.
Firstly, the C/H mass ratio of the fuels used in the blended, F+B and fumigation modes is
lower than that of diesel fuel, resulting in the decrease in BSPM [105]. Secondly, the
lower aromatic and sulfur contents of these fuels also lead to the decrease in BSPM
[105], because the aromatics are soot precursors; while sulfur could form sulfate which is
also part of the particulate matter. Thirdly, the higher oxygen content of these fuels
enhances soot oxidation through the hydroxyl radical (*OH) formation, leading to lower

soot formation [27].

However, when operating in the fumigation mode, the following factors lead to the
increase in BSPM at low and medium loads. Firstly, the fumigated fuel is uniformly
mixed with air inside the engine cylinder. At low and medium engine loads, the

equivalence ratio of the uniformly mixed air/fuel mixture is very low, and the combustion
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temperature is also low, leading to very poor combustion of the fumigated fuel. Part of
the fuel might enter into the engine exhaust and condense during the cooling down
process in the PM sampling process, leading to an increase in the PM emission. The
increase in unburned fuel emission at low and medium engine loads could also be
observed in the high HC emissions in the fumigation mode of operation (Fig. 6.3).
Secondly, part of the fumigated fuel could easily escape into the low temperature
quenching regions close to the combustion chamber walls and crevices which can
produce higher PM emissions, especially during the low and medium loads. Thirdly, the
injection pressure for the fumigated fuel was only 0.35 MPa which will cause the
formation of larger fuel droplets, and the larger fuel droplets will cause the formation of
more particles and larger particles (as shown in TNC and GMD at Fig. 7.3 and Fig. 7.4,
respectively) and hence increase in PM emissions. Fourthly, the shorter ID and longer
DOC in the fumigation mode (Fig. 5.7 (a) and (b)) lead to increase in the diffusion
combustion period (Fig. 5.9 (b)) during which soot is formed. Finally, the fumigation
mode has higher BSFC and overall equivalence ratio which cause more fuel available for
PM formation and less oxygen available for soot oxidation, respectively. However, at the
higher engine loads of 185.3 and 228 Nm, the effect of the above factors is weakened due
to more complete combustion, as a consequence of the higher in-cylinder temperature
associated with the high engine loads. Therefore, the BSPM of the fumigation mode are
lower than those of the diesel mode at the engine loads of 185.3 and 228 Nm. For the
F+B mode, the results show that it has a reduction of -28.4% in BSPM, which is located

in between those of the other two modes of operation.
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Fig. 7.1 Variation of BSPM with engine load.
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7.1.2 BSPM at different engine speeds

The variation of BSPM with engine speed for different fueling modes is presented in
Fig. 7.2. It can be observed that it increases with increasing engine speed for all the
fueling modes. At higher engine speed, there is a reduction in volumetric efficiency and
an increase in the fuel/air ratio, resulting in less oxygen available for soot oxidation and
more fuel is involved for soot formation, respectively. In addition, at higher engine speed,
there is less time for air and fuel mixing and less time for combustion in each engine
cycle, which will cause incomplete combustion and an increase in BSPM. Some studies
also found the increase in smoke opacity (soot) using diesel, blended fuels (diesel-
biodiesel-alcohols [107,317]) and fumigated methanol [319], and increase in PM

emissions [332] with the increase in engine speed.

Fig. 7.2 also illustrates that the blended and F+B modes lead to decrease in BSPM at all
the tested engine speeds, but the fumigation mode has higher BSPM at low and medium
speeds. On the average of five engine speeds, the blended mode has the lowest BSPM
among all the fueling modes. The blended mode causes a reduction in BSPM (-51%)
compared to diesel. The F+B mode has lower BSPM (-20.6%) in comparison with the
diesel mode; while the fumigation mode has similar BSPM (1.5%) compared to the diesel

mode, which are similar to the effects of engine loads shown in Fig. 7.1).

It 1s found that the fumigation mode has lower PM mass compared to the diesel mode
only at the highest engine speed of 2200 rpm due to more dependency of PM mass on the
size of particles rather than the number of particles for different engine speeds. It is
because most of the particles emitted from all the tested fueling modes are in the small
size range (nano and ultra-fine particle as shown in Fig. 7.10) which has light weight. The
TNC (Fig. 7.7) of fumigation mode is higher than that of the diesel mode at the engine
speed of 2200 rpm; however, the majority of the particles are in the small size range
(nano and ultra-fine particle as shown in Fig. 7.10), resulting in smaller GMD (Fig. 7.8)
and hence lower PM mass. In addition, the increment ratio of TNC by the fumigation
mode compared to the diesel mode at the highest speed (17.6% at 2200 rpm) is lesser
than that at the lower speeds (e.g. 52.3% at 1400 rpm); therefore, the effect of smaller

particles (hence lighter weight) causes reduction in PM mass at the highest engine speed.
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Fig. 7.2 Variation of BSPM with engine speed.

7.1.1. TNC and GMD at different engine loads

Fig. 7.3, Fig. 7.4 and Fig. 7.5 reveal that both TNC and GMD of the particles increase
with increasing engine load for all the tested fueling modes which are in line with those
reported in the literature when using DBE in the blended mode [128], and using ethanol
and methanol in the fumigation mode [167,168,327,328]. The same factors which lead to
the increase in PM mass also lead to the increase in TNC. For GMD, at high engine
loads, the huge number of particles causes increase in particle coagulation rate, leading to

the formation of particles with larger GMD [314].

Fig. 7.3 and Fig. 7.4 also illustrate that the blended and F+B modes have lower TNC
(except almost similar TNC at lower and medium loads for the F+B mode) and lower
GMD at all the tested loads compared to those of the diesel mode. However, the
fumigation mode has lower TNC and GMD only at the higher engine loads of 185.3 and
228 Nm. Zhang et al. [327] also found that the GMD of particles in fumigation operation
with methanol was higher at low and medium engine loads and lower at high engine
loads compared to the diesel mode. Similarly, the increase in GMD at lower engine load
and decrease in GMD at higher engine load using fumigated ethanol was reported in
[322]. On the average of five loads, the blended mode has lower TNC (-18.5%), the F+B
mode has similar TNC (only -1.2%); while the fumigation mode has higher TNC (27.8%)
than the diesel mode. For GMD, the blended mode (-9.3%) and the F+B mode (-4.8%)
cause reductions; while the fumigation mode has almost equal GMD (only 1.5% which is
not significant with T-test at 95% level), compared to those of the diesel mode. When

operating in the blended, F+B and fumigation modes the fuels in use contains ethanol and
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biodiesel. The lower aromatic and sulfur contents and the lower C/H mass ratio [105] of
the fuels contribute to less particulate formation; while the higher oxygen content of the
fuels enhances soot oxidation [27], causing reduction in TNC and GMD compared to
those of the diesel mode. The reductions in TNC and GMD can also be found in the
literature when using DBE [129,308] and the fumigation mode (ethanol and methanol)
[167-169,322,327]. On the other hand, an increase in TNC was reported in [24] using
fumigated ethanol at all the tested loads compared to the diesel fuel. In the present study,
in the fumigation mode, the reductions in TNC and GMD is found only at higher engine
loads because at low and medium loads, the same factors that lead to the increase in PM
mass also lead to the increase in TNC (Fig. 7.3) and GMD (Fig. 7.4) compared to the
diesel mode. However, at higher engine loads, the combustion is complete as a
consequence of higher in-cylinder temperature, resulting in lower TNC and GMD in the

fumigation mode, in comparison with those of the diesel mode.
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Fig. 7.3 Variation of total particle number concentration with engine load.
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Fig. 7.4 Variation of geometric mean diameter with engine load.

109



T a) Diesel (57 Nm) T b) — Diesel (142.5 Nm)
k) —~ =Blend (57 Nm) o ~ =Blend (142.5 Nm)
E 18- F+B (57 Nm) 3 18+ F+B (142.5 Nm)
~ =+ »Fumigation (57 Nm) = — + - Fumigation (142.5 Nm)
+ +
W 15 Ll 154
x x
3 8 7°S
D 12 . D 12 / \
o 7'\ o .
2 / . 2
g 9 \ Z o

X / \ X
o o
g g
o ©1 8 6+
S S
z z
@ 31 » 3
Q <@
2 ©
= =
g° - g o ;

10 100 1000 10 100 1000
Diameter (nm) Diameter (nm)

21

— Diesel (228 Nm)
— —Blend (228 Nm)
F+B (228 Nm)
= + = Fumigation (228 Nm)

Particles No. Conc. [dN/dlogDp x E+7] (#/cm?)

T
10 100 1000
Diameter (nm)
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Fig. 7.5 shows the particle number-size distributions as measured by the SMPS for
particles in the size range of 15 nm to 750 nm under low, medium and high engine loads.
The particles emitted from a diesel engine can be classified into nano-particle (particle
diameter < 50 nm), ultra-fine particle (50 nm < particle diameter < 100 nm) and fine
particle (particle diameter > 100 nm), as suggested by Kittelson in [333,334]. The
variation of concentrations of nano-particle, ultra-fine particle and fine particle (up to 750
nm for this study) with engine load for different fueling modes is presented in Fig. 7.6 (a
and b). It can be seen from Fig. 7.6 (a), with increase of engine load, there is not much
change in the number of nano-particles, a slight increase in the number of ultra-fine
particles and a significant increase in fine particles, and the increase in TNC. Thus, the
increase in TNC with increase in engine load is mainly due to the increase of fine
particles. It is because, with the increase in TNC with engine load, the smaller particles
will coagulate into larger particles due to the higher coagulation rate. In addition, Fig. 7.6

(b) shows the increase in engine load has an effect on reducing the fractions of nano-
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particles and ultra-fine particles in TNC and the increase in fraction of fine particles in
TNC. Fig. 7.6 (b) also reveals that, for all the fueling modes, the particles are mainly less
than 100nm in size; while the blended mode has the highest concentration of nano-
particle and the lowest concentration of fine particle. On the average of five engine loads
(Fig. 7.6 (a)) the blended mode has lower nano-particles (-6.5%), ultra-fine particles (-
19.3%) and fine particles (-35.4%) than the diesel mode. The F+B mode has higher nano-
particles (5.0%), similar ultra-fine particles (0.5%) and lower fine particles (-15.3%)
compared to the diesel mode. But, the fumigation mode causes increase in nano-particles
(16.5%), ultra-fine particles (34.5%) and fine particles (31.7%) in comparison with the

diesel mode.
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Fig. 7.6 Variations of (a) number and (b) percentage of nano-particle (Dp < 50 nm), ultra-fine

particle (50 nm < Dp < 100 nm) and fine particle (Dp > 100 nm) with engine load.

7.1.3 TNC and GMD at different engine speeds

The effect of engine speed on TNC and GMD are shown in Fig. 7.7 and Fig. 7.8,
respectively; while Fig. 7.9 shows the particle number-size distributions at low, medium
and high engine speeds. It can be observed that the increase in engine speed causes
increase in TNC, but has no significant influence on GMD, for almost all the tested
fueling modes. With an increase in engine speed, similar factors that lead to the increase
in BSPM will also cause the increase in TNC. Di et al. [332] found an increase in TNC
and decrease in GMD using diesel-diglyme blend with increasing engine speed. Despite
of the increase in TNC, there is little change in GMD because with an increase in engine
speed, there is less time available (shorter duration of combustion in term of time) for

particle coagulation and agglomeration.

Fig. 7.7 and Fig. 7.8 also illustrate that the blended and F+B modes lead to decrease in
TNC and GMD at all the tested engine speeds (except the TNC in the F+B mode at low
and medium speeds), but the fumigation mode has higher TNC at all the tested engine
speeds and higher GMD at low and medium speeds. On the average of five engine
speeds, the blended mode has the lowest TNC and GMD among all the fueling modes.
The blended mode causes reduction in TNC (-12.1%) and GMD (-9%) compared to the
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diesel mode. The F+B mode has similar TNC (0.7%) and lower GMD (-5.2%) in
comparison with those of the diesel mode; while the fumigation mode has higher TNC

(31.6%) and similar GMD (0.6%) compared to the diesel mode.

The reduction in TNC and GMD can also be observed in the literature using DBE
[129,308] and also using ethanol and methanol in the fumigation mode [167-
169,322,327]. However, in the present study, for the fumigation mode, the reduction in
GMD is found only at higher engine speeds; the TNC is higher than that in the diesel
mode for all tested speeds; and the percentage increase in TNC at the highest speed is
lower than that at the lowest speed. Similar result (an increase in TNC) was also reported

in [24] using fumigated ethanol compared to the diesel mode.
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speeds.

Fig. 7.10 (a) shows that, with the increase in engine speed, there is an increase in the
amount of nano-particle, ultra-fine particle and fine particle for all the fueling modes,
such that there is little change in the percentage of each group of particles in the TNC. In
addition, according to Fig. 7.10 (b), similar to the results of various engine loads, most of
the particles are less than 100 nm in diameter, for all the fueling modes. Also, the blended
mode has the highest concentration of nano-particles and lowest concentration of fine
particles. On the average of five engine speeds (Fig. 7.10 (a)), the blended, F+B and
fumigation modes have similar effects with the five engine loads (Fig. 7.6 (a)). In detail,
the blended mode causes reduction in nano-particles (-3.4%), ultra-fine particles (-12.1%)
and fine particles (-21.8%), compared to the diesel mode; the F+B mode has higher nano-
particles (5.1%), similar ultra-fine particles (0.8%) and lower fine particles (-4.4%), in
comparison with the diesel mode, but the fumigation mode has higher nano-particles

(19.8%), ultra-fine particles (32.5%) and fine particles (44.3%) than the diesel mode.
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7.1.4 BSPM, TNC and GMD at four operating conditions

The effects of engine speed and load on the BSPM, TNC and GMD have been explained
with five speeds and five loads for various fueling modes of operation in previous
sections. Since the analyses on the physicochemical properties of PM in this study are
conducted at four operating conditions, indicated as 1400rpm-57Nm, 1400rpm-228Nm,
2200rpm-57Nm and 2200rpm-228Nm; therefore, there is a need to determine the BSPM,
TNC and GMD for these conditions which are the basic information for the analyses of

physicochemical properties of PM.

Fig. 7.11 (a-c) show the variations of BSPM, TNC and GMD, respectively, with the four
operating conditions. Fig. 7.12 illustrates the variation of particle size distribution for the
four operating conditions. Similar to above sections, the increase in engine speed or load
causes increase in BSPM, TNC and GMD (except no change for GMD with speed). Also,
the blended and F+B modes have lower BSPM, TNC and GMD than the diesel mode at
the four operating conditions; while the fumigation mode has an effect on reducing
BSPM, TNC and GMD at only high engine load (228Nm) for both speeds. On the
average of four operating conditions, the blended mode has lower BSPM (-42.5%), TNC
(-22.3%) and GMD (-8.8%) and the F+B mode has lower BSPM (-25.3%) and GMD (-
3.4%) and similar TNC (-1.8%) compared to the diesel mode; while the fumigation mode
has almost similar BSPM (1.9%), and GMD (1.4%), but higher TNC (36.2%) than the
diesel mode. These results are similar to those reported in the previous sections for the

five engine loads and the five engine speeds.

a),, | EEsese ~ 14 [l Diesel
Il Biend 5 Il 5lend
Il F+8 % 124 [ F+B
400 |[__] Fumigation N [ Fumigation

— W10 4
= x
- c

Z 00 2 4
S 2
£ c

= 3 6-
Z 200 IS
(2] o

i o a4
Q
100 £

c 2
S
O

| | = o4

1400-57 1400-228 2200-57 2200-228

1400-57 1400-228 2200-57 2200-228
Condition (rpm-Nm) Condition (rpm-Nm)

116



100

I Dicse! [l Blend I F+B[__] Fumigation |

(2]
~—

80

60

40

20

Geometric mean diameter (nm)

1400-57 1400-228

2200-57

Condition (rpm-Nm)

2200-228

Fig. 7.11 Variations of (a) PM mass, (b) particle number concentration and (c) geometric mean

27

24

21

Particles No. Conc. [dN/dlogDp x E+7] (#/cm?)

27

24

21

Particles No. Conc. [dN/dlogDp x E+7] (#/cm?)

diameter with engine speed and load.

= Diesel (1400 rpm-57 Nm)
= = Blend (1400 rpm-57 Nm)
+ + F+B (1400 rpm-57 Nm)
— - - Fumigation (1400 rpm-57 Nm)

T
100 1000
Diameter (nm)

Diesel (2200 rpm-57 Nm)
= =Blend (2200 rpm-57 Nm)
+ + F+B (2200 rpm-57 Nm)
= + = Fumigation (2200 rpm-57 Nm)

T
100 1000
Diameter (nm)

Particles No. Conc. [dN/dlogDp x E+7] (#/cm?)

Particles No. Conc. [dN/dlogDp x E+7] (#/cm?)

= Diesel (1400 rpm-228 Nm)
= = Blend (1400 rpm-228 Nm)
+ + F+B (1400 rpm-228 Nm)
— - - Fumigation (1400 rpm-228 Nm)

27

T
100 1000
Diameter (nm)

24

21 4

—— Diesel (2200 rpm-228 Nm)
Blend (2200 rpm-228 Nm)
F+B (2200 rpm-228 Nm)

— . Fumigation (2200 rpm-228 Nm

T
100 1000
Diameter (nm)
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The measured particles are further classified into nano-particles (diameter of particle, Dp
< 50 nm), ultra-fine particles (50 nm < Dp < 100 nm) and fine particles (Dp > 100 nm).
Fig. 7.13 (a) illustrates that the increase in engine load causes not much change in the
number of nano-particles, a slight increase in the number of ultra-fine particles and the
increase in the number of fine particles; and an increase in TNC. However, in regard to
the percentage of each group of particles in the TNC, Fig. 7.13 (b) shows the increase in
engine load has an effect on the reduction in the fraction of nano-particles and ultra-fine
particles in TNC and the increase in fraction of fine-particles in TNC. Fig. 7.13 (a and b)
also show that, with the increase in engine speed, there is an increase in the amount of
nano-particles, ultra-fine particles and fine-particles for all the fueling modes, such that
there is little change in the percentage of each group of particles in the TNC. Similar to
the results of five engine loads and five speeds, the average results for the four operating
conditions in Fig. 7.13 (a) show that the blended mode has less nano-particles (-9.1%),
ultra-fine particles (-23.2%) and fine-particles (-38.5%), compared to the diesel mode.
The F+B mode has more nano-particles (3.1%), similar ultra-fine particles (1.4%) and
less fine-particles (-13.5%), compared to the diesel mode. However, the fumigation mode
has an effect on increase in nano-particles (19.2%), ultra-fine particles (49.4%) and fine-

particles (50.1%), in comparison with the diesel mode.
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7.2 Micro-structure

In the combustion process, the fuel forms gas phase soot precursors, which subsequently
form soot nuclei. The soot nuclei grow to form primary soot particles (“spherulite” shape)
with mean diameters of about 30 nm. The primary particles will then coagulate and
agglomerate to form agglomerates of difference sizes and shapes (small aggregates as
“clusters” or “chains” shapes and large agglomerates in the range of 1-2 um diameter as
“flakes™ or “spherules” shapes) [214,215]. Investigations on the primary particle size and
the morphology of the aggregate particles under different fueling modes and operating

conditions are presented in this section.

7.2.1 Morphology of aggregate particles

In this study, SEM and STEM were used to investigate the morphology of aggregate
particles. Fig. 7.14 shows the low magnification images of PM deposited on a TEM grid,
analyzed by SEM and STEM at the operating condition of 2200rpm-57Nm; while
Fig. 7.15 shows the corresponding results at the operating condition of 2200rpm-228Nm.
The low magnification images of PM deposited on a TEM grid can be used to visualize

the size, number and shape of particle agglomerates and clusters in regards to the PM
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physical properties analysis. In this study, since the PM were collected directly from the
exhaust pipe; therefore, the shape of particle agglomerates and clusters for all the fueling
modes is in the original configuration compared to the in-direct PM sampling which
changes the original shape of particle agglomerates and clusters. In the SEM images, the
particles are shown in white color; while in the STEM images, the particles are shown in
black color. It can be seen that the size, number and shape of particles and aggregate
particles in the SEM images are almost similar to those of the STEM images. This
confirms that the analyses of the size, number and shape of particles and aggregate
particles in this study are reliable. The dark square regions which appear on the left hand
side in Fig. 7.14 and Fig. 7.15 are one mesh out of 400 meshes of the TEM grid which
was analyzed by SEM. By comparing the corresponding images in Fig. 7.14 with those in
Fig. 7.15, it can be seen that the increase in engine load has an effect on increasing the
size of the aggregate particles for all fueling modes. In addition, it can be observed that
for the fumigation mode, there are many primary particles and many large aggregate
particles at the low load of 57 Nm; and for the diesel mode, there are many primary
particles and many large aggregate particles at the high engine load of 228 Nm; while for
the blended mode, there are only a few primary particles and almost no large aggregate
particles. These results are in line with the TNC and GMD results. In the F+B mode, both
large particles (as fumigation mode) and small particles (as blended mode) can be found

in the SEM and STEM images.
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Fig. 7.14 Low magnification images of PM deposited on TEM grid, analyzed by SEM (left) and
STEM (right) at 2200rpm-57Nm, for different fueling modes.
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Fig. 7.15 Low magnification images of PM deposited on TEM grid, analyzed by SEM (left) and
STEM (right) at 2200rpm-228Nm, for different fueling modes.

Fig. 7.16 shows the medium magnification images of PM deposited on TEM grid,
analyzed by SEM and STEM at the operating condition of 2200rpm-57Nm; while
Fig. 7.17 shows the corresponding results at the operating condition of 2200rpm-228Nm.
According to the images, many quasi-spherical primary particles with different sizes can
be seen for all the fueling modes. Yang et al. [214] also reported thet the primary
particles from diesel and diesel/polyoxymethylene dimethyl ethers blends were in quasi-
spherical shape with different sizes. The quasi-spherical primary particles in the diesel
mode are connected to each other in different orientations and different particles layers
are gathered (SEM images can show easily); while the connections between the particles
and between the particle layers seem to be strong. However, the use of ethanol and
biodiesel can change these behaviors. It is because the particles in the blended mode are
connected to each other in almost one or two directions (chain like) and fewer particle
layers can be found; while the connections between the particles and between the particle
layers seem to be weaker than those in the diesel mode. Therefore, particles in the
blended mode cannot be gathered to form large agglomrated particles, resulting in the
lowest GMD in the blended mode. However, the use of ethanol and biodiesel in the
fumigation mode has less significant effect compared to the blended mode due to the
reasons mentioned in regard to BSPM, TNC and GMD. The F+B mode has the effect in
between the blended and fumigation modes. Yang et al. [214] also found that the use of

oxygenated fuel could decrease the particle number concentrations and large aggregate
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particles (due to less collision between primary particles) and also the PM became looser

compared to the particles obtained under the diesel mode.

In addition to the reasons mentioned in regard to the effects of BSPM, TNC and GMD,
some other factors also have effects on the particle morphology for different fueling
modes. These factors include the PM nano-structure parameters, PM oxidation reactivity,
PAHs concentrations of PM associated with the fuel PAHs and PM chemical properties.
According to the findings shown in the nano-structure section, the diesel mode contains
more carbon layers than the other fueling modes; while these carbon layers are more
compact and arranged in an organized orientation along with the largest primary particle
diameter and fringe length and the lowest tortuosity and fringe separation distance. These
parameters inhibit the accessibility of oxygen into the carbon layers for oxidation (diesel
has the lowest oxidation reactivity as shown in Table 8-1) resulting in formation of the
largest primary particle and particle agglomerates and clusters. In addition, the fringe
lengths (Figs. 7.20 and 7.21) associated with the carbon atoms [214] and carbon layers at
the edge-site positions of particles emitted from diesel mode are larger than that of the
other fueling modes which weaken the oxidation process. The diesel mode also has the
highest fuel which is the source of soot nuclei formation and enhance primary particles
formation. Also, diesel PM consists of the highest EC (Fig. 8.1), non-volatile substance
(Figs. 8.3 and 8.4) and inorganic ions (cause surrounding of the particles) (Figs. 8.12
to 8.14), and the lowest OC concentration (Fig. 8.1) and volatile substance (Figs. 8.3 and
8.4); therefore, these parameters cause formation of the largest primary particles with
strong connection to form larger particle agglomerates and clusters. However, the use of
ethanol and biodiesel in the blended, F+B and fumigation modes can change these
behaviors to produce the smaller particles with looser connection than that in the diesel
mode; while the blended and fumigation modes have the highest and the lowest effects,
respectively due to their different impacts on the nano-structure parameters (as descriped

in this Chapter), PM oxidation reactivity, PAHs and PM chemical properties (Chapter 8).
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SEM HV: 5.0 kV WD: 3.59 mm
SEM MAG: 100 kx View field: 2.77 pm 500 nm

(Fumigation mode)

Fig. 7.16 Medium magnification images of PM deposited on TEM grid, analyzed by SEM (left)
and STEM (right) at 2200rpm-57Nm, for different fueling modes.
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(Fumigation mode)

Fig. 7.17 Medium magnification images of PM deposited on TEM grid, analyzed by SEM (left)
and STEM (right) at 2200rpm-228Nm, for different fueling modes.

7.2.2 Primary particle size

Primary particle diameters for different fueling modes and operating conditions are
presented in Table 7-1. In addition, the distribution of primary particle diameter for
different fueling modes at the operating conditions of 2200rpm-57Nm and 2200rpm-
228Nm are shown in Fig. 7.18. According to Table 7-1 and Fig. 7.18, the increase in
engine load has an impact on moving the primary particle diameter distribution towards
the bigger size range, resulting in an increase in the mean primary particle diameter for
all fueling modes; while almost no significant effect from engine speed is observed,

which are in line with GMD results. The increase in primary particle diameter with
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increase in engine load was also reported in the literature [128,214,335-337]. Table 7-1
also illustrates that the blended, F+B and fumigation modes cause decrease in the primary
particle diameter in all four operating conditions (except at the engine load of 57 Nm for
the fumigation mode); while the blended mode has the lowest value. These findings are
also in line with the GMD results. On the average of four operating conditions, the
blended mode (-15.0%) and F+B mode (-9.1%) have lower primary particle diameters,
but the fumigation mode (-1.8%) has almost the same primary particle diameter
compared to the diesel mode. These results are also in line with the GMD results. Ruiz et
al. [191] and Gargiulo et al. [192] also found that ethanol or butanol in dual-fuel system
had no effect on the average particle size compared to the diesel fuel. However, for the
blended mode, the ethanol and biodiesel in DBE blend can reduce the carbon content and
increase the oxygen content, resulting in the reduction of nuclei particles and hence
smaller primary particles are formed compared to that of diesel fuel [128]. Smaller
primary particle diameter using alternative fuels compared to the diesel fuel have also

been reported in other studies [128,211,214,336,338].

Table 7-1 Mean primary particle diameter (nm (SD)) for different fueling modes and operating

conditions
Condition (rpm-Nm) Diesel Blend F+B Fumigation
1400-57 25.6 (4.5) 21.5(4.0) 22.9(3.3) 25.8 (4.1)
1400-228 27.1(6.0) 24.2 (3.9) 25.3 (3.6) 26.4 (3.7)
2200-57 23.7 (4.2) 19.5(3.4) 22.0(3.2) 24.5(3.9)
2200-228 29.6 (7.2) 252 (3.9) 26.1 (4.0) 27.1 (4.8)
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Fig. 7.18 Primary particle diameter distribution for different fueling mods at 2200rpm-57Nm
(left) and 2200rpm-228Nm (right).
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7.3 Nano-structure

7.3.1 Morphology of primary particle

Quantitative investigation of the nano-structure of primary particles is important
parameter in PM investigation, because it provides information on the particle formation
process and the particle oxidative reactivity [207]. According to the literature various
types of structure for primary particle have been reported [212,335,337,339-341]. These
structures include: (I) fullerenoid or onion-like morphology; (II) turbostratic structures
produced from small plates of undefined orientation; (III) purely turbostratic layers and
(IV) structures produced from multiple spherical nuclei surrounded by several graphitic
layers as shell-amorphous or shell-core. Some common structures for primary particle are

presented in Fig. 7.19.

(c) “shell-amorphous™ (d) “shell-core™

Fig. 7.19 Simplified sketch of nano-structure of primary particle [335].

For this study, it can be seen from Fig. 7.20 and Fig. 7.21 that at the low engine load of
57Nm, for both low and high speeds, the carbon lamellas are arranged in a disorganized
orientation, and mostly having the “onion like” and ‘‘turbostratic interlayer” structures
due to high content of volatile organic carbons [128] and no clear core can be observed.
At the high engine load of 228 Nm, for both low and high speeds, the carbon lamellas are
more orderly and have clear cores which seem to be the “shell-amorphous™ structure —
which has amorphous interior, or so-called ‘‘hollow center” and graphitized outer shell—

for all fueling modes. Similar results were reported in the literature [335-337] which
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found the carbon lamellas at high loads were more orderly than that at low loads. The
length of outer carbon lamella is longer than the interior carbon lamella; while the interior
amorphous structure is due to presence of the carbon sheets with higher reactivity
towards the oxygen [335]. Also, the interior amorphous structure is related to the
randomly orientated PAHs in PM [212]. However, no significant differences can be seen
for the effect of engine speed on the nano-structure morphology for all the fueling modes
compared to the huge effect of engine load on the nano-structure morphology. This is
because the increase in engine speed has less effects on the combustion and performance
parameters, e.g. peak HRR, DOC, diffusion combustion phase, exhaust gas temperature
and equivalence ratio, and also has opposite effects on ID and BTE compared with the

increase in engine load.

Fig. 7.20 and Fig. 7.21 also show that the blended, F+B and fumigation modes lead to a
change in the nano-structure morphology, compared to the diesel mode. It can be seen
that for the diesel mode, there are more carbon layers than the other fueling modes due to
more carbon is available for soot formation and less oxygen is available for soot
oxidation, especially at the high load for both speeds. The blended mode has almost the
lowest number of carbon layers. In addition, the blended mode has smoother particles
(shown in the pictures as brighter particles for blended mode compared to other modes)
than the other modes which is in line with [202] using oxygenated fuel (butanol)
compared to the diesel fuel. However, the fumigation mode has less effect compared with
the blended mode on the nano-structure morphology due to the reasons mentioned in

regard to BSPM, TNC, GMD and morphology of the aggregate particles.

(Diesel mode)
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(Blended mode)

(F+B mode)

(Fumigation mode)

Fig. 7.20 Nano-structure of PM analyzed by STEM (high resolution image) for different fueling
modes at 1400rpm-57Nm (left) and 1400rpm-228Nm (right).
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(Diesel mode)

(Blended mode)

(F+B mode)
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(Fumigation mode)

Fig. 7.21 Nano-structure of PM analyzed by STEM (high resolution image) for different fueling
modes at 2200rpm-57Nm (left) and 2200rpm-228Nm (right).

7.3.2 Fringe length, tortuosity and fringe separation distance

The change in carbon lamellas due to change in engine speed, load or fueling mode
affects the fringe length (L,), tortuosity (T¢) and fringe separation distance (Ds) of the
primary particles. According to Table 7-2, the increase in engine load or speed (except at
the operating condition of 1400rpm-57Nm) causes increase in fringe length and decrease
in tortuosity and fringe separation distance, which are in line with results in other studies
[214,335-338] based on engine load. At the low engine speed and load case of 1400rpm-
57Nm, the low combustion temperature and incomplete combustion cause formation of
longer fringe length and lower tortuosity and fringe separation distance of the primary

particles compared to the case of 2200rpm-57Nm.

In addition, Table 7-2 shows that the blended, F+B and fumigation modes cause decrease
in fringe length and increase in fringe separation distance in all operating conditions
(except for the fringe length at the fumigation mode under the operating conditions of
1400rpm-57Nm and 2200rpm-57Nm). It is because at low engine load (57Nm), the same
reasons that lead to the higher GMD in the fumigation mode compared to the diesel mode
also cause increase in fringe length as well. For tortuosity, Table 7-2 illustrates that only
the fumigation mode has a small increase in tortuosity compared to the diesel mode. On
the average of the four operating conditions, the blended and F+B modes have lower
fringe length (-12.9%, -9.6%), equal tortuosity (0.4%, 0.9%) and higher fringe separation
distance (4.4%, 5.5%) compared to the diesel mode. However, the fumigation mode has
almost no effect on the fringe length (-2.2%, insignificant difference with T-test), but

small increase in tortuosity (2.2%) and fringe separation distance (6.8%) compared to the
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diesel mode. Since the fumigation mode particles have higher tortuosity than the blended
mode particles; therefore, they have higher fringe separation distance. Ruiz et al. [191]
also found that the use of ethanol or butanol in a dual-fuel system had no effect on the
fringe length of primary particle compared to the diesel fuel. The decrease in fringe
length and increase in tortuosity and fringe separation distance using alternative fuels
have also been reported in the other studies [214,338]. The distribution of fringe length,
tortuosity and fringe separation distance at the operating conditions of 2200rpm-57Nm
and 2200rpm-228Nm for different fueling modes are also presented in Fig. 7.22,
Fig. 7.23 and Fig. 7.24, respectively.

Table 7-2 Fringe length (L,), tortuosity (T¢) and fringe separation distance (Ds) of primary

particles for different fueling modes and conditions

Parameter Mode 1400rpm-57Nm 1400-228 2200-57 2200-228

L, (SD) Diesel 0.648 (0.045) 0.761 (0.012)  0.626 (0.050) 0.814 (0.036)

(nm) Blend 0.605 (0.027) 0.615(0.048) 0.574 (0.022) 0.670 (0.032)
F+B 0.638 (0.031) 0.640 (0.027) 0.588 (0.032) 0.692 (0.034)
Fumigation 0.684 (0.033) 0.709 (0.050) 0.646 (0.030) 0.727 (0.025)

T (SD) Diesel 1.159 (0.018) 1.146 (0.017) 1.156 (0.013) 1.154(0.017)
Blend 1.162 (0.028) 1.150 (0.018) 1.168 (0.016) 1.155(0.015)
F+B 1.165 (0.014) 1.157 (0.027) 1.177 (0.014) 1.159(0.016)
Fumigation 1.185 (0.018) 1.167 (0.014) 1.195(0.018) 1.169 (0.016)

Ds (SD) Diesel 0.397 (0.020) 0.385 (0.009) 0.401 (0.005) 0.365 (0.008)

(nm) Blend 0.402 (0.005) 0.399 (0.007) 0.420 (0.016) 0.394 (0.011)
F+B 0.412 (0.006) 0.399 (0.008) 0.428 (0.022) 0.394 (0.008)
Fumigation 0.414 (0.007) 0.401 (0.012) 0.433 (0.013) 0.404 (0.020)
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7.4 Electron diffraction pattern

The TEM imaging function combined with selected-area electron diffraction (SAED) can
be used to understand the crystallinity of a sample. In the SAED method, an aperture in
the image plane of the objective lens is used for limiting the area that the diffracted
electrons are collected [342]. A SAED pattern can determine the distinct intensity
maxima form (also called as “reflections”) in the case of crystalline materials (with bright
spots appearing in the picture) and diffuse scattering from defective crystalline and

amorphous substances (with diffuse rings appearing in the picture) [342-345].

In the present study, the SAED pattern images of PM deposited on TEM grid were
analyzed by STEM for the operating condition of 2200rpm-228Nm. It can be seen from
Fig. 7.25 that the SAED pattern image of each fueling modes has three bright rings which
show that the sample contains amorphous substances (carbon is major substance) which
is in line with the amorphous structures of particles for all fueling modes at the conditions
of 2200rpm-228Nm as shown in Fig. 7.21. Each ring in the SAED pattern image
corresponds to the atomic plane of different orientation and different interplanar d-
spacing [344]. Sahu et al. [346] and Buseck et al. [343] also found that the soot and black
carbon have three bright rings in SAED pattern images. In addition, Fig. 7.25 shows that
there are almost no significant differences in the SAED pattern images among the
different fueling modes in regard to the number of rings and the diameter of each ring (d-
value and lattice spacing), because carbon is the main substance of PM for all the fueling

modes.

(Diesel mode)
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(Blended mode)

(F+B mode)

(Fumigation mode)

Fig. 7.25 SAED pattern images of PM deposited on TEM grid, analyzed by STEM at 2200rpm-
228Nm, for different fueling modes.
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7.5 Summary

The effects of blended, F+B and fumigation modes on PM emissions and the physical
properties of PM, based on the average results of various operating conditions, compared
to those of the diesel mode, are presented in Table 7-3. The impact of using different
fueling modes on the BSPM, TNC and GMD is independent of the different engine loads
or speeds, because the trends and percentages of increase or reduction in these parameters
are almost similar to each other. This finding is similar to the finding in regard to the
regulated emissions. It is also found the use of DBE in blended and fumigation modes
affects the micro and nano-structures of the PM by changes in the primary particle
diameter, fringe length, tortuosity and fringe separation distance, compared to the diesel
mode. Also, the connections between the particles and between the particle layers using
DBE in blended and fumigation modes seem to be weaker than the diesel mode; while the

blended mode has the weakest connections.

Table 7-3 Effect of fueling modes on the PM emissions and physical properties of PM

based on the average of various conditions

Parameter Order (Highest to lowest)

Based on five loads

PM mass Fumigation (1.2%) ~ Diesel > F+B (-28.4%) > Blend (-47.9%)
TNC Fumigation (27.8%) > Diesel =~ F+B (-1.2%) > Blend (-18.5%)
GMD Fumigation (1.5%) ~ Diesel > F+B (-4.8%) > Blend (-9.3%)
Nano-particle concentration Fumigation (16.5%) > F+B (5.0%) > Diesel > Blend (-6.5%)
Ultra-fine particle concentration = Fumigation (34.5%) > F+B (0.5%) = Diesel > Blend (-19.3%)
Fine particle concentration Fumigation (31.7%) > Diesel > F+B (-15.3%) > Blend (-35.4%)
Based on five speeds

PM mass Fumigation (1.5%) = Diesel > F+B (-20.6%) > Blend (-51%)
TNC Fumigation (31.6%) > F+B (0.7%) ~ Diesel > Blend (-12.1%)
GMD Fumigation (0.6%) =~ Diesel > F+B (-5.2%) > Blend (-9%)
Nano-particle concentration Fumigation (19.8%) > F+B (5.1%) > Diesel > Blend (-3.4%)
Ultra-fine particle concentration = Fumigation (32.5%) > F+B (0.8%) = Diesel > Blend (-12.1%)
Fine particle concentration Fumigation (44.3%) > Diesel > F+B (-4.4%) > Blend (-21.8%)
Based on four conditions

PM mass Fumigation (1.9%) =~ Diesel > F+B (-25.3%) > Blend (-42.5%)
TNC Fumigation (36.2%) > Diesel ~ F+B (-1.8%) > Blend (-22.3%)
GMD Fumigation (1.4%) =~ Diesel > F+B (-3.4%) > Blend (-8.8%)
Nano-particle concentration Fumigation (19.2%) > F+B (3.1%) > Diesel > Blend (-9.1%)
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Ultra-fine particle concentration
Fine particle concentration
Primary particle diameter
Fringe length

Tortuosity

Fringe separation distance

Fumigation (49.4%) > F+B (1.4%) = Diesel > Blend (-23.2%)
Fumigation (50.1%) > Diesel > F+B (-13.5%) > Blend (-38.5%)
Diesel ~ Fumigation (-1.8%) > F+B (-9.1%) > Blend (-15.0%)
Diesel ~ Fumigation (-2.2%) > F+B (-9.6%) > Blend (-12.9%)
Fumigation (2.2%) > F+B (0.9%) =~ Blend (0.4%) ~ Diesel
Fumigation (6.8%) > F+B (5.5%) > Blend (4.4%) > Diesel
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CHAPTER 8 CHEMICAL PROPERTIES OF PM FOR
DIFFERENT FUELING MODES

The results and discussion in regard to the chemical properties of the PM of a diesel
engine operated under the four fueling modes and various operating conditions are
presented in this chapter. The chemical properties investigated include organic carbon
(OC) and elemental carbon (EC), volatile and non-volatile substances (VS and non-VS),
oxidation reactivity, water-soluble organic carbon (WSOC), inorganic ions, metals and

elements, PAHs and n-alkanes.

8.1 Carbonaceous components analysis

The PM sample contains different components, such as soot, unburned hydrocarbon,
inorganic ions, metals, elements and etc. The organic carbon (OC) and elemental carbon
(EC), and hence the total carbon (TC) in the PM, can be evaluated as described in
Chapter 3.

Fig. 8.1 (a) shows the variation of specific emissions of OC (OC1-OC4), EC (ECI1-EC3),
total carbon (TC) and PM at four operating conditions for the four fueling modes of
operation; while the variation of mass fraction of OC and EC in the TC is shown in
Fig. 8.1 (b). The TC is less than that of PM due to the presence of non-carbonaceous
substances in the PM. It can be clearly observed from Fig. 8.1 (a) that the TC increases
with increasing load or speed for all the four fueling modes. In addition, the EC at the
high load of 228 Nm is more than that at the low load of 57 Nm at each tested speed. The
increase in TC and EC with increasing engine load was also reported in the literature
[223,347-352] using LSD, ULSD, biodiesel, pentanol and butanol. At the higher engine
load, the higher combustion temperature, higher mass of fuel consumption and more local
fuel-rich regions can promote the formation of EC components [348] and consequently

increases the TC.

It can be seen from Fig. 8.1 (b) that the increase in load causes decrease in the mass
fraction of OC and increase in mass fraction of EC for all fueling modes; while the
engine speed has less influence on these parameters compared to the huge effect of
engine load. Generally, EC can be produced via gas-to-particle conversion at high

combustion temperature [221,353]. Therefore, at the high load of 228 Nm for each speed
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(Fig. 8.1 (a and b)), the EC component of all fueling modes are higher than that at the low
load of 57 Nm. At the high engine load, the increasing gas-to-particle transformation in
the high temperature environment causes the formation of more EC; while the low
oxygen concentration (lower air-fuel ratio) suppresses the oxidation of EC; therefore,

there is an increase in EC [348].

In regard to the effect of DBE, Fig. 8.1 (a and b) show that the use of DBE in the
blended, F+B or fumigations mode cause decrease in TC, EC and OC (except in the
fumigation mode which has higher TC and OC than the diesel mode at low engine loads)
at all tested operating conditions compared to the diesel mode. While the blended mode
has more effect in reducing TC, EC and OC in comparison with the F+B and fumigation
modes. It is because, the blended mode has lower BSFC (less availability of diesel which
has sulfur and aromatic components) than fumigation mode. Also, the blended mode has
the lowest TNC and the smallest GMD and hence the lowest BSPM, resulting in more
effect on the decrease in the TC, EC and OC. However, since the fumigation mode at the
low engine loads (57Nm) has the highest TNC, GMD and hence BSPM; therefore it has
the highest amount of TC and OC and a small effect on the EC reduction. Thus, it can be
found that the amounts of TC, EC and OC can be affected by the number, size and mass
of PM (regardless to the effect of oxygen, sulfur and aromatic components of the fuel on
the TC, EC and OC). When the particle is in a small size (for instance particle in the
blended mode), it contains less carbon layers resulting in lesser formation of TC, EC and

OC compared to the large particle size (in the diesel mode).

In addition, it can be seen from Fig. 8.1 (a and b) that OC1 is the major component of OC
and EC2 is the major component of EC (except for the blended and F+B modes) and EC3
is almost zero in all the fueling modes at all the tested operating conditions. The amount
of EC1 is higher than EC2 for the blended mode; while EC1 is almost equal to EC2 for
the F+B mode.

According to the average of four conditions, the reductions in TC are in the order of
blended mode (-46.3%) and F+B mode (-28.9%); while the fumigation mode has an equal
TC (only -2.1%) compared to the diesel mode. Also, the reductions in EC are in the order
of blended mode (-66.1%), F+B mode (-48.4%) and fumigation mode (-25.9%). In
addition, the reductions in OC are in the order of blended mode (-19.8%) and F+B mode
(-5.5%); while the fumigation mode has higher OC (18.3%) than diesel mode. Some
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studies [347,350,354,355] also found that the use of oxygenated fuels like biodiesel and
pentanol led to decrease in EC and increase in OC in comparison with those of diesel.
Zhang and Balasubramanian [98,223,242,243,356] found that biodiesel, pentanol and
butanol generated lower EC than diesel and the proportion of OC in the particles was
higher than that of diesel. In addition, the dual-fuel engine using ethanol generated lower
EC and higher OC than conventional diesel [357]. The lower aromatic and sulfur contents
and the lower C/H mass ratio of the alcohol blend and the higher oxygen content of the
fuels [105,350] that lead to the reduction in PM will also cause reduction in TC and EC.
In addition, the oxygenate fuels cause increase in free radical concentrations (e.g. O, OH,
etc.) resulting in the promotion of carbon oxidation to CO and CO; in the premixed flame
zone; therefore, less carbon is available for the production of soot precursor species
[358]. On the other hand, OC is mainly generated from the incomplete combustion of fuel
and lubricating oil, while the lower combustion temperature of alcohol blend can inhibit
the pyrolysis of the fuel and lubricating oil which causes the increase in OC compared to
the diesel fuel [348]. However, in this study, increase in OC is recorded only in the
fumigation mode. Because the fumigation mode has the lowest BTE, and the highest
BSFC and BSHC, resulting in more availability of ethanol which has high vaporization
enthalpy to form OC, compared to the other fueling modes which have no ethanol
consumption (diesel mode) and lower ethanol consumption (blended mode). Since the
amounts of PM and TC in the blended mode are very low compared to the diesel mode;
therefore, the OC is also lower than that of the diesel mode. However, the ratio of OC/TC

of the blended mode is higher than that of the diesel mode, and even the fumigation mode

(Fig. 8.2 (a)).

It can be observed from Fig. 8.2 (a-d) that the use of biodiesel and ethanol in the blended,
F+B or fumigation mode has an effect on reducing the ratios of EC/TC and TC/PM
(insignificant reduction) and increasing the ratios of OC/TC and OC/EC at all the tested
operating conditions compared to those of the diesel mode; while the blended mode has
the highest impact. On the average of four operating conditions (Fig. 8.2 (a-d)), the ratios
of OC/TC are 0.44 for diesel mode, 0.65 for blended mode, 0.58 for F+B mode and 0.54
for fumigation mode. The EC/TC ratios are 0.56 for diesel mode, 0.35 for blended mode,
0.42 for F+B mode and 0.46 for fumigation mode. Also, the ratios of OC/EC are 0.99 for
diesel mode, 4.11 for blended mode, 2.10 for F+B mode and 1.80 for fumigation mode.
In addition, for the TC/PM ratio, it can be found from Fig. 8.1 (a) and Fig. 8.2 (d) that on
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the average of four conditions, the TC/PM ratios are about 0.858 for diesel mode, 0.804
for blended mode, 0.815 for F+B mode and 0.826 for fumigation mode. Guarieiro et al.
[359] reported that 80% to 90% of particle emissions from diesel engine consist of
organic and inorganic carbons. Similarly, Lu et al. [347] found the carbon emissions
(OC+EC) were more than 80% of the PM, s emission for LSD, ULSD and biodiesel.
Miguel and Hansen [360] also found that the TC/PM mass ratio was 0.85 and the ratio of
OC/TC was 0.51, the ratio of EC/TC was 0.49 and EC/PM mass was 0.41 in diesel

engine fueled with diesel.

It can be inferred from the results that the blended mode is more effective on the
reduction of TC and EC than the fumigation mode; while the F+B has the TC and EC
values in between those of the blended and fumigation modes. The lowest amount of TC
and EC and also higher EC1 than EC2 in the blended mode can be attributed to the lowest
PM mass, TNC, GMD, primary particle diameter, fringe length and weak connection
between the particles (regarding to the physical properties of PM) in the blended mode as
discussed above. However, the fumigation mode, which use the same fuel of the blended
mode, has less effect on the reduction in TC and EC, which shows that the effect of
fueling mode is stronger than the type of fuel being used. This effect is more sensitive at
low load (low combustion temperature). Because, it can be seen from Fig. 8.1 (a) that the
differences between PM, TC, EC and OC of the blended and fumigation modes are high
at low engine loads; while there are less differences in these parameters at high loads.
However, the effect of engine speed is not observed. This is because the increase in
engine speed has less effects on the combustion and performance parameters, e.g. peak
HRR, DOC, diffusion combustion phase, exhaust gas temperature and equivalence ratio,
and also has opposite effects on ID and BTE in comparison with the increase in engine

load.
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8.2 Particle volatility and oxidation reactivity

8.2.1 Volatile and non-volatile substances

Fig. 8.3 shows the particle mass reduction curve for different fueling modes and
operating conditions. The substances, according to the temperature at which mass
reduction occurs, can be categorized into volatile organic fractions (%VOF) and non-
volatile organic fractions (% non-VOF). The VOF, which is mostly OC, can be divided
into high-volatile substances (H-VS) with the TGA furnace temperature range of 50°C <
T < 250°C and low-volatile substances (L-VS) with the TGA furnace temperature range
of 250°C < T <£400°C. The non-VOC or called non-volatile substances (non-VS), which
are mostly EC, are the substances available at the TGA furnace temperature range of
400°C < T < 850°C. The results of these three groups of substances are presented in
Fig. 8.4. It can be seen from Fig. 8.3 and Fig. 8.4 that the increase in engine load causes
reduction in mass fraction of H-VS and increase in mass fraction of non-VS for all
fueling modes; while the engine speed has less influence on these parameters, which are

consistent with the findings for OC and EC as shown in Fig. 8.1 (b). Similar trends
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(reduction in H-VS and increase in non-VS due to increase in engine load) were found in
the literature using diesel, biodiesel and DBE [128,146,336,361]. On the average of four
operating conditions from Fig. 8.3 and Fig. 8.4, the increases in H-VS mass fractions are
12.8% for the blended mode, 9.4% for the F+B mode and 6.9% for the fumigation mode,
compared to the diesel mode. Also the blended mode has a small effect on the increase in
L-VS (4.5%); while the F+B (1.6%) and fumigation (-0.6%) modes have similar mass
fraction of L-VS, compared to the diesel mode. In addition, the reductions in the mass
fraction of non-VS are -25.1%, -16.9% and -11.1% for the blended, F+B and fumigation
modes, respectively, in comparison with the diesel mode. According to the results, it can
be revealed that the blended mode has the highest mass fraction of H-VS and the lowest
mass fraction of non-VS at all the operating conditions among all the fueling modes,
which are in line with OC-EC results. The mass fractions of L-VS under all the fueling
modes are almost equal. Other studies also found that DBE and biodiesel led to higher

VOF and lower non-VS than diesel fuel [128,146,336,338,362].
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8.2.2 Particle oxidation Kinetic parameters

The particle oxidation kinetic parameters in this study include the activation energy (E)
and frequency factor (A) which are calculated in the TGA furnace temperature range of
400°C to 850 °C. The activation energy and frequency factor for various fueling modes
and operating conditions are presented in Table 8-1. The range of activation energy is
from 126.9 kJ/mol to 209.9 kJ/mol for diesel mode as shown in Table 8-1 which is in line
with results reported in the literature. According to the literature, the range of activation
energy for soot particles with diesel fuel is from about 100 kJ/mol to about 200 kJ/mol,
under different operating conditions [146,250,335,336,338,363-366]. In addition, the
range of frequency factor for soot oxidation for the diesel mode in this study is also
consistent with results reported in the literature [146,336,338,366]. It can be seen that the
increase in engine load or speed (except at the operating condition of 1400rpm-57Nm)
cause increase in both activation energy and frequency factor due to increase in amount

of EC.

According to Table 8-1, the DBE used in the blended, F+B and fumigation modes has an

effect on the reduction in activation energy and frequency factor at all the operating
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conditions (except activation energy for fumigation mode at low loads) compared to the
diesel mode. On the average of four operating conditions, the reductions in activation
energy are -34.0% for blended mode, -10.6% for F+B mode and -4.9% for fumigation
mode. Also, the reductions in frequency factor are -96.9% for blended mode, -84.7% for
F+B mode and -53.0% for fumigation mode. Since the higher activation energy means
that the PM has lower oxidation reactivity; therefore, it can be inferred that PM emitted
from the blended mode has the highest oxidation reactivity, due to the lowest mass
fraction of non-volatile and highest mass fraction of VOF, among all the fueling modes.
Yehliu et al. [367] also found that the soot reactivity increases with increase in VOF. The
reduction in activation energy (even up to 65.2 kJ/mol) and frequency factor was also

reported in the literature using DBE and biodiesel [146,336,338,365,366,368].

Table 8-1 Particle oxidation kinetic parameters for different fueling modes and operating

conditions
Parameter Mode 1400rpm-57Nm 1400-228 2200-57 2200-228
E (SD) (kJ/mol) Diesel 145.4 (1.4) 179.2(1.9) 126.9(1.7) 209.9 (2.3)
Blend 79.9 (1.3) 139.3(1.3) 61.2(1.5) 174.3 (3.1)
F+B 136.2 (1.7) 1493 (3.9) 118.7(43) 182.8(3.3)
Fumigation 148.4 (2.5) 156.0 (1.7) 126.7(1.3) 191.7(1.9)
A (SD) (s™) Diesel 4.9E+06 2.2E+08 3.3E+05 3.1E+08
(1.3E+04) (1.7E+04)  (8.1E+03)  (4.8E+04)
Blend 3.5E+04 3.2E+06 2.6E+04 7.6E+06
(1.2E+02) (1.1E+04)  (1.3E+02)  (3.1E+04)
F+B 8.0E+05 4.0E+06 1.3E+05 1.6E+07
(1.5E+04) (3.5E+04)  (3.9E+02)  (3.4E+04)
Fumigation 3.6E+06 1.4E+07 3.1E+05 5.1E+07
(2.3E+04) (1.5E+04)  (1.2E+04)  (3.8E+04)

8.2.3 Particle oxidation reactivity versus particle structure parameters

Since diesel engines can produce reactive soot particles which are harmful for
environmental chemistry, climate and public health; therefore, there are needs of increase
in the knowledge and information about the relationship between the soot structure and
soot reactivity [41]. Some studies have been conducted to investigate the relationship

between the nano-structure of particle with soot reactivity [41,335,367] which found that
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the increase in fringe length or decrease in tortuosity caused lower oxidation reactivity of
the particles. In this study, the relationship between activation energy (representing
oxidation reactivity) with primary particle diameter, fringe length, tortuosity and fringe
separation distance for the four operating conditions (each point in the graph represents
one operating condition) is presented in Fig. 8.5 (a-d), respectively. It can be seen that the
increase in primary particle diameter and fringe length and decrease in tortuosity and
fringe separation distance have effect on the increase in activation energy (lower
oxidation reactivity) of PM for all the fueling modes. Since the diesel mode has the
largest primary particle diameter and fringe length and lowest tortuosity and fringe
separation distance; therefore, it has the highest activation energy (lower oxidation
reactivity) of PM. Because, as mentioned in micro-structure and nano-structure sections,
these parameters inhibit the accessibility of oxygen into the carbon layers for oxidation;
therefore, the PM emitted from the diesel mode has the lowest oxidation reactivity. On
the other hand, the ethanol and biodiesel in combustion and PM formation process have
an effect to reduce the primary particle diameter and fringe length and increase the
tortuosity and fringe separation distance resulting in more accessibility of oxygen into the
carbon layers and hence higher oxidation reactivity. In addition, the use of ethanol and
biodiesel can inhibit the stacking of primary particles together (graphite-like) for the
formation of large agglomerates and clusters. Therefore, the agglomerates and clusters
are in small size and the particles have a loose connection (as shown in Figs. 7.16 and
7.17). Thus, oxygen can pass easily through the single particles or small agglomerates
with loose connection between the particles, resulting in increase in oxidation reactivity.
Also, the higher oxygen concentration of ethanol and biodiesel promotes the oxidation
reactivity compared to diesel fuel. However, these effects of ethanol and biodiesel are
more obvious in the format of the blended mode. The fumigation mode has lower effect
on oxidation reactivity compared with the blended mode due to the reasons mentioned in

regard to BSPM, TNC, GMD and morphology of aggregate particles.
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Fig. 8.5 Activation energy versus (a) primary particle diameter (b) fringe length, (c) tortuosity

and (d) fringe separation distance for different fueling modes and conditions.

8.3 Water-soluble organic carbon

Fig. 8.6 (a-c) illustrate the variations of water-soluble total carbon (WSTC), water-
soluble inorganic carbon (WSIC) and water-soluble organic carbon (WSOC) with engine
speed and load. The WSTC decreases with engine load (except for the blended mode
which increases with engine load), but increases with engine speed for the four fueling
modes. The WSIC increases with both engine load and engine speed for the four fueling
modes. The WSOC decreases with engine load (except for the blended mode which
increases with engine load), but increases with engine speed for the four fueling modes.
Some studies also found that the increase in engine load led to reduction in WSOC for
diesel, biodiesel, butanol and pentanol [92,242] due to decrease in OC. Fig. 8.6 (a and c)
also show that the trends of WSTC and WSOC are similar to the trends of TC and OC
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shown in Fig. 8.1 (a and b). It can be seen from Fig. 8.6 that the blended, F+B and
fumigation modes cause increase in WSTC and WSOC and reduction in WSIC compared
to the diesel mode in the four operating conditions, except that the blended mode leads to
opposite results for WSTC and WSOC at the low load. It is because at the low engine
load, the amount of PM mass, TC and OC of the blended mode are very low, resulting in
the formation of less WSTC and WSOC compared to the diesel mode. On the other hand,
at the high engine load, the OC contents are almost equal for all the fueling modes;
therefore, the effect of the amount of OC is neglected resulting in higher WSOC in the

blended mode, compared to the diesel mode.

On the average of four conditions, the increases in the WSTC and WSOC are in the order
of fumigation mode (39.4% and 44%), F+B mode (19.6 % and 23.6%) and blended mode
(2.1 % (no significant difference with T-test) and 7%) compared to those of the diesel
mode. And the reduction in WSIC is in the order of blended mode (-55.8%), F+B mode (-
33.1%) and fumigation mode (-24.5%) in comparison with the diesel mode. Since the
fumigation mode contains higher PM mass, TC and OC; therefore, more TC and OC can
be dissolved in water resulting in higher WSTC and WSOC. The increase in WSOC
using oxygenated fuels like biodiesel, butanol and pentanol compared to pure diesel is
also reported in the literature [92,242,243]. Since the WSOC consists of almost oxygen-
containing compounds [260]; therefore, the DBE (as an oxygenated fuel) has higher
WSOC than pure diesel due to its higher oxygen concentration. In addition, the oxygen
content of oxygenated fuels cause increase in the water solubility of OC, resulting in
higher formation of polar organic compound and WSOC [242]. Since the fumigation
mode has very high OC concentration; therefore, this mode has the highest effect on the
increase in WSOC (44% increase compared to the diesel mode). On the other hand, the
blended mode has very low OC concentration resulting in only 7% increase in WSOC
compared to the diesel mode. While on the average of four operating conditions, the
blended mode has the highest WSOC/OC ratio among all the fueling modes, as shown in
Fig. 8.7 (b). Fig. 8.7 (a-d) show the variations of WSOC/WSTC, WSOC/OC, WSOC/TC
and WSOC/PM mass ratios under the four operating conditions. It can be seen that the
WSOC is a major component of WSTC, because the WSOC/WSTC ratio is more than
0.90 for all the fueling modes at all the tested operating conditions. According to Table 8-
2, the blended, F+B and fumigation modes have higher WSOC/WSTC, WSOC/OC,
WSOC/TC and WSOC/PM ratios than those of the diesel mode; while the blended mode
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has the highest values. Popovicheva et al. [260] also observed an increase in WSOC/PM
mass using biofuel compared to diesel. In addition, the rise in WSOC/OC was also
reported in the literature [92,242,243] using biodiesel, butanol and pentanol. The results
show that the WSOC/OC ratio is in the range of 0.13- 0.19 for the diesel mode and it is in
the range of 0.14-0.31 for the other three modes, depending on the operating condition.
The literature [92,242,243] also showed that the WSOC/OC ratio for diesel was up to
0.20, and the biofuel had higher WSOC/OC ratio of up to 0.30 at low, medium and high

engine loads.

Table 8-2 Variations of WSOC/WSTC, WSOC/OC, WSOC/TC and WSOC/PM mass ratios

based on average of four conditions

Ratio Diesel mode Blended mode F+B mode Fumigation mode
WSOC/WSTC 0.93 (£0.16)" 0.97 (£0.17) 0.96 (£0.16)  0.96 (£0.16)
WSOC/OC 0.16 (+£0.02) 0.23 (+0.03) 0.22 (£0.03)  0.21 (£0.02)
WSOC/TC 0.07 (£0.01) 0.15 (x0.01) 0.13 (£0.01)  0.10 (£0.01)
WSOC/PM mass  0.06 (£0.01) 0.12 (0.01) 0.10 (£0.01)  0.09 (£0.01)
a: = standard error at 95% confidence level.
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8.4 Particle-phase organic compounds

8.4.1 Particle-phase polycyclic aromatic hydrocarbons (PAHs)

Table 8-3 shows the variation of individual PAH for diesel, blended, F+B and fumigation
modes under two engine loads (low and high) at a constant speed of 2200rpm. In
addition, the variation of PAHs concentration based on low (MW < 200), medium (200 <
MW < 250) and high (MW > 250) molecular weight (MW) for the four fueling modes is
presented in Fig. 8.8. It can be seen that almost all the measured PAHs increase with
increase in engine load for all the fueling modes. Because, the increase in engine load
causes increase in F/A ratio and combustion temperature resulting in more decomposition
of olefinic and olefins radicals and hence formation of more alkynes and alkadienes,
which are the major precursors of the PAH components or resulting in more
pyrosynthesis (synthesis resulting from or initiated by the action of heat) of the fuel
fragments and hence more PAH formation [147,369]. Other studies also found increase in
most of the PAHs due to increase in engine load using diesel, biodiesel, BPe and DBE
[147,347,350]. In addition, it is observed that the blended, F+B and fumigation modes
can reduce the PAHs at both loads (except for the fumigation mode at low load),
compared to the diesel mode. According to the average of two engine loads, the blended
mode has lower PAHs based on L-MW (-73.9%), M-MW (-64.4%), H-MW (-86.0%) and
total PAHs (-78.4%), compared to the diesel mode. The F+B mode also has lower PAHs
based on L-MW (-56.8%), M-MW (-41.3%), H-MW (-65.7%) and total PAHs (-57.6%).
The fumigation mode causes lower PAHs based on L-MW (-42.4%), H-MW (-42.1%)
and total PAHs (-31.3%); while there is no effect on M-MW PAHs (-1.3%) due to high
concentration of M-MW PAHs at low load. It is because when operating at low engine
load under the fumigation mode, the combustion temperature is very low, resulting in
incomplete combustion and increase in the amount of unburned fuel, which are the
factors for the formation of PAHs (Fig. 8.8). Since both ethanol and biodiesel do not
contain PAHs and have oxygen in their molecules [147]; therefore, the blended, F+B and
fumigation modes have lower PAHs compared to the diesel mode. However, the
fumigation mode has the lowest effect on the reduction in PAHs due to the highest fuel
consumption at both loads and incomplete combustion (more unburned fuel) at low load
among the blended, F+B and fumigation modes. The reduction in PAHs using biodiesel,

BPe and DBE was also reported in [147,347,350].
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Also, it can be seen from Table 8-3 that the blended (-88.4%), F+B (-80.7%) and
fumigation (-50.7%) modes can reduce the benzo[a]pyrene which is the most toxic
species among the measured PAHs. It was observed from an investigation [370] that the
surviving fuel from the combustion was the major source of benzo[a]pyrene in the diesel
engine; while pyrosynthetic formation inside the combustion chamber and lubricating oil
had effect of not more than 20% of total-PAHs formation. Therefore, in the present study
the ethanol and biodiesel have effect on the reduction in benzo[a]pyrene mainly because
they do not contain PAHs. It can be concluded from the above results that the blended
mode has the lowest PAHs among all the fueling modes. However, the fumigation mode
can reduce the PAHs only at high engine load which are similar to the reduction of PM

mass, TNC and other chemical properties of PM.

Table 8-3 Individual PAH for different fueling modes and loads at 2200rpm, (mean+=SD; pg/kwh)

Species name MW" Ring Diesel Diesel Blend Blend F+B F+B F F
No. (57 Nm) (228 Nm) (57) (228) (57) (228) (57) (228)
1-Naphthaldehyde 156 2 25.1 162.8 5.8 454 8.7 73.6 9.3 104.8
+1.0 +5.1 +0.2 +1.7 +0.3 +3.0 +0.3 +3.6
Fluorene 166 3 118.8 161.3 - 113.4 24.5 126.7 38.2 165.7
+3.9 +6.0 +4.3 +0.8 +4.5 +1.4 +5.5
Phenanthrene 178 3 112.6 553.0 25.8 163.9 50.7 214.7 73.6 260.2
+3.7 +20.0 +0.8 +6.3 +1.7 +7.7 +2.4 +9.3
Anthracene 178 3 33.6 70.0 - 62.5 16.2 69.4 343 60.1
+1.7 +5.2 +3.3 +0.9 +9.5 +1.6 +3.5
9-Fluorenone 180 3 48.9 272.3 13.4 89.4 332 90.2 43.6 99.2
+1.6 +7.4 +0.4 +3.0 +1.0 +2.8 +1.7 +3.2
Fluoranthene 202 3 242.8 990.1 115.7 304.0 140.8 4217 172.2 576.6
+8.1 +34.7 +3.9 +10.7 44 +13.8 +5.8 +20.2
Pyrene 202 4 772.9 4382.9 336.0 1017.2  746.5 1484.1  1574.6 1797.9
+24.7 +139.5 +11.2 +38.3 +233  +47.6 +52.5 +60.6
9,10-Anthraquinone 208 3 75.6 1030.6 452 61.6 435 67.8 49.1 79.3
+2.1 +31.1 +1.3 +1.5 +1.3 +2.0 +1.7 +2.4
Benzo[a]anthracene 228 4 67.4 208.9 56.6 71.1 61.1 81.5 63.0 88.6
+2.1 +6.6 +1.9 +2.7 +1.9 +2.6 +2.2 +3.2
Chrysene 228 4 28.0 104.2 27.2 414 31.9 40.1 26.2 44.1
+1.0 +3.5 +0.9 +1.4 +1.0 +1.4 +0.9 +1.6
Benzo[b]fluoranthene 252 5 60.4 246.0 233 79.7 34.8 84.3 355 103.5
+2.4 +8.4 +0.8 +2.5 +1.1 +2.8 +1.3 +3.5
Benzo[k]fluoranthene 252 5 94.6 329.4 33.8 73.2 46.2 87.2 61.7 147.3
+4.3 +11.7 +1.2 +2.3 +1.5 +3.4 +2.5 +4.1
Benzo[a]fluoranthene 252 5 27.8 56.5 42 15.5 13.2 19.4 13.2 21.4
+1.4 +2.2 +0.2 +0.5 +0.4 +1.0 +0.5 +0.6
Benzo[e]pyrene 252 5 0.3 1.6 0.1 0.5 0.4 0.3 0.2 0.6
+0.0 +0.1 +0.0 +0.0 0.0 +0.0 +0.0 +0.0
Benzo[a]pyrene 252 5 99.7 366.0 18.4 35.4 352 54.7 72.3 157.2
+2.8 +14.1 +0.6 +1.4 +1.1 +1.5 +2.5 +5.4
Perylene 252 5 103.4 297.5 15.6 58.0 313 64.4 50.7 124.6
+39 +11.2 +0.5 +2.2 +1.4 +2.4 +1.8 +3.8
6H-Benzo(c,d)pyrene-6- 254 5 40.8 186.4 - 359 33.1 329 37.9 55.9
one +1.2 +5.6 +1.1 +1.0 +1.0 +1.1 +1.7
Benzo(a)anthracene- 258 4 88.9 2661.8 - 64.1 104.8 128.2 112.0 204.1
7,12-dione +2.7 +79.9 +1.7 +3.7 +4.3 +3.4 +6.2
Indeno[1,2,3-cd]pyrene 276 6 1613.5 1577.4 3213 293.5 866.7 674.1 11982 9993
+82.4 +60.0 +10.5 +11.4  £38.8  +£345 +47.5 +29.7
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Benzo[ghi]perylene 276 6

Dibenzo[a,h]anthracene 278 5

Coronene 300 6 1129.1 159.4 117.1 329 384.0 47.17 1088.0 118.1
+33.5 +4.9 +39 +1.3 +11.8 %15 +50.4 +4.5

Dibenzo(a,e)pyrene 302 6 94.4 0.0 12.4 0.0 67.6 0.0 110.6 0.0
+2.8 +0.0 +0.4 +0.0 +2.1 +0.0 +3.7 +0.0

a: molecular weight [371-373]; b: below detection limit
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Fig. 8.8 Variation of total PAHs concentration based on low (MW < 200), medium (200 < MW <
250) and high (MW > 250) molecular weight for different fueling modes and loads (57Nm and
228Nm) at 2200rpm.

8.4.1.1 Toxicity consideration of PAHs based on benzo[a]pyrene (BaP)

Since BaP is the most toxic components among the 16 United States Environmental
Protection Agency (U.S.EPA) priority PAHs; therefore, it is selected as a reference to
obtain the overall toxicity of PAHs. Nisbet and LaGoy [255] proposed a specific toxic
equivalent factor (TEF) using the BaP as a reference to calculate the overall toxicity of
PAHs. The overall toxicity of PAHs based on BaP can be calculated from equation

below.
BaPqu ZCI XTEFI‘ 8.1

Where, BaP,, is the benzo[a]pyrene equivalent (total toxicity of PAHs), C; is the

concentration of each PAH component and TEF; is the specific toxic equivalent factor for
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each PAH component.

It can be seen from Fig. 8.9 that the blended, F+B and fumigation modes can effectively

reduce the BaP,, at both engine loads compared to the diesel mode; while the blended
mode has the highest reduction in BaP,, due to its lowest PAHs concentration. On the
average of two engine loads, the reductions in BaP,, are -81.7% for blended mode, -

63.5% for F+B and -38.9% for fumigation mode in comparison with the diesel mode.

600
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D57 D228 B57 B228 F+B57 F+B228 F57 F228
Load (Nm)

Fig. 8.9 Variation of BaP,, for different fueling modes and loads (57Nm and 228Nm) at
2200rpm.

8.4.2 Particle-phase n-alkanes

Fig. 8.10 illustrates the distribution of particle-phase n-alkanes from C16-C30 for
different fueling modes at low and high engine loads at a constant engine speed of 2200
rpm. Fig. 8.11 also shows the total n-alkanes concentrations classified into medium chain
(C16-C22) and long chain (C23-C30). The n-alkanes classification based on number of
carbon in the chain is followed by [147]; while the short chain is not considered in this
study because most of n-alkanes in low chain are in gas-phase due to their vapor pressure.
It can be seen from Fig. 8.10 and Fig. 8.11 that the concentrations of almost all the n-
alkanes increase with increase in engine load which is due to the higher fuel equivalence
ratio and hence the formation of more HC and PM. In addition, Fig. 8.10 and Fig. 8.11
also show that medium chain n-alkanes is the major component for all the fueling modes;
while the distribution of particle-phase n-alkanes is like a bell shape (similar to [243] for
C14-C26 with C21 as the most abundant component) and the C20 is the most abundant

component at low load and C19 is the most abundant component at high engine load.
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Other studies also reported that medium chain n-alkanes was the major component using

diesel and oxygenated fuels [147,243].

It can be found from Fig. 8.10 and Fig. 8.11 that the DBE used in the blended, F+B and
fumigation modes can reduce almost all the medium and long chain n-alkanes at both
loads (except medium chain at low load for fumigation) compared to the diesel mode. On
the average of two engine loads, the blended mode has lower medium chain (-45.1%),
long chain (-55.9%) and total n-alkanes (-46.5%) in comparison with the diesel mode.
The F+B mode also has lower medium chain (-32.8%), long chain (-40.9%) and total n-
alkanes (-33.9%). The fumigation mode also causes reduction in medium chain (-18.9%),
long chain (-39.9%) and total n-alkanes (-21.5%). The reduction in n-alkanes using DBE
is due to the lower C and H contents and higher oxygen content of ethanol and biodiesel
compared to the diesel fuel. Guan et al. [147] also found that the use of oxygenated fuel
like DB and DBE reduced the n-alkanes compared to the diesel fuel. Since the fumigation
mode has higher fuel consumption at both engine loads and more incomplete combustion
due to lower combustion temperature at low engine load; therefore, it has less effect on

the reduction in n-alkanes compared to the blended mode.

* —n— Diesel (57 Nm) —m— Diesel (228 Nm)
—e— Blend (57 Nm) —e— Blend (228 Nm)
F+B (57 Nm)

—— Fumigation (57 Nm)

F+B (228 Nm)
—*— Fumigation (228 Nm)

Particle-phase n-alkanes (mg/kwh)
Particle-phase n-alkanes (mg/kwh)
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Fig. 8.10 Variation of n-alkanes concentration for different fueling modes and loads (57Nm and

228Nm) at 2200rpm.
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Fig. 8.11 Variation of total n-alkanes concentration based on medium chain and long chain for

different fueling modes and loads (57Nm and 228Nm) at 2200rpm.

8.5 Inorganic ions

In this study, four inorganic ions including sodium (Na"), potassium (K'), ammonium
(NH4") and nitrate (NO3") are analyzed; while the concentrations of potassium for all the
fueling modes were lower than the detection limit of the Ion chromatograph. Therefore,
only the results of sodium, ammonium and nitrate are presented. Fig. 8.12 to Fig. 8.14
show the variation of sodium, ammonium and nitrate, respectively, with engine speed and
load. It can be seen that the increase in engine speed or load causes increase in all the
analyzed ions (except for ammonium at 2200rpm-57Nm) for all the fueling modes which
is similar to the increase in PM masses with engine speed and load. More PM mass
available leads to increase in the amount of the inorganic ions. The concentrations of
nitrate for all the fueling modes are higher than those of sodium and ammonium which

are in line with other studies [261-264] using diesel and biodiesel.

Also, Fig. 8.12 to Fig. 8.14 illustrate that the blended, F+B and fumigation modes can
reduce the sodium, ammonium and nitrate compared to those of the diesel mode. On the
average of four operating conditions, the reductions in sodium are -79.7% for blended
mode, -71.4% for F+B mode and -55.5% for fumigation mode compared to the diesel

mode. Also, the reductions in ammonium are -55.4% for blended mode, -42.9% for F+B
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mode and -17.9% for fumigation mode. While the reductions in nitrate are -46.6% for
blended mode, -30.6% for F+B mode and -8.1% for fumigation mode. It is well known
that the earth is a source of ions and mineral impurities and since the diesel fuel (as a
fossil fuel) is directly extracted from the earth, resulting in higher concentration of
sodium, ammonium and nitrate in the diesel mode. On the other hand ethanol is pure and
it contains almost no ions, resulting in lower concentrations of sodium, ammonium and
nitrate by DBE. The fumigation mode has higher ions concentration than the blended
mode due to its lowest BTE and highest BSFC (more availability of diesel). According to
the average of four operating conditions, the blended mode has a similar BTE (1.0%) and
only a slight increase in BSFC (4.5%) compared to diesel mode. However, the fumigation
mode has lower BTE (-6.2%) and hence a huge increase in BSFC (11.6%) compared to
diesel mode. Therefore, the fumigation mode has lesser effect than blended mode on the

reduction of inorganic ions.

Popovicheva et al. [260] also reported that the biofuel had lower inorganic impurities in
comparison with the conventional diesel fuel which has an effect on the concentrations of
soot, PM mass, metals and ions. Popovicheva et al. [354] also reported that the use of
biofuel like pure biodiesel in transient cycle had lower sodium, ammonium and nitrate
compared to those of pure diesel. The reduction in ammonium by pure biodiesel
compared to the diesel was also reported in another study [262]. In addition, Timonen et
al. [374] found that the use of pure ethanol (E100) reduced the ammonium and nitrate

compared to the gasoline-ethanol (E10).
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Fig. 8.12 Variation of sodium with engine speed and load.
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Fig. 8.13 Variation of ammonium with engine speed and load.
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Fig. 8.14 Variation of nitrate with engine speed and load.

8.6 Metals and elements analysis

Metals and elements can be found in the engine exhaust from three sources: (1) trace
metals and elements available in the fuel; (2) addition of organo-metallic into the
lubricating oil; and (3) wear metals and elements available at the metallic engine
components (e.g. cylinder wall, pistons, rings, valve seats or etc.) [278,375]. Fig. 8.15
shows the variations of metals and elements with engine speed and load. It can be seen
that almost all the analyzed metals and elements increase with increase in engine speed
(irrespective of reduction at 2200rpm-57Nm for a few metals and elements) or engine
load; while the effect of engine load on the increase in metals and elements is higher than
that of engine speed. The increase in engine load or speed (especially load) cause increase

in PM emissions and hence more metal and elements are available. Also, increase in
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engine load or speed causes increase in combustion temperature resulting in more
vaporization and oxidation of lubricating oil [277] and wear down of some metallic
components of engine (e.g. cylinder wall, pistons, rings, valve seats or etc.) which are the
sources of emitted metals and elements in the engine exhaust. Ashraful et al. [277] also
found that the increase in engine speed caused rise in metals and elements such as Ca, Ci,
Cr, Fe, Na, S and Zn using diesel and diesel-biodiesel fuels. According to Fig. 8.15 for all
the tested fueling modes, Ca (about 52% of total metals and elements) is the majority
component of the total metals and elements. Shukla et al. [278], Sharma et al. [279] and
Agarwal et al. [280] also reported that Ca was the major component of total metal for
diesel and diesel-biodiesel blend. After Ca, Zn (about 20% of total metals and elements),
Al (about 9%), S (about 8%) and Fe (about 4%) have higher percentages than the other
metals and elements. The remaining components have only a portion of about 7% of total

metals and elements.

In regard to the effect of DBE on the metals and elements, Fig. 8.15 illustrates that the
blended, F+B and fumigation modes have higher metal and elements (except S) at almost
all the tested conditions compared to those of diesel mode. According to the average of
four operating conditions, the increases in total metals and elements are 180.4% for
fumigation mode, 134.3% for F+B mode and 85.7% for blended mode in comparison
with the diesel mode. Other studies [143,277,278] also found that the use of biodiesel and
ethanol causes increase in almost all the metals and elements compared to the pure diesel.
The reduction in S by using the blended, F+B and fumigation modes is due to higher
concentration of sulfur in diesel than ethanol. While the fumigation mode has the lowest
effect on the reduction of S than the blended mode due to its higher fuel consumption
(more diesel and biodiesel are available which have sulfur contents). More details in the
effect of the fueling modes on the individual metals and elements are presented in
Table 8-4. The higher metals and elements in the PM of the blended, F+B and fumigation
modes compared to the diesel mode is due to the following reasons. Firstly, biodiesel is a
polar compound and has higher metals and elements compositions than diesel fuel due to
their resources, production process (refining, distillation), transportation, and storage
[144]. Secondly, since ethanol is a corrosive liquid, it can wash the lubricating oil from
the cylinder wall. Shukla et al. [278] also reported that the washing of lubricating oil from
the cylinder wall during the combustion process by biofuels (biodiesel was used in that

study) led to increase in metallic species compared to the diesel fuel. Thirdly, the higher
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Cd (mg/kW.h)

oxygen concentration of biodiesel and ethanol causes increase in the oxidation of
lubricating oil during the combustion process, especially at high combustion temperature
[277]. In this study, the effect of fumigation mode is higher than blended mode on the
increase in metals and elements. Because the fumigation mode has the highest BSFC
(increase of 11.6% compared to the diesel mode) resulting in more availability of
biodiesel and ethanol in combustion process and hence increases the metal and elements
contents in the PM; while the blended mode has only a slight increase in BSFC (4.5%).
Also, the use of fumigated BE in the cylinder has more corrosivity effect to wash the
lubricating oil and metallic equipment compared (e.g. cylinder wall, pistons, rings, valve
seats or etc.) with the blended mode which the ethanol was mixed with diesel and
biodiesel before injection. In addition the fumigated BE has more time wash the

lubricating oil and metallic equipment before ignition than the blended mode.
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Fig. 8.15 Variations of metals and elements with engine speed and load.

Table 8-4 Effect of the fueling modes on the individual metals and elements compared to the

diesel mode in percentage (%)

Metals and elements

Blended mode (%) F+B mode (%)  Fumigation mode (%)

Al
Ca
Cd
Co
Cr
Cu
Fe
K

Mg

42.8 72.3 108.4
9.7 80.3 167.5
128.9 183.1 201.5
32.7 53.1 68.5

39.7 67.4 116.7
148.5 184.8 221.7
32.6 121.4 244.2
11.4 25.5 63.4
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Mn 592.1 794.1 875.6

Na - - -
Ni - - -
Pb - - -
S -39.2 -31.7 -17.0
Ti 15.3 21.7 50.0
Zn 14.5 39.1 64.6

a: the results were not available because the amount of components were very low and below

detection limit.

8.7 Composition of PM mass

The composition of PM mass for diesel, blended, F+B and fumigation modes at different
engine speeds and loads is presented in Fig. 8.16. The TC, within the range of 76.4% to
88.4% (depending on the fueling modes and operating conditions), is the most abundant
component for all the fueling modes at all the tested conditions. On the other hand, metal
and elements, within the range of 0.5% to 1.8% and inorganic ions (sodium, ammonium
and nitrate), within the range of 1.3% to 2.4%, have very low contributions to the PM
mass. The amount of other species (e.g. water, other types of ions, metals and elements or
etc.) in this study varies from 9.0% to 20.6% depending on the fueling modes and
operating conditions. According to the average of four operating conditions from
Fig. 8.17, the PM mass emitted from the diesel mode has the highest percentages of TC
(85.8%), EC (47.6%) and inorganic ions (1.9%) and the lowest percentages of OC
(38.2%), metals and elements (0.7%) and unknown species (11.6%). In contrast, the
blended mode has the lowest percentages of TC (80.4%), EC (28.0%) and inorganic ions
(1.6%) and the highest percentages of OC (52.4%) and other species (16.7%). In addition,

the highest percentage of metals and elements (1.4%) is found in the fumigation mode.

Wu et al. [376] also observed that the PM, s had the composition of OC (32%), EC
(55%), inorganic ions (3.2%), metals and elements (0.57%) and unknown species
(9.23%) for the average results from eighteen diesel trucks. In addition, Chiang et al.
[263] found that the PM; 5 consisted of OC (24.5%), EC (47.7%), inorganic ions (1.6%),
metals and elements (3.8%) and unknown species (22.5%) for the average results from

six light-duty diesel vehicles; while the PM;y had the composition of OC (24.6%), EC
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(47.3%), inorganic ions (2.1%), metals and elements (5.1%) and unknown species
(21.0%). Oanh et al. [264] also reported that based on the average results from 93 diesel
vehicles (39 light duty and 54 heavy duty), the PM; 5 consisted of approximately 19% of
OC, 47% of EC and 6% of inorganic ions and metals and elements. Sharma et al. [279]
also found that OC (25%), EC (48%), metals (1.27%) and unknown species (25.73%)
were the compositions of PM mass emitted from a diesel engine at 70% load. Guarieiro et
al. [359] reported that 80% to 90% of particle emissions from a diesel engine consisted of
organic and inorganic carbons. Similarly, Lu et al. [347] found the carbon emissions
(OC+EC) were more than 80% of the PM, g emission for LSD, ULSD and biodiesel.
Miguel and Hansen [360] also found that the TC/PM mass ratio was 0.85 in a diesel
engine fueled with diesel. Popovicheva et al. [262] found that the nitrate had the
composition of about 1% of PM mass for diesel and biodiesel. In addition, Popovicheva
et al. [260] reported that the ammonium had the composition range of 0.02% to 0.28% of
PM mass; while the total ions accounted for about 1.5% of PM mass for diesel and

biodiesel.

In this study, the differences between the diesel mode with the blended, F+B and
fumigation modes on the composition of PM mass are mostly due to the use of different
fuels (biodiesel and ethanol) and the type of fueling mode (simple mode like the diesel
and blended modes compare with the fumigation mode). However, the effect of type of
fueling mode is stronger than type of fuels used, because, the same overall fuel
composition of DOBSE15 was used for both the blended and fumigation modes, but

different results in the composition of PM mass are obtained.

The use of biodiesel and ethanol for mixing with diesel to form DBE fuels causes
reduction in the TC and EC due to the lower aromatic and sulfur contents and the lower
C/H mass ratio and the higher oxygen content of the DBE fuels compared to pure diesel
fuel. However, the effect of using biodiesel and ethanol in fumigation mode is lesser than
that in the blended mode due to difference in type of fueling mode. Since the fumigation
mode has higher BSFC, equivalence ratio, DOC and diffusion combustion phase (due to
short ID) than the blended mode; therefore, it has less effect on the reduction of TC and
EC compared with the huge effect of the blended mode. In regard to the concentration of
metals and elements in the composition of PM mass, the use of ethanol has a significant
effect on the increase in metals and elements due to its corrosivity compared to diesel

fuel. The ethanol used in this study had a high purity of 99.9% which contained almost no
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metals and elements; however it can wash the lubricating oil inside the cylinder and
remove some metals from the metallic equipment (e.g. cylinder wall, pistons, rings, valve
seats or etc.). The effect of fumigation mode is higher than that of the blended mode on
the increase in metals and elements, because the use of fumigated BE in the cylinder has
more corrosivity to wash the lubricating oil and metallic equipment compared with the
blended mode which the ethanol was mixed with diesel and biodiesel before injection.
Also, the fumigated BE has more time for washing the lubricating oil and metallic
equipment before ignition compared to the blended mode. In addition, the fumigation
mode has the highest BSFC which causes more availability of biodiesel and ethanol in
combustion process and hence increases the metal and elements contents in the PM. For
inorganic ions, diesel fuel is the source of ions; therefore, the use of alternative fuels like
biodiesel and ethanol in both blended and fumigation modes causes reduction in the
concentration of inorganic ions in the composition of PM mass. While fumigation mode
has lesser effect compared with the blended mode due to its higher fuel consumption and

equivalence ratio which contains more diesel fuel for the formation of inorganic ions.
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Fig. 8.16 Composition of PM mass for diesel, blended, F+B and fumigation modes at different

engine speeds and loads.
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Fig. 8.17 Composition of PM mass (+ standard error at 95% confidence level) for (a) diesel
mode, (b) blended mode, (c) F+B mode and (d) fumigation mode based on the average of four

conditions.

8.8 Summary

The results for chemical properties of PM are presented in Table 8-5. It can be seen from
Table 8-5 that the blended mode has almost the lowest values in all the parameters or
chemical properties investigated. However, the fumigation mode has the reduction effect
compared to the diesel only on some of these parameters or chemical properties. While

the F+B mode has the impact in between those of the fumigation and blended modes.

In regard to the composition of the PM, it is found that PM from the diesel mode has the
highest percentage of TC (85.8%), EC (47.6%) and inorganic ions (1.9%) and the lowest
percentage of OC (38.2%), metals and elements (0.7%) and unknown species (11.6%). In
contrast, PM from the blended more has the lowest percentage of TC (80.4%), EC
(28.0%) and inorganic ions (1.6%) and the highest ratios of OC (52.4%) and unknown
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species (16.7%). The highest percentage of metals and elements (1.4%) is found in the
fumigation mode. It is also found that the blended, F+B and fumigation modes can reduce
almost all the PAHs compared the diesel mode; while the blended mode has the lowest
PAHs. In addition, it is observed that the particles from the diesel mode and the blended

mode have the lowest and highest oxidation reactivity, respectively.

Table 8-5 Effect of fueling modes on the chemical properties of PM based on the average

of four conditions

Parameter

Order (Highest to lowest)

TC

EC

oC

H-VS/total-VS ratio
L-VS/total-VS ratio
non-VS/total-VS ratio
Activation energy
Frequency factor
WSTC

WSOC

WSIC

PAHs

BaP,

n-Alkanes

Sodium
Ammonium

Nitrate

Metals and elements

Diesel ~ Fumigation (-2.1%) > F+B (-28.9%) > Blend (-46.3%)
Diesel > Fumigation (-25.9%) > F+B (-48.4%) > Blend (-66.1%)
Fumigation (18.3%) > Diesel > F+B (-5.5%) > Blend (-19.8%)
Blend (12.8%) > F+B (9.4%) > Fumigation (6.9%) > Diesel
Blend (4.5%) > F+B (1.6%) = Diesel ~ Fumigation (-0.6%)
Diesel > Fumigation (-11.1%) > F+B (-16.9%) > Blend (-25.1%)
Diesel > Fumigation (-4.9%) > F+B (-10.6%) > Blend (-34.0%)
Diesel > Fumigation (-53.0%) > F+B (-84.7%) > Blend (-96.9%)
Fumigation (39.4%) > F+B (19.6 %) > Blend (2.1 %) = Diesel
Fumigation (44%) > F+B (23.6%) > Blend (7%) > Diesel

Diesel > Fumigation (-24.5%) > F+B (-33.1%) > Blend (-55.8%)
Diesel > Fumigation (-31.3%) > F+B (-57.6%) > Blend (-78.4%)
Diesel > Fumigation (-38.9%) > F+B (-63.5%) > Blend (-81.7%)
Diesel > Fumigation (-21.5%) > F+B (-33.9%) > Blend (-46.5%)
Diesel > Fumigation (-55.5%) > F+B (-71.4%) > Blend (-79.7%)
Diesel > Fumigation (-17.9%) > F+B (-42.9%) > Blend (-55.4%)
Diesel > Fumigation (-8.1%) > F+B (-30.6%) > Blend (-46.6%)
Fumigation (180.4%) > F+B (134.3%) > Blend (85.7%) > Diesel
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CHAPTER 9 CONCLUSIONS AND SUGGESTIONS

This study aims to investigate the effects of different fueling modes of operation,
including diesel, blended, F+B and fumigation modes, on the engine combustion,
performance and emissions of a diesel engine fueled with a ternary fuel (DBE) under
various engine speeds and loads. Ethanol is selected among various alcohols including
methanol, ethanol, propanol, butanol and pentanol to mix with diesel and biodiesel to
form the ternary fuels. The results indicate that the DBE is the most suitable ternary fuel
for further investigation. The tests were conducted at a constant fuel volume ratio of 80%
diesel, 5% biodiesel and 15% ethanol (DS80OB5SE15) in the blended, F+B and fumigation
modes to provide the same fuel composition for comparing the effects of the three fueling
modes with the effects of the diesel mode. The experiments were divided into three
groups. The first group was conducted to investigate the effects of using different fueling
modes on the engine combustion, performance and emissions at different engine loads. In
this case, the experiments were conducted at a constant engine speed of 1800 rpm with
five engine loads of 57, 99.8, 142.5, 185.3 and 228 Nm. The second group was conducted
to investigate the effects of using different fueling modes on the engine combustion,
performance and emissions at different engine speeds. In this group, the experiments
were performed at a constant engine torque of 142.5 Nm (50% of the full engine torque)
with five engine speeds of 1400, 1600, 1800, 2000 and 2200 rpm. The third group was
conducted to study the physicochemical properties of PM sampled in the different fueling
modes. In this case, four operating conditions were selected as: 1400 rpm at 20% and
80% loads, and 2200 rpm at 20% and 80% loads, corresponding to low and high engine
speeds, and low and high engine loads, respectively. The major conclusions drawn

according to the average results are the following points.
9.1 Concluding remarks

9.1.1 Effect of different fueling modes on the engine combustion, performance and

regulated gaseous emissions

The blended mode causes increase in peak HRR, ID, COVvgp, COVmaxpran), BSFC, CO,
HC and NO,, and decrease in duration of combustion (slight drop in DOC based on five
loads, but similar DOC based on five speeds), CO,, NOx and NO, and equal peak in-

cylinder pressure, BTE and exhaust gas temperature in comparison with those of the pure
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diesel mode. Also, the fumigation mode has higher peak HRR (slight rise in peak HRR
based on five loads, but similar peak HRR based on five speeds), DOC, COVvgp, BSFC,
CO, HC and NO,, lower ID, COV wax@p/d0), BTE, NOx and NO, and similar peak in-
cylinder pressure, exhaust gas temperature and CO, compared to those of the diesel

mode.

It is found that, compared to the diesel mode, the effects of using different fueling modes
(blended, F+B and fumigation modes) on almost all the combustion, performance and
emissions parameters based on the average of five loads, are similar to those parameters
on the average of five speeds. Therefore, this finding suggests that conducting of the
experiments on only one type of operating condition (load or speed) is sufficient to
understand the effect of different fueling modes on the combustion, performance and
emissions parameters. This can reduce the time and facilities required for conducting the

experiments.

9.1.2 Effect of different fueling modes on the PM emissions and physical properties
of PM

According to the average of five speeds, five loads or four engine operating conditions,
the blended mode has lower PM mass, GMD and TNC (in all nano-particle, ultra-fine
particle and fine particle concentrations) compared to the diesel mode. However, the
fumigation mode has equal PM mass and GMD, and higher TNC (in all nano-particle,
ultra-fine particle and fine particle concentrations) in comparison with the diesel mode.
For micro and nano-structures analyses, it is found that the blended or fumigation mode
causes changes (but different trends) in the both micro and nano-structures. The average
results from four operating conditions shows that blended mode has smaller primary
particle diameter and fringe length, similar fringe tortuosity, and higher fringe separation
distance than those of the diesel mode. While the fumigation mode has no effect on the
primary particle diameter and fringe length, but higher tortuosity and fringe separation
distance compared to the diesel mode. Similar to the finding for the engine combustion,
performance and emissions, it is observed that the impacts of using different fueling
modes (blended, F+B and fumigation modes) on the PM mass, TNC and GMD based on
the average of five loads compared to the diesel mode, are similar to those based on the

average of five speeds.
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9.1.3 Effect of different fueling modes on the chemical properties of PM

According to the average of four operating conditions, the blended mode has an effect on
the reduction in TC, EC, OC, activation energy, frequency factor, WSIC, inorganic ions,
PAHs, BaPF,, and n-alkanes, similar WSTC, but increase in WSOC, metals and elements
and oxidation reactivity compared to the diesel mode. On the other hand, the fumigation
mode has lower EC, activation energy, frequency factor, WSIC, inorganic ions, PAHs,

BaP,, and n-alkanes, equal TC, and higher OC, WSTC, WSOC, metals and elements and

oxidation reactivity in comparison with the diesel mode.

In regard to the mass composition of PM, both blended and fumigation mode have higher
ratios of H-VS/total-VS and OC/TC and lower ratios of non-VS/total-VS, EC/TC and
TC/PM compared to the diesel mode. It is observed that PM from the diesel mode has the
highest ratios of TC (85.8%), EC (47.6%) and inorganic ions (1.9%) and the lowest ratios
of OC (38.2%), metals and elements (0.7%) and unknown species (11.6%). In contrast,
the lowest ratios of TC (80.4%), EC (28.0%) and inorganic ions (1.6%) and the highest
ratios of OC (52.4%) and unknown species (16.7%) are found in the PM emitted from the
blended mode. The highest ratio of metals and elements (1.4%) is found in the fumigation

mode.

The results show that the increase in primary particle diameter and fringe length and
decrease in tortuosity and fringe separation distance have effect on increasing the
activation energy (lower oxidation reactivity) of PM for all the fueling modes. Since the
diesel mode has the largest primary particle diameter and fringe length and the lowest
tortuosity and fringe separation distance; therefore, it has the highest activation energy

(lower oxidation reactivity) of PM.

9.1.4 Effect of engine speed and load on the engine combustion, performance and

emissions

In regard to the effects of engine speed and load, the results reveal that the increase in
engine speed causes reduction in peak in-cylinder pressure, BTE, HC, NOx, NO and
NO,, but increase in peak HRR, ID, DOC, BSFC, CO,, PM mass and TNC and similar
CO and GMD for almost all the tested fueling modes. Also, the increase in engine load
causes reduction in ID, BSFC, CO,, CO, HC, NOx, NO, NO,, but increase in peak in-
cylinder pressure, HRR, DOC, BTE, PM mass, TNC and GMD.
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In regard to the effects of engine speed and load on the physicochemical of PM, since the
experiments were conducted only on two engine speeds and loads; therefore, no trustable
conclusion can be obtained. However, it is noticeable that the effect of engine load on the

physicochemical of PM is higher than engine speed.

9.1.5 Comparison effects of blended mode with fumigation mode on the engine

combustion, performance and emissions

According to the average results, the blended mode has higher peak HRR, ID, BTE, NO,
NOx, COV maxpsdn), but lower DOC, COVygp, BSFC, CO,, CO, HC, NO,, PM mass,
TNC and GMD, and similar peak in-cylinder pressure and EGT in comparison with those
of the fumigation mode. In regard to the physicochemical properties of the PM, the
blended mode has higher H-VS/total-VS, L-VS/total-VS and OC/TC ratios and faster
oxidization reactivity, but lower non-VS/total-VS ratio, TC, OC, EC, EC/TC ratio,
activation energy, frequency factor, metals and elements, WSOC, primary particle size,
fringe length, tortuosity, fringe separation distance, inorganic ions, PAHs, BaP,, and n-
alkanes compared to those of the fumigation mode. In addition, it is observed that the
values of all the parameters in the F+B mode are in between those of the fumigation
mode and the blended mode, showing that the F+B mode has the effects in between those

of the other two modes.

It is further observed that that the blended mode has almost the same trend on the
combustion, performance and emissions of the diesel engine from low engine load or
speed to high load or speed. However, in the fumigation mode, there are different effects
at low engine load or speed with high load or speed. In the fumigation mode, there is
reduction in emissions only at high engine load or speed compared to the diesel mode.
For instance, the PM emissions in the blended mode are lower than the diesel mode at all
the engine loads and speeds. However, the fumigation mode has lower PM emissions
than the diesel mode only at high engine loads and speeds which shows that the mode of

operation has significant effects on the engine combustion, performance and emissions.

It can be found from the HRR results that the combustion processes of pure diesel,
blended and fumigation modes in a diesel engine are similar to each other, which consist
of a premixed combustion phase followed by a diffusion combustion phase. However, the
magnitudes of these combustion phases and also the other combustion parameters (e.g.

peak-HRR, peak-in-cylinder pressure, ID, DOC or etc.) varied for each mode due to
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different modes of fueling and different modes of initiation of combustion (heterogeneous

combustion versus homogeneous+heterogeneous combustion).

In the diesel mode, pure diesel fuel is directly injected into the engine cylinder and the
ignition is initiated by hot compressed air which is a type of heterogeneous combustion.
In the blended mode, DBE is directly injected into the engine cylinder (similar to the
diesel mode). Thus, the difference effects between the diesel mode and the blended mode
is due to the difference in the properties of the fuels in use: diesel compared to the DBE.
However, in the fumigation mode, which is dual-fuel combustion mode, a mixture of
biodiesel and ethanol (BE) is injected into the engine cylinder through the intake port
(manifold) and the main fuel (pure diesel) is directly injected into the engine cylinder.
During the intake and compression strokes, the BE is mixed with air to form a
homogeneous mixture and then the main fuel is injected into the cylinder, resulting
initiation of combustion by the hot compressed air/BE mixture (homogeneous+
heterogeneous combustion), which is different from that of the diesel or blended mode
(heterogeneous combustion). In the F+B mode, the main fuel is again DBE, rather than
pure diesel. In this case, the DBE is injected into the engine cylinder and ignited by the
hot compressed air/BE mixture. In comparison, in the blended mode, all the DBE is
burned heterogeneously in air; while in the fumigated mode, diesel fuel is burned
heterogeneously in a BE/air mixture; while the BE/air mixture is also ignited by the

diesel fuel and burned homogeneously.

Since initiation and quality of combustion are dependent on the fuel, oxidizer (air) and
temperature, thus the combustion, performance and emissions parameters are almost
different for diesel, blended and fumigation modes of operation. In the blended mode, the
lower cetane number (causes longer ID) and higher heat of evaporation of ethanol (causes
lower combustion temperature) cause late combustion and affect other combustion,
performance and emission parameters compared to the pure diesel mode. In the
fumigation mode, the combustion temperature is also low due to using fumigated ethanol;
however, the homogeneous mixture (also higher equivalence ratio) and using diesel as the
main fuel which has higher cetane number show different effects in combustion,
performance and emissions. In other words, since the blended mode has the same
combustion mode (heterogeneous combustion) with diesel mode; therefore, the
differences in the combustion, performance and emissions parameters are only due to

differences in fuel properties (DBE versus diesel). However, in fumigation mode, the
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differences in the parameters are due to differences in both fuel properties and
combustion mode (heterogeneous combustion versus homogeneous+heterogeneous

combustion).

In this study, the same overall fuel composition of D80BSE15 was used for both the
blended and fumigation modes, but different results in the combustion, performance and
emissions, as well as the physicochemical properties of the PM, were obtained.
Therefore, it can be found that the engine combustion, performance and emissions are
mostly dependent on the fueling mode (combustion mode) rather than the type of fuel
used. The results of the F+B mode also confirm this finding because the values of all the

parameters in the F+B mode are in between those of the blended and fumigation modes.

In regard to the human health and environment, the blended mode can reduce CO; as a
greenhouse emission (about 3%, based on average of five engine loads and speeds) and
also NOx (about 3.5%) compared to the diesel mode. However, the fumigation mode has
a reduction effect only in NOx (about 8%). On the other hand, both fueling modes have a
penalty of HC and CO emissions; while the fumigation mode has the highest values. The
amount of HC (about 6.5% higher than the diesel mode) and CO (about 18.5%) emissions
of the blended mode can be lower than that of the diesel mode with use of different
concentration of biodiesel and ethanol (like findings in Chapter 4). However, reduction in
these emissions under the fumigation mode to obtain lower values than the diesel mode
will be a difficult task. Because fumigation mode has a huge increase in both HC (about

160%) and CO (about 170%) emissions compared to those of the diesel mode.

The differences in the particulate emission and physical properties of PM arising from
different fueling modes might have different effects on the human health and
environment. For instance, the blended mode has the lowest PM mass, TNC, GMD and
primary particle size which has a positive effect on the air quality, environment and
global climate by reducing absorption of the solar radiation (resulting lesser effect on
melting the snow and ice) and reducing reaction with other types of atmospheric
constituents (e.g. formation of black rain). In contrast, the lowest GMD and primary
particle size obtained from the blended mode have a negative effect on the human and
even animal health, because the smaller particles can penetrate deeply into the lung tissue
through the respiratory passageways which cause more damage to lung tissue compared

to the larger particles [199]. However, the negative effect of lowest GMD and primary
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particle size from the blended mode on both human health and environment can be
compensated by its huge positive effects of the lowest PM mass and TNC. On the other
hand, the fumigation mode will have different effects on the human health and
environment due to its different results in PM emissions compared with the blended

mode.

Effect of the chemical substances of PM emitted from different fueling modes on the
human health and environment is another important aspect which should be concern.
Fortunately, the blended mode can reduce most of the harmful chemical substance of PM
for the human health and environment including the EC, PAHs, and n-alkanes compared
to the diesel mode. However, the fumigation mode has less effect on the reduction of

these substances compared to the huge effect of the blended mode.

According to the results obtained from this study, it can be concluded that the blended
mode is a better method than the fumigation mode for the diesel engine operation due to
its higher performance and lower emissions and also lesser negative effects on the human
health and environment. While these findings may be different with use of different type

of engines, fuels, operating conditions, injection pressures or etc.

9.2 Suggestions for future research

In the present study, some experiments were conducted to investigate the effects of
different fueling modes of operation, including diesel, blended, F+B and fumigation
modes, on the engine combustion, performance and emissions (regulated emissions and
physicochemical of PM) of a diesel engine fueled with a ternary fuel (DBE) under
various engine speeds and loads. However, still there are some related investigations

which can be tackled with further studies.

e The experiments were conducted only with one fuel mixture (D80OB5SE20), the use of
different ethanol and biodiesel contents is suggested.

e Methanol as a fumigated fuel has been investigated in many studies and it has a good
potential to reduce the emissions as found in this study; therefore, a comprehensive
study for comparison of using methanol in fumigated and blended modes on the
engine combustion, performance and emissions is recommended.

e This study is experimental in nature; while numerical simulation is recommended for

future investigation.
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In this study, only the regulated gaseous emissions including CO,, CO, HC, NOx, NO
and NO, were analyzed. The measurement of unregulated emissions is recommended
for further study.

Only four inorganic ions have been measured in this study and there are various types
of organic and inorganic ions (cation and anion) in the PM which need to be
investigated in the future studies.

In this study, the effects of engine speed and load, with five operating conditions in
each case, on the combustion, performance and regulated emissions have been fully
investigated. However, for the physicochemical properties of PM, the experiments
were conducted only at four operating conditions; therefore, more conditions are
needed to understand the influence of engine speed and load on the physicochemical
of PM.

The results of this study are based on the same engine configuration and setting
without any changes. Different results may be obtained if the engine can be adjusted
to their optimum operating condition, for example, the optimum fuel injection timing,

for specific type of fuel. This can be considered as a part of the future research.
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APPENDICES

Appendix A
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Fig. A.1 Flow chart of the image processing program for STEM images [217].
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Appendix B

Table B-1 Specifications of the total organic carbon analyzer

Analyzer

Total Organic Carbon Analyzer (TOC-Lcgn)

Analyte

TC, IC, TOC (TOC=TC-IC), NPOC

Measurement principle

680°C catalytically-aided combustion oxidation/non-dispersive

infrared detection (NDIR)

Measuring range

TC: 0 - 30000 mg/L
IC: : 0 - 3000 mg/L

Detection limits

TC: 50 pg/L
IC: 4 pg/L

Measurement time

TC: Approx. 3 min
IC: Approx. 4 min

Repeatability

TC, NPOC: Coefficient of Variation (COV) 1.5 % or 50 pg/L
max.

IC: COV 1.5 % or +4 pg/L max.

Sample introduction

Auto injection using syringe pump/slider

Sample injection volume

TC: 10 to 150 pL (variable)
IC: 10 to 4500 pL (variable)

Sample dilution function

Dilution within syringe, dilution factor 2 - 50 times

Pretreatment for IC

Automatic acid addition and sparging

Carrier gas

High purity air (from cylinder);
High purity nitrogen (with addition of the N, carrier gas kit);
Pressurized air (with addition of the carrier gas purification

kit)

Carrier gas pressure

Approx. 200 + 10 kPa (300 to 600 kPa when using the carrier

gas regulator option)

Carrier gas flow rate

230 mL/min (150 mL/min for present study)

Sparge gas flow 80 mL/min
NDIR temperature 65 °C
Ambient temperature 5-35°C

TC: Total Carbon; IC: Inorganic Carbon; TOC: Total Organic Carbon; NPOC: Non-Purgeable

Organic Carbon.
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Appendix C

Table C-1 Specifications of the scanning spectrophotometer

Analyzer

scanning spectrophotometer (UV-2101PC)

Wavelength Range
Spectral band width (slit
width)

Resolution

Display of wavelength
Wavelength accuracy
Wavelength repeatability
Ambient temperature
Ambient Humidity

Photometric range

190 nanometers (nm) ~ 900nm

10 steps in 0.1, 0.2, 0.3, 0.5, 0.8, 1, 2, 5, (02), (05) nm.
02, 05 mean that its slit width is 2nm, S5nm respectively, but
the height is half so as to reduce the stray light.

0.1nm

0.1nm increments

+ 0.3nm (at slit width of 0.2nm)

0.1nm

15°~35°C

46% ~ 80%

Absorbance: -4 ~ 5 Abs

Transmittance: 0 ~ 999.9%T

Appendix D
Table D-1 Operation conditions for ICP-OES
Parameters Value
Power 1.10 (kW)
Plasma flow 15.0 (L/min)

Auxiliary flow

1.50 (L/min)

Nebulizer pressure 200 (kPa)
Replicate time 5.000 (s)
Stabilization time 15 (s)
Multi frame On
Replicates 3

Sample uptake 30 (s)
Rinse time 10 (s)
Pump rate 15 (rpm)
Fast pump On
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Appendix E

Since the errors and uncertainties are the most important factors in regard to the accuracy
and reliability of the results; therefore, some information about the errors and
uncertainties are summarized. Then, the uncertainties calculation for this study is

presented.

The term “error” in a measurement is usually defined as the difference between the
measured value and the true value; or the deviation of an instrument reading from a
known value [281]. The errors cause uncertainty in an experimental measurement. The
valuable and appropriate concept of the "uncertainty" is "a possible value that an error
may have." [377-379]. The term of uncertainty was appeared in the early 1950s for the
experiments that could not be repeated enough times (due to time or economy limitations)
to collect the enough statistical data [281]. And, nowadays, uncertainty analysis is an

important statistical interpretation of the errors in the measurements.

E1 Sources of errors

There are almost three types of errors which cause to formation of uncertainties in the
measurements [379]. The classification of types of error depends on how the source

behaves with time and the sampling frequency of the observations.

1) The error of the observations which causes invalidate data due to gross blunders in the
apparatus or instrument construction. However, this error can be eliminated by the careful

experimenters.

2) The error from the apparatus or instrument (e.g. accuracy, linearity or offset of
equipment [380]) which is fixed and they cannot be changed by careful experimenters or
repeating of the experiments. This error is called “fixed error” (sometimes called bias

error or systematic error).

3) Personal fluctuations, influences of friction, random electronic fluctuations in the
equipment or so forth, cause to initiate an error with certain statistical distribution (not
always) in the measurements. This error is called “random error” which can be reduced
by repeating of the experiments to get higher number of samples. There is also another
type of error for most engineering experiments that can be changed during an experiment,

but not randomly which is called “variable but deterministic”. The variable error includes
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both the random and deterministic components of unsteady error; however, variable error
is eliminated at steady state conditions which only normally distributed random error is

formed [281].

The total (overall) uncertainty can be calculated by the root-sum-square combination of
fixed and random errors contributions in both single-sample and multiple-sample
analyses. For more information, Kline and McClintock [377] and Moffat [381,382]
described the calculation of single-sample uncertainty. On the other hand, Abernethy and
Thompson [383] explained the multiple-sample analysis; while Abernethy et al. [384]

summarized the multiple-sample analysis in their works.

E2 Total uncertainty calculation for measuring parameters

Total (overall) uncertainty can be calculated as:

X=X+U El

U= / (@) +@ ) E2

Where X; is the observation in a single-sample experiment or the mean of a set of N
observations in a multiple-sample experiment. And U is the total uncertainty, w, is

systematic error and , is random error.

E2.1 Systematic error:

Systematic error consists various parameters such as accuracy (o), linearity (w_,) or

offset (w ;) of instruments based on the manufacturers' specifications [380].

;= \/ (@ )+ )+ ) +. . +o,) E3

E2.2 Random error:
The random error can be calculated as:

_ 1xSD
OrTN

Where t represents the Student's t statistic appropriate for the number of samples (N) and

E4

the confidence level desired (= 1.96 for 95% confidence level), and SD is the standard
deviation of the set of N observations used to calculate the mean value X;.
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The standard deviation or root-mean-square deviation (SD) can be determined for two
groups of samples [378]. The standard deviation of the large observations which is also

called population or biased standard deviation, is defined by:

_ 2 4/2
sp-fo 3 %, ES
And the standard deviation of the limited observations (20 measurements) which is

sometimes called unbiased or sample standard deviation, is defined by:

1 — 2 472
sD- [ 5, (x)') E6

Where N is the number of measurements, X; is the observation of each sample and X, is

the arithmetic mean of measurements calculating by:

I —
Xn=5 T X E7

E3 Uncertainty of calculated parameters

The above equations are suitable for the uncertainties of single or multiple samples (non-
calculated measurements) taken from the instruments and analyzers. However, some
engine performance metrics cannot be measured directly (e.g. torque, power, BSFC and
BTE). Therefore, the uncertainties for the calculated-parameters can be estimated basis of

the uncertainties in the primary measurements from the following equations.

The result R is a given function of the independent variables of X, X5 X;, ..., Xy.

Therefore:

R:R(Xl,Xz,X3,...,XN) E8
And wp is an uncertainty of the result and w;,w, w;, ...,y are the uncertainties of the
independent variables. If the odds (e.g. 20:1) of uncertainties in the independent variables

be same; therefore, the uncertainty in the result having these odds according to:

oR 2 roR ) 2 oR 2117
[+ Eo) (o) (o)
@R [(ax, w,) ax, ©2 ax; 93 axy ON ES

E4 Uncertainty calculation for the present work

In this study, recording of 5 min (1HZ) of direct measurement parameters (like gaseous

emissions or PM mass) made 300 samples for calculation of uncertainties based on
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random errors. All the uncertainties were computed with 95% confidence level and 300

samples (N=300) except for combustion analysis (500 cycles); therefor, degrees of

freedom (v=N-1) lead to obtain the Student's t statistic of 1.96 (r=1.96).

Accuracy and linearity (Table 3-8) of equipment according to manufacturer's
specifications were applied for calculation of uncertainties based on systematic errors.

The total uncertainty at 95% confidence level was calculated as:

1496><SD)2
V300

For calculated-parameters like torque, power, BSFC and BTE, equation E9 was

Uy.os Z\/(Systematic errors)’+ (

employed. For example, the uncertainty of BSFC was computed as:

BSFC="2
P

b

2 2
OBSFC OBSFC
UBSFC:\/( o XU'h) +( oP, XUPb)

OBSFC _ Py-0 1

om Py Py

Where 71 1s fuel consumption and P, is power.

. 2 . 2
Oom Oom
. = X + X .
Um J(@Mass UMass) (8Time Usze)

2 2
OPy, ) ( oPy, )
= X + (=L x
UP b \/(6T orque UT orque O0Speed USp eed

om _ Time-0 I

oMass  Time® Time

Oom _ 0-Mass _ -Mass
oTime Time® Time’

Where Uy, is the error (accuracy) of time recorder (stopwatch, Table 3-8) and U, 18

the error (accuracy) of digital balance as shown in Table 3-8.
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Py=2n*xSpeed xTorque

oPy,
=2r xSpeed
oTorque P
oPy,
=2rxTorque
OSpeed 9

Where Ur,ygye and U,y are the errors (accuracy and control) of the torque and speed

from engine control system, respectively (Table 3-8).

In regard to the uncertainties of parameters extracted from the charge amplifier (e.g.
pressure, heat release rate, COV of pressure or IMEP and etc.), the errors of charge
amplifier, crank angle encoder and pressure sensor were calculated as the systematic

errors. For example the uncertainty of IMEP (for 500 cycles) was computed [78,385] as:

1.96xSD 2
U[MEP:\/ (Up,) +(Uy)*+ (—\/WOIMEP)

Where Up, is the uncertainty of in-cylinder pressure and U) is the uncertainty of

instantaneous cylinder displacement.

Upr=\/ (Up)* +(U)* +(Uyp)?

Where U, is the error (accuracy) of piezoelectric pressure sensor (Table 3-8), U, is the
error of charge amplifier (Table 3-8) and U, is the error from analog/digital (4/D)
converter for £10 Volt and resolution of 12 bit (from manufacturer's specifications of

charge amplifier).
0
UA/D: ﬁ x100%

_ FSR

==

Uyp=1 *100%=—7; x100=0.024%

Where 6 represents the quantization interval, FSR is the A/D convertor range and 7 is the

resolution of A/D convertor.

UVZJ(UCA)2+(UA/D)2
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Where Uy is the crank angle error (from manufacturer's specifications Table 3-8).

The uncertainty calculation of COVjgp is another example as an uncertainty of non-
repeatability factor of IMEP (Ucoy,,,)- It was assumed that, the uncertainty was

normally distributed (Gaussian distribution), thus [385]:

COVinep= SIDA;AEIJEDP x100%

SDcovyep
=f X —2
Uco Vivep ¢ VN

t is equal to 1.96 for 95% confidence level.

2 2
_ | {9COVimEP 0COVyEp
SDco Viver _\/ ( 0SDyep 8 SDSD[ wer) F OIMEP *SDyep

2

_ 1 2 -SDiyvEp
SDcoviyy =100% X\/(Mﬂ XSDSDIMEP) * ( ErOPIMEP )

SDpyep is the standard deviation of IMEP and SDyg,, ., represents the standard deviation

of the IMEP standard deviation (fractional standard deviation of SDjzp) Which can be

calculated [385] as:

1
)i —_— 2 / 2
SDpzp= |5 %, (IMEP-IMEP,,)” |

1
SD SDiyEP =SD IMEP \/m

Where N in the number of measurements (500 for the present study), IMEP is the

observation of /MEP at each cycle and IMEP,, is the mean of IMEP observations.
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