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This study relates to the development of future biofuels and it reports the effects of fuel molecular struc-
ture of various oxygenated compounds on compression auto ignition and exhaust emissions. The exper-
imental study was conducted on a single cylinder compression ignition research engine. Ethers and
various carbonyl compounds were investigated, including ketones, carboxylic acids and methyl esters.
The results for these compounds were also compared to those for alcohol and alkane combustion
obtained in a previous study. It was found that oxygen-bearing functional groups within various
C8-C16 fuel molecules have a significant influence on the ignition delay and on engine in-cylinder
temperatures. Carbonyl compounds had longer ignition delays compared to the corresponding alkanes,
Ketone whereas ether compounds decreased the ignition delay. It is suggested that these observations relate
Ignition delay to the changes in the relative ease of hydrogen abstraction and the ability of a fuel peroxy radical to
NO, undergo isomerization during the low-temperature combustion chemistry preceding ignition. In addi-
Particulate emissions tion, it was observed that, both moving a carbonyl group closer to the centre of the carbon chain of a
molecule and adding a double bond to a carboxylic acid increased the ignition delay. Oxygen in the fuel
molecule, excluding carboxylic acids, was observed to increase the NO, emissions and decrease the mass
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of particulates in the exhaust gas.

© 2015 Published by Elsevier Ltd.

1. Introduction

There is a growing interest in renewable transportation fuels. To
enable faster transition away from fossil fuels, new sustainable
transportation fuels should be compatible with existing engines
at least in the short to medium term. The development of future
bio-fuels, as well as synthetic fossil fuels, provides new opportuni-
ties for the development of sustainable fuel molecules which burn
more cleanly and efficiently, than conventional fuels blended from
fractionally distilled crude oil streams. The natural raw materials
available for the development of sustainable fuels offer opportuni-
ties for a wide range of new biofuel molecules. Therefore, the types
of molecules which could provide this desirable performance in
compression ignition engines are increasingly the focus of global
fuel research. Oxygenated fuel molecules are particularly attractive
for bio-fuel production, due to their lower carbon emissions and
potentially increased security of supply. Currently commercially
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available biofuels include alcohol-fossil diesel fuel blends and bio-
diesel containing methyl esters as its main component [1,2].

Fuel molecular structure affects the combustion process mainly
through ignition delay, which results from the low temperature
(600-1000 K) ignition reactions of the fuel molecules [3]. Whilst
the general kinetic steps of low temperature oxidation are rela-
tively well understood for some of the hydrocarbons present in fos-
sil fuels, the low temperature oxidation of oxygenated fuel
molecules present in biofuels is not yet fully understood. In the
case of oxygenated fuel molecules, the combustion chemistry is
altered compared to non-oxygenated hydrocarbon combustion,
due to the higher electronegativity of an oxygen atom compared
to that of a carbon or a hydrogen atom [4]. In turn, the changes
in the ignition delay caused by the high electronegativity of oxygen
atoms affect the formation of exhaust gas emissions [5,6].

Several researchers have investigated the low temperature igni-
tion and combustion chemistry and emission formation of differ-
ent oxygenated fuel molecules, both by means of modelling and
experimentally in shock tubes, rapid compression machines
(RCM) and in compression ignition (CI) engines [4,7-10].
However, comparison of results from these studies is difficult
due to differences in the apparatus used and experimental

Please cite this article in press as: Koivisto E et al. The influence of various oxygenated functional groups in carbonyl and ether compounds on compression
ignition and exhaust gas emissions. Fuel (2015), http://dx.doi.org/10.1016/j.fuel.2015.07.018

27
28
29
30
31
32

34
35
36
37
38
39
40
41
42
43

44

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83


http://dx.doi.org/10.1016/j.fuel.2015.07.018
mailto:elina.koivisto.11@ucl.ac.uk
mailto:elina.koivisto3@gmail.com                 
http://dx.doi.org/10.1016/j.fuel.2015.07.018
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
http://dx.doi.org/10.1016/j.fuel.2015.07.018

84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

111

112

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

JFUE 9423
13 July 2015

No. of Pages 15, Model 5G

2 E. Koivisto et al./Fuel xxx (2015) XxX—XXX

conditions. Additionally, the research has mainly focused on first
generation biofuels, such as alcohols, methyl esters and ethers with
little research being conducted on other potential fuel molecules,
such as ketones [11]. Therefore, further fundamental engine stud-
ies are required, so as to inform the selection of new biofuel mole-
cules for development and large scale production.

The aim of the present study is to investigate systematically in a
single cylinder CI research engine the auto ignition behaviour and
emission formation of a wide range of oxygen-bearing fuel mole-
cules, including ketone, carboxylic acid, methyl ester and ether
molecules. The paper makes an assessment for these molecules
of their combustion characteristics and exhaust pollutant emis-
sions. The assessment includes the impact of altering the position
of the carbonyl group in a molecule and the level of carboxylic acid
unsaturation. A comparison is then made of the results from these
molecules and those of the several alcohol molecules from a previ-
ous companion study [12]. It is suggested in the paper that two key
aspects to understanding how molecular structure affects ignition
delay are the relative difficulty of hydrogen abstraction from the
fuel molecule and the subsequent ability of the fuel peroxy radical
to isomerize through hydrogen transfer [13,14]. Therefore, the
assessment of the ignition delays of various molecules reported
in this paper was made in context of this hypothesis. Taken
together, the results reported here provide a broad picture of the
combustion and exhaust emissions of almost 50 oxygenated mole-
cules which could potentially be produced from renewable energy
sources.

2. Experimental methods
2.1. Engine

The experimental investigations were conducted using a natu-
rally aspirated, direct injection, single cylinder compression igni-
tion research engine. The engine specification is shown in
Table 1. The dynamic in-cylinder pressure was measured every
0.2 crank angle degrees (CAD) using a piezoelectric high pressure
transducer (Kistler 6056AU38) located in the engine glow plug
adapter. The in-cylinder pressure was pegged each combustion
cycle at bottom dead centre using a piezoresistive pressure trans-
ducer (Druck PTX 7517-3257), which in turn was located in the
engine intake manifold 160 mm upstream of the intake valves. A
charge amplifier (Kistler 5011) was used to amplify the signal from
the Kistler pressure transducer.

In order to test fuel samples in as small quantities as 120 ml an
ultralow volume fuel system was used. This was necessary due to
the high purchase cost of some of the fuel molecules investigated.
The fuel system was originally designed by Schénborn et al. [15]
and later modified by Hellier et al. [16].

Additionally, knowledge of the fuel flow rate consumed by the
engine was required to allow the calculation of the amount of

Table 1
Engine specification.

Engine model Ford Duratorq

Stroke (mm) 86
Bore (mm) 86
Displacement (cc) 499.56
Compression ratio 18.2:1
Piston bowl design w-bowl
Number of valves 4
Maximum cylinder pressure (MPa) 15
Coolant water temperature (K) 353
Engine oil temperature (K) 353

Injector type
Injector control
High pressure fuel system

6-hole (DELPHI DF1 1.3)
1 ps accuracy (EMTRONIX EC-GEN 500)
160 MPa common rail (BOCH CRS2)

premixed air-fuel mixture combusted. To calculate this fuel flow
rate, the spill from the injector was continuously measured using
a precision mass balance and the high pressure fuel flow rate sup-
plied to the injector itself was measured using a flow measurement
system designed for this purpose. A more detailed description of
the flow measurement system can be found in Ref. [12].

2.2. Exhaust emissions analysis

The engine exhaust gas was sampled unfiltered 180 mm down-
stream of the exhaust valves. The sample was fed via heated lines
(80 °C) to two analysers. The first analyser, MEXA 9100HEGR sys-
tem, was used to determine the dry concentrations of nitrogen oxi-
des (NOy), carbon dioxide (CO,), carbon monoxide (CO), oxygen
(0,) and wet concentration of unburned hydrocarbons. The second
analyser, a differential mobility spectrometer Cambustion DMS
500, was used to measure the total particulate mass and particle
number per unit volume of exhaust gas, as well as the exhaust par-
ticle size distribution from 10 to 1000 nm. The particulate density
was assumed to be 1.77 gfcm> [17].

2.3. Test conditions

All combustion experiments were conducted at engine speed of
1200 rpm, 600 bar injection pressure, 4 bar indicated mean effec-
tive pressure (IMEP) and a fixed engine injection timing of 7.5
CAD before top dead centre (TDC). Each test day was started and
ended with a reference diesel fuel test to detect any day to day drift
or longer term change in the experimental equipment and instru-
mentation. From this data it was possible to calculate for diesel fuel
the long term mean value, standard deviation and the standard
error of the mean value for NO, as follows: 921 ppm, 29.4 ppm
and 5.76 ppm, respectively. The corresponding values for the mass
of particulates in the exhaust gas were 0.0563 pg/cm?,
0.00779 pg/cm® and 0.00179 pg/cm?, respectively, and for the
number of particulates 57.1 x 10° units/cm?, 8.99 % 10° units/cm®
and 1.74 = 10° units/cm® respectively. This data, therefore, pro-
vided a measure of the test-to-test repeatability of the emissions
over several dozens of tests.

The fuel temperature during most of the combustion experi-
ments was 305 + 3 K. For fuel molecules with melting points above
this temperature, the fuel was heated to 343 + 3 K (Appendix 1). To
determine the effect of fuel heating on combustion and emissions
results, several molecules were tested at both temperatures of
305K and 343 K (nonanoic acid, methyl octanoate and methyl
nonanoate). The 38 K rise in temperature was observed to cause
only a small decrease in ignition delay (0.20, 0.28, 0.20 CAD,
respectively). These changes in ignition delay were deemed
insignificant compared to the shaft encoder resolution of 0.2
CAD, and the 0.1 CAD test-to-test standard deviation of ignition
delay with reference diesel fuel. Nonetheless, the fuel test temper-
atures are mentioned in the results section where applicable.

2.4. Fuel molecules investigated

Altogether, 46 oxygen bearing molecules were investigated
having eight to 16 carbon atoms each and incorporating the fol-
lowing functional groups; hydroxyl (ROH), carbonyl (RR’CO), car-
boxyl (RCOOH), ester (RCOOR’) and ether (ROR’). Additionally,
seven alkanes and two alkenes were tested to provide reference
data for comparison with the oxygenated molecules. The molecular
structures and physical properties of the alkanes, alkenes and alco-
hols are presented in [12] and the molecular structure of the
ketones, carboxylic acids, esters and ethers are presented in
Fig. 1. Appendix 1 lists the physical properties of the ketones, car-
boxylic acids, esters and ethers [18-23].
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