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Résumé — Combustion en mode HCCI : impact de la formulation d’un carburant Diesel sur
P’initiation et la combustion - Potentiel de I’ajout d’oléfine dans une base gazole — L’objectif de ce
travail est de proposer une amélioration du contrdle et de I'initiation de la combustion en mode HCCI via
la formulation du carburant. L’article présente I’impact de ’addition d’oléfines (et en particulier
I’addition de 1-octéne et d’octa-1,7-diene) dans une base gazole. Les tests sont effectués a 1’aide d’un
réacteur auto-agité et d’un banc moteur. L’indice de cétane d’un carburant Diesel n’est pas réellement
adapté pour un contrdle parfait de la combustion en mode HCCI. Dans des conditions de combustion en
mode HCCI, I’autoinflammation de la base gazole se produit trop t&t dans le cycle moteur. Cette étude
montre, sur réacteur auto-agité, que le 1-octeéne réduit I’avancement réactionnel de la flamme froide du
n-octane. Sur banc moteur, a 1500 tr/min, 1’ajout de 1-octéne et d’octa-1,7-diene diminue le délai
physique et augmente le délai chimique d’auto-inflammation de la base gazole. Ces résultats s’expliquent
par la chimie des oléfines : les doubles liaisons des oléfines impliquent des réactions compétitives (avec
des radicaux) a celles donnant lieu a la flamme froide. De plus, les especes intermédiaires sont stabilisées
par mésomérie. Au niveau des polluants, les oléfines diminuent les émissions d’HC de la base gazole.
Ajouter des oléfines légeres a une base gazole est une voie d’amélioration envisageable pour la
combustion en mode HCCI.

Abstract — Homogeneous Charge Compression Ignition: Formulation Effect of a Diesel Fuel on the
Initiation and the Combustion - Potential of Olefin Impact in a Diesel Base Fuel — In this work,
attention is paid on initiation and HCCI combustion control through fuel formulation. This article shows
the effect of olefin addition (and in particular 1-octene and octa-1,7-diene addition) in a Diesel base fuel.
Tests are made with a jet-stirred reactor and an engine bench. The current Diesel fuel cetane numbers are
not really adapted for a perfect control of HCCI combustion. In HCCI conditions, the autoignition of a
Diesel fuel occurs too early in the cycle. This study shows that, with the jet-stirred reactor, 1-octene
addition allows decreasing the advancement of the cool flame reaction of n-octane. Engine bench
experiments show that, at 1500 rpm, 1-octene and octa-1,7-diene addition decrease the physical delay and
increase the chemical auto-ignition delay of the Diesel base fuel. These results can be explained by olefin
chemistry: olefin double bonds imply reactions (with radicals) that are in competition with the cool flame
reactions. There is also the fact that the intermediate species are stabilised by mesomery. About
pollutants, olefin addition decreases HC emissions of the Diesel base fuel. Adding light olefins in a
Diesel base fuel could improving the HCCI combustion.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

CA  Crank angle

CAX Crank angle degree which corresponds at X% of the
burned fraction
CFR  Cooperative fuel research

CO  Carbon monoxide
DICI
fsn Fuel smoke number

HC  Unburned hydrocarbon

HCCI Homogeneous charge compression ignition

Direct Injection Compression Ignition

HTHR High temperature heat release
IMEP Indicated mean effective pressure
JSR  Jet-stirred reactor

LTC Low temperature combustion
LTHR Low temperature heat release
NTC Negative temperature coefficient
ppm  Part per million

rpm  Rotation per minute

TDC Top dead centre

T Residence time

D Equivalence ratio
INTRODUCTION

Ground transportation is responsible for most of the air pollu-
tion. To better respect the exhaust emission regulations, new
Low Temperature Combustion (LTC) processes such as
HCCI engine (Homogeneous Charge Compression Ignition)
are currently studied. HCCI process is based on the auto-igni-
tion of a highly diluted air/fuel mixture. The ignition occurs
at several locations in the whole combustion chamber. It can
reduce significantly NO, and particulate exhaust emissions
by a factor 10 to 100 [1]. Meanwhile some problems must be
solved: the limited combustion range, the difficulty to control
the combustion process, the high HC and CO emissions and
the noise. Engine technology can improve HCCI combustion
[2-5] and due to the fact that HCCI combustion occurs at
lower temperature than conventional Diesel combustion,
another solution to solve these problems is to control HCCI
combustion through fuel formulation [2, 6-9].

The subject of this work is in a first step to extend
chemistry knowledge for in a second step to improve the
control of the initiation and the HCCI combustion through
fuel formulation.

It seems to be difficult to have only an “HCCI engine”
because the operation zone of the engine is too small. More
likely, it will be a DICI/HCCI engine. So, it is necessary to
have a fuel formulation adapted for these two combustion
modes. To have an optimised combustion with the conven-
tional direct injection compression ignition engine without

engine modifications, fuel properties need to be near Diesel
base fuel properties. So a Diesel base fuel is chosen for the
experiments. It is difficult to have an adapted HCCI combus-
tion with a Diesel base fuel because the combustion occurs
too early in the cycle [10-12]. Components are added in the
Diesel base fuel to try to better control the combustion. The
components are used as a refinery blending components and
no as an on-board second fuel. There are several ways to
improve the HCCI combustion thanks to the fuel formulation
like aromatic addition. For this study, the components chosen
are olefins. Olefins are chosen for their kinetic of oxidation
and their oxidation products. The particularity of olefins is to
be unsaturated (presence of C-C double bond). In chemistry,
the double bond of olefins implies a higher reactivity than
that of paraffin. However, they have a cetane index lower
than the corresponding alkanes. These two aspects, which
seem to be contradictory, show the interest to test olefin addi-
tion in HCCI conditions. It allows seeing if, in HCCI condi-
tions, the aspect “reactivity higher” or “cetane index lower”
control the impact of olefin addition.

For this work, two experimental tools are used: a jet-
stirred reactor and a single cylinder engine. Of course a com-
parison between the jet-stirred reactor and the engine experi-
ments is not directly possible because the experimental
conditions are very different and it is not the aim of this arti-
cle. First, the jet stirred reactor experiments allow to see if the
double bond of the olefin can have an effect on the cool
flame. Then engine experiments allow studying the influence
of fuel formulation with olefins in real conditions.

1 EXPERIMENTAL DETAILS AND PROCEDURE

1.1 Jet Stirred Reactor (JSR)

1.1.1 Experimental Details

The experimental setup described previously [13] is used.
The JSR is a 4 cm diameter fused-silica sphere. The inside
volume is 39 cm?. The reactor is equipped of 4 nozzles of
1 mm diameter admitting the gases which achieve the stir-
ring. It is surrounded by two independent insulated heating
wires and located inside a stainless steel pressure resistant
jacket filled with insulating material. It can operate at pres-
sures as high as 40 bar. A regulated nitrogen flow in the outer
part of the reactor balances the pressure inside the reaction
cell. Previous residence time distribution studies, using pulse
injection of a tracer, have demonstrated that this type of reac-
tor is well-stirred for residence times of 10 ms to several sec-
onds, depending on the total pressure in the range 1-10 bar
[14]. All the gases are delivered by mass flow controllers.
The liquid fuel is delivered by an HPLC pump to a home-
made vaporiser providing a homogeneous nitrogen-fuel mix-
ture flowing through a capillary, up to the mixing point at the



D Alseda et al. / Homogeneous Charge Compression Ignition: Formulation Effect of a Diesel 421
Fuel on the Initiation and the Combustion - Potential of Olefin Impact in a Diesel Base Fuel

top of the reactor, to prevent reactions before the entrance of
the reactor. A nitrogen flow of 100 L/h is used to dilute the
fuel. The reactants flow continually in the reactor. A high
degree of dilution is used (0.1% of fuel) in order to reduce
temperature gradients and heat release in the reaction cell,
thus operating at steady state is possible. It should be noted
that no flame occurs in the JSR, due to dilution. All the gases
are preheated before injection in order to reduce temperature
gradients in the JSR. A 12.5 kW induction heating system is
used. Two regulated heating wires of 1 kW each are used to
maintain the temperature of the upper and lower part of the
reaction cell to the desired temperature. The upper part of the
capillary is also temperature-regulated in order to avoid con-
densation of the fuel. The good homogeneity of the reactor
cell is checked by moving a thermocouple (Pt-PT/Rh 10%
wires of 0.13 mm of diameter located inside a thin-wall
fused-silica housing) and a sonic quartz probe along the
whole vertical axis of the JSR. No temperature gradients,
inside the reactor, higher than 10 K (typically 2-5 K) are
allowed in these experiments and no concentration gradients
are observed. The samples are taken at steady temperature.

In this work, gas chromatography and different detectors
are used for the analyses of oxidation products. HC are mea-
sured by a FID (Flame Ionisation Detector); CO,, CO and
CH,O after been methanised by a FID; O, and H, by a TCD
(Thermal Conductivity Detector).

1.1.2 Experimental Conditions

The jet-stirred reactor experiments allow studying the influ-
ence of 1-octene addition on the oxidation of n-octane. Due
to its high distillation range, the Diesel base fuel can not be
tested with the jet-stirred reactor, so n-octane is preferred.
Experiments are performed at 10 bar, for a mean residence
time of 1 s, at equivalence ratio equal to 1, temperature varies
from 580 K to 1080 K.

The wide temperature range considered allows the obser-
vation of the cool flame, the negative temperature coefficient
(NTC) and the hot flame.

1.2 Engine Bench

1.2.1 Experimental Details

The engine used is a direct-injection single-cylinder engine
based on a standard Audi V6 engine with a Bosch common
rail injection system. A Bosch injector with 6 holes (diameter
= 0.14 mm, permeability = 340 mL/30 s at 100 bar) is used.
The injection rail pressure and the injection phasing are con-
trolled electronically. The engine is based on the NADI™
(Narrow Angle Direct Injection) concept developed by IFP
[15]: the spray cone angle is at 60°.

The EGR rate is measured with the Pierburg AMA 2000
gas analyser.

The in-cylinder pressure is measured using an AVL
(QH33D) pressure transducer and the heat release rate and
the temperature by a software based on the thermodynamic
laws, internal to IFP.

The main engine characteristics are given in Table 1.

TABLE 1

Engine experimental details

Bore 78 mm
Stroke 86 mm
Displacement 416 cm?
Compression ratio 15:1
Swirl ratio 13

The engine control is made thanks to Emtronics for the
control of the injection parameters and Klepcat for the acqui-
sition of the measures.

Air is supplied thanks to a system of sonic throat. The air
flow rate is made with the section of the throat.

The temperatures are measured (in the plenum and in the
engine) using K thermocouples.

The noise is calculated thanks to the average of the 100
cycles of the in-cylinder pressure, with an AVL noise meter
and the soot with an AVL smoke meter 415.

The equivalence ratio is calculated thanks to the analysis
of the CO, CO,, HC, NO, and O, emissions.

The equivalence ratio is calculated thanks to the equation:

A-B

R=1+3.764x

HC(ppmC)

with 4 =CO(%) + CO, (%)+
10* (ppm/%)

_U=09xCOCh) , o) (9440, (%) -

NO, (ppm)
10* (ppm/%)

B

1 HC(ppmC)

—xH/Cx + EN x0.5x
4 10* (ppm/%)

C =100~ E -(1+0.3)x CO(%) - CO, (%) - O, (%) -
1 HC@EpmC) 1 NO, (ppm)
7 10*(ppm/%) 2 10 (ppm/%)

with EN = 1.2 (this is an approximation of the part of NO, in
NO,), E is the relative humidity after the drying.
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1.2.2 Fuel Formulation

The Diesel fuel as the reference fuel for the experiments is a
current EN590 Diesel fuel. The main Diesel fuel properties
are given in the Table 2.

TABLE 2

Diesel base fuel properties

Cetane number 535

Density 0.836

Distillation range 173°C - 352°C

Carbon content 86.4%
Hydrogen content 13.5%
Oxygen content <02%
Sulphur content < 50 ppm
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Ho,C = HoC —

CHy — CH,
1-octene octa-1,7-diene

Figure 2

Molecule representations.

Table 3 gives the boiling point and the auto-ignition tem-
perature of 1-octene and octa-1,7-diene. Table 4 gives the
cetane number of the Diesel base fuel/olefin blends. The
cetane numbers of the fuels are measured with a CFR engine.

Figure 1 gives the chemical analyse of the Diesel base
fuel.

TABLE 3

1-octene and octa-1,7-diene characteristics

Figure 1

Chemical analyse of the Diesel base fuel.

The single well known components added to improve
the HCCI combustion of the Diesel base fuel are olefins: 1-
octene and octa-1,7-diene (Fig. 2). A di-olefin is chosen to
study the influence of two C-C double bonds on HCCI
combustion.

10% (volumetric percent) of 1-octene and octa-1,7-diene
are added in the Diesel base fuel.

1-octene octa-1,7-diene
Boiling point 120°C 115°C
Auto-ignition temperature 260°C 230°C
Density (at 25°C) 0.715 g/cm? 0.746 g/cm?
Viscosity (at 20°C) 0.613 cp 0.5 cp
Cetane number 413 Not measured
TABLE 4

Cetane number of the Diesel base fuel/olefin blends

Cetane number

Diesel fuel 535
Diesel base fuel/1-octene (90/10) 494
Diesel base fuel/octa-1,7-diene (90/10) 49.3

1.2.3 Engine Experimental Methodology

The Diesel fuel combustion experiments are optimised with a
respect of three criteria: noise, smoke index and NO, levels

(Table 5).
TABLE 5
Noise, smoke index and NO, levels HCCI criteria
1500 rpm | 2500 rpm
Maximum noise allowed (dB) 86 90
Maximum smoke index allowed (fsn) 2 2
Maximum NO, allowed (g/kWh) 0.1 0.1
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These experiments allow obtaining a reference set-up.
This reference set-up is then used for the two blends Diesel
fuel/olefin. The different fuels have different properties so it
is not possible to keep constant all the parameters therefore
the overall equivalence ratio and fuel flow are kept constant
and the IMEP (Indicated Mean Effective Pressure) can vary
(Table 6). To keep the overall equivalence ratio at constant
for neat Diesel base fuel and blends fuels, the air flow is
modified.

TABLE 6
IMEP variation for each fuel
1500 rpm 2500 rpm

IMEP | IMEP | IMEP | IMEP

~3bar|~6bar | ~3bar|~6bar
Diesel base fuel 3 597 2.99 6
Diesel base fuel/1-octene (90/10) 2.99 6.01 2.81 5.72
Diesel base fuel/octa-1,7-diene (90/10)| 2.93 6 2.84 5.81

1.2.4 Experimental Conditions

Four operating conditions are tested. For each operating con-
ditions two or three injections per cycle are applied:

— 1500 rpm x IMEP = 3 bar, equivalence ratio = 0.7,
2 injections before TDC: Ist injection at 55 CA and 2nd at
25 CA.

— 1500 rpm x IMEP = 6 bar, equivalence ratio = 0.81,
3 injections before TDC: l1st injection at 90 CA, 2nd at
60 CA and 3rd at 20 CA.

— 2500 rpm x IMEP = 3 bar, equivalence ratio = 0.61,
2 injections before TDC: 1st injection at 40 CA and 2nd
injection at 17 CA.

— 2500 rpm x IMEP = 6 bar, equivalence ratio = 0.84,
3 injections before TDC: l1st injection at 100 CA, 2nd
injection at 70 CA and 3rd injection at 30 CA.

1.2.5 Fuel Formulation Adapted for the HCCI Combustion

Figure 3 shows the important points for the HCCI combus-
tion: the initiation, the CA10 (crank angle degree which cor-
responds at 10% of the burned fraction), the peak of the
HTHR, the CAS50 (crank angle degree which corresponds at
50% of the burned fraction) and the CA90 (crank angle
degree which corresponds at 90% of the burned fraction).
They are important because their positions in the cycle can
help to improve the HCCI combustion.

Five points, at 1500 rpm/IMEP = 3 bar and 1500 rpm/IMEP
= 6 bar, were made to study the impact of the initiation, the
CA50-CA10 and the CA90-CA_HTHR on NO, emissions,
smoke emissions and the noise (Figs. 4, 7).
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Figure 3

Important points for the HCCI combustion.

To improve the HCCI combustion of a Diesel base fuel:

— The physical delay, which corresponds to the vaporisation
of the fuel, must be short to improve the homogenisation
of the air/fuel mixture and to better control the initiation of
the combustion. In this work the physical delay is not
directly measured but it is associated to the addition of
lighter fractions in the Diesel base fuel.

— The initiation must be delayed in the cycle. It allows hav-
ing a better homogenisation of the air/fuel mixture and to
decrease NO, and smoke emissions (Figs. 4, 5).

— The combustion propagation time between the CA10 and
the CA50 must increase. It allows to decrease the pressure
gradient and so to decrease the noise (Fig. 6).

— The time of the end of the combustion between the peak
of the HTHR (CA_HTHR) and the CA90 must decrease.
It allows to help smoke post oxidation and so to decrease
smoke emissions (Fig. 7). It allows also keeping good
engine efficiency.

Figure 8 is a schematic representation of the modifications
needed to improve the HCCI combustion.

2 RESULTS

First jet-stirred reactor experiments allow visualising double
bond effect on the cool flame. Then engine experiments
allow to study 1-octene and octa-1,7-diene effects on the
HCCI combustion of a Diesel base fuel.

2.1 Jet-Stirred Reactor Experiments

Figure 9 shows the evolution of CO and CO, mole
fractions versus temperature during the oxidation of
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Noise versus combustion propagation time between the CA10
and the CA50.
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Smoke emissions versus time of the end of the combustion
between the peak of the HTHR (CA_HTHR) and the CA90.

pure n-octane and n-octane/1-octene 75/25 (volumetric
percent) blend in a jet-stirred reactor operating at P = 10
bar,t =1 s and ® = 1. The advantage of a study with the
jet-stirred reactor is that the conditions are well controlled.
It allows studying the fuel conversion and olefin effects
on n-octane oxidation.

Figure 9 shows that l-octene addition decreases the
advancement of the cool flame reaction of n-octane.

Olefin addition seems to be a good way to improve
HCCI combustion by delaying the initiation of the
combustion.

Combustion process
A
~
Time
Physical Chemical between

delay: delay: the CA10 and End of the

vaporisation initiation the CA50 combustion

I = —> <
Injection
Figure 8

Schematic representation of the modifications needed to

improve the HCCI combustion.
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CO and CO, mole fractions versus temperature for the
oxidation of n-octane and n-octane/I-octene 75/25 blend.
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Figure 10

Olefin impact on the distillation range of the Diesel base fuel.

2.2 Engine Bench

In the next figures, the errors represent the standard deviation.

2.2.1 Olefin Impact on the Distillation Range of the Diesel
Base Fuel

Olefin impact on the physical delay of the Diesel base fuel is
not directly measured but it is associated to the impact of
olefin addition on the distillation range of the Diesel base
fuel. Olefin addition decreases in temperature the distillation
range of the Diesel base fuel (Fig. 10).

2.2.2 Olefin Impact on the Initiation of the Combustion

Figure 11 and Figure 12 show olefin effects on the initiation
of the combustion at 1500 rpm x IMEP =3 and 6 bar and at
2500 rpm x IMEP =3 and 6 bar.

At 1500 rpm, olefin addition delays the initiation of the
combustion of the Diesel base fuel (Fig. /7). At 2500 rpm,
there is no significant effect (Fig. 12).

2.2.3 Olefin Impact on the Combustion Propagation Time
Between the CA10 and the CA50

Figure 13 and Figure 14 show olefin effects on the combus-
tion propagation time between the CA10 and the CA50 at
1500 rpm x IMEP = 3 and 6 bar and at 2500 rpm x IMEP
=3 and 6 bar.

At 1500 rpm x IMEP = 3 bar, olefin addition increases the
combustion propagation time between the CA10 and the
CAS50. At 1500 rpm x IMEP = 6 bar, there is no significant
effect (Fig. 13). At 2500 rpm, olefin addition decreases the
combustion propagation time between the CA10 and the
CAS50 (Fig. 14).

2.2.4 Olefin Impact on the Time of the End of the
Combustion Between the Peak of the HTHR and
the CA90

Figure 15 and Figure 16 show olefin effects on the time of
the end of the combustion between the peak of the HTHR
and the CA90 at 1500 rpm x IMEP = 3 and 6 bar and at
2500 rpm x IMEP =3 and 6 bar.
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Figure 11

Olefin effect on the initiation of the combustion of the Diesel
base fuel at 1500 rpm.
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Olefin effect on the initiation of the combustion of the Diesel
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Olefin effect on the combustion propagation time between
the CA10 and the CA50 of the Diesel base fuel at 1500 rpm.
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Olefin effect on the time of the end of the combustion
between the peak of the HTHR and the CA90 of the Diesel
base fuel at 1500 rpm.

At 1500 rpm x IMEP = 3 bar, olefin addition decreases
the time of the end of the combustion between the peak of
the HTHR and the CA90. At IMEP = 6 bar, olefin addition
increases the time of the end of the combustion but results
are in the variability of the Diesel base fuel measurements
(Fig. 15). At 2500 rpm x IMEP = 3 bar, olefin addition
increases the time of the end of the combustion between
the peak of the HTHR and the CA90 and at 6 bar, it
decreases the time of the end of the combustion (Fig. 16).

2.2.5 Olefin Impact on the Noise and the Pollutants of a
Diesel Base Fuel

Figure 17 shows olefin addition impact on the noise. The sig-
nificant values are for the point 1500 rpm x IMEP = 3 bar:
olefin addition allows decreasing the noise. This is connected
to the evolution of the combustion propagation time between
the CA10 and the CA50 (Figs. 18, 19).

Figure 20 to Figure 22 show olefin addition impact on
smoke emissions. The comportment of olefin addition on
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Olefin effect on the time of the end of the combustion
between the peak of the HTHR and the CA90 of the Diesel

base fuel at 2500 rpm.
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Noise versus CAS0-CA10 at 1500 rpm.

@ 1500 rpm x IMEP = 3 bar
A 1500 rpm x IMEP = 6 bar

92 < 2500 rpm x IMEP = 3 bar
A 2500 rpm x IMEP = 6 bar
) A
—~ 88
3 o
g 86 A
°
z
84
82 S
80 N | X
e '\ ’
\\\) @ K 'b’\‘ K
o S o Ry
8\\\> e\‘\\) 6\6(\
oS e
¥ Of
Figure 17
Olefin effect on the noise.
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Figure 19

Noise versus CA5S0-CA10 at 2500 rpm.

smoke emissions is different for each point and is linked to
the evolution of the time of the end of the combustion
between the HTHR and the CA90 (Figs. 15, 16).

Figure 23 to Figure 26 show olefin addition impact on
NO, emissions. Olefin addition decreases NO, emissions in
accordance with the evolution of the initiation of the combus-
tion at 1500 rpm (Fig. 11). At 2500 rpm, NO, values are in
the Diesel fuel value variability.

Figure 27 and Figure 28 show olefin addition impact on
HC emissions. Except for octa-1,7-diene addition at 2500 rpm

x IMEP = 3 bar, olefin addition decreases HC emissions.

Figure 29 to Figure 31 show olefin addition impact on CO
emissions. It is not possible to link CO emission evolution
and olefin chemistry because the evolution changes for the
four operating conditions.

2.2.6 Summary of Olefin Effects

1 Olefin addition decreases the physical delay of the Diesel
base fuel because the distillation range of the Diesel base
fuel decreases in temperature.
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Olefin effect on smoke emissions at 1500 rpm, IMEP = 3 bar. Olefin effect on smoke emissions at 1500 rpm, IMEP = 6 bar.
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Figure 22 Figure 23
Olefin effect on smoke emissions at 2500 rpm. Olefin effect on NO, emissions at 1500 rpm x IMEP = 3 bar.
2 Olefin addition increases the chemical delay (at low The reaction which corresponds to the production of the
engine speed) of the Diesel base fuel. cool flame is:
3 For the combustion propagation time between the CA10 and +0=0 __ +0=0 1 +0=0
the CA50 and the time of the end of the combustion between RH R RO2” — QOOH and 1 0Q0+20H

the peak of the HTHR and the CA90 it is difficult to explain
the evolution of the results only with olefin chemistry.

4 About pollutants, olefine addition decreases HC emissions. Reaction of the cool flame production
(RH is the hydrocarbon - 1: isomerisation).

Reaction 1

3 DISCUSSION

Olefin addition delays the initiation of the combustion of the Diesel This is a ramification process: for one radical QOOH®
base fuel at 1500 rpm. This can be explained by olefin chemistry. consumes, two radicals OH® are formed.
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Olefin effect on NO, emissions at 1500 rpm x IMEP = 6 bar.
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Figure 26
Olefin effect on NO, emissions at 2500 rpm x IMEP = 6 bar.
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Olefin effect on NO, emissions at 2500 rpm x IMEP = 3 bar.
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Olefin effect on HC emissions at 1500 rpm.

In the case of olefin addition, there is a double bond. This
double bond implies different oxidation pathway like radical
addition on the double bond [16].

Reaction 2 implies an OH® addition on the double bond
followed by an O, addition; it is the Waddington’s mecha-
nism [17]. The six membered transition stage ring structure is
favoured [18]. Radical R2 is a secondary radical. It is more
stabilised than primary radical R1. So it is preferentially
formed [19].

Reaction 2 does not occur in the paraffin chemistry
because this reaction implies a radical addition on a double

bond. This reaction is not a ramification process: for one rad-
ical consumed, one radical is formed so olefin addition does
not yield easily to cool flame.

A second reason which can explain the decrease of the
advancement of the cool flame reaction when olefins are
added, is that a large percent of radicals obtained are sta-
bilised by electron delocalisation (called mesomery) between
the double bond and the radical (Reaction 3).

This is the result of the easier H-atom abstraction of the
allylic hydrogens [20], Table 7.
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Olefin effect on HC emissions at 2500 rpm.
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Olefin effect on CO emissions at 2500 rpm, IMEP = 3 bar.
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Figure 29

Olefin effect on CO emissions at 1500 rpm.
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Figure 31

Olefin effect on CO emissions at 2500 rpm, IMEP = 6 bar.

Table 7

Molecular bond dissociation energy of C-H

Hydrocarbon Molecular bond
dissociation energy of C-H
CH;CH,-H 423 Kl/mol
CH;CH;CH-H 410 KJ/mol
CH;CH;CH;C-H 397 KJ/mol
H,C=CH-H 431 KJ/mol
H,C=CHCH,-H (H allylic) 364 KJ/mol

According to the temperature and the pressure, the kinetic
of the reactions varies: the reactions which control the reac-
tivity are different.

Olefins do not work at 2500 rpm because the mesomery
and the competitive reactions “radical-double bond” do not
control the reactivity (due to the temperature and the pres-
sure). The reaction involving the cool flame (Reaction 1)
controls the reactivity so olefin addition does not modify the
initiation of the Diesel base fuel.
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Olefin oxidation pathway.

Reaction 2

CHj
H,C =\ H.C — The fact that olefin addition delays the initiation of the
CH 2 \ Diesel base fuel can be explained by olefin chemistry. The
_\—\_ A competitive reactions, involving the double bond and the
CHy CH, radical, seem to delay the initiation of the Diesel base fuel.

There is also radical stabilisation by mesomery which can

explain this comportment.

Reaction 3 — Olefin addition impacts the initiation of the combustion.

Electron delocalisation for 1-octene radicals. For the combustion propagation time between the CA10
and the CAS50 and the time of the end of the combustion
between the peak of the HTHR and the CA90, it is diffi-
cult to explain the results only with olefin chemistry.
Other works are needed to visualise the link between the

chemistry of the fuel and the combustion between the
At 1500 rpm, the mesomery (Reaction 3) and the competi- CA10 and the CA90.

tive reactions “radical-double bond” (Reaction 2) control the
reactivity so olefin addition delays the initiation of the Diesel

base fuel. Combustion process
Figure 32 is a schematic summary of the results obtained. Chemical More works are needed to
Physical delay delay visualise the link between
(vaporisation) (initiation) the chemistry of the fuel
decreases increases and the combustion process

CONCLUSION
IT_—‘S 2 |

— These experiments show the advantage of light olefin
addition in a Diesel fuel. Olefin addition allows to delay Injection
the initiation of the combustion and to reduce the physical Figure 32
delay: the blend is more homogeneous. Also, HC emis- Schematic representation of the results obtained with olefin
sions decrease. addition.



432 Oil & Gas Science and Technology — Rev. IFP, Vol. 63 (2008), No. 4

ACKNOWLEDGMENTS

The authors wish to thank G. Roy for the engine experi-
ments. D. Alseda thanks ANRT for a doctoral grant.

REFERENCES

1 Jeuland N., Montagne X., Duret P. (2003) Engine and fuel
related issues of gasoline CAI (Controlled Auto-Ignition) com-
bustion, SAE paper 2003-01-1856.

2 Aroonsrisopon T., Sohm V., Werner P., Foster D.E., Morikawa
T., Lida M. (2002) An investigation into the effect of fuel com-
position on HCCI combustion characteristics, SAE paper 2002-
01-2830.

3 Yamasaki Y., Lida N. (2000) Numerical simulation of auto-igni-
tion and combustion of n-butane and air mixtures in a 4-stroke
HCCI engine by using elementary reactions, SAE paper 2000-
01-1834.

4 Dec J.E. (2002) A computational study of the effects of low fuel
loading and EGR on heat release rates and combustion limits in
HCCI engines, SAE paper 2002-01-1309.

5 Sjoberg M., Dec J.E. (2003) Combined effects of fuel-type and
engine speed on intake temperature requirements and complete-
ness of bulk-gas reactions for HCCI combustion, SAE paper
2003-01-3173.

6 Kelly-Zion P.L., Dec J.E. (2000) A computational study of the
effect of fuel type on ignition time in homogeneous charge com-
pression ignition engines, Proceeding of the Combustion
Institute, Vol. 28, pp. 1187-1194.

7 Aceves S.M., Flowers D., Martinez-Frias J., Espinoza-Loza F.,
Pitz W.J., Dibble R. (2003) Fuel and additive characterization
for HCCI combustion, SAE paper 2003-01-1814.

8 Bessonette P.W., Schleyer C.H., Duffy K.P., Hardy W.L.,
Liechty M.P. (2007) Effects of fuel property changes on heavy-
duty HCCI combustion, SAE paper 2007-01-0191.

9 Hiltner J., Agama R., Mauss F., Johansson B., Christensen M.
(2003) Homogeneous charge compression ignition operation
with natural gas: fuel composition implications, J. Eng. Gas
Turb. Power 125.

10 Li X.,Hou Y., Ji L., Zu L., Huang Z. (2006) Heat release analy-
sis on combustion and parametric study on emissions of HCCI
engines fueled with 2-propanol/n-heptane blend fuels, Energy
Fuel 20, 1870-1878.

11Li X., Ji L., Zu L., Hou Y., Huang C., Hung Z. (2007)
Exermental study and chemical analysis of n-heptane homoge-
neous charge compression ignition combustion with prot injec-
tion of reaction inhibitors, Combust. Flame 149, 261-270.

12 Kawano D., Suzuki H., Ishii H., Goto Y., Odaka M., Murata Y .,
Kusaka J., Daisho Y. (2005) Ignition and combustion control of
diesel HCCI, SAE paper 2005-01-2131.

13 Dagaut P., Reuillon M., Cathonnet M. (1994) High pressure oxi-
dation of liquid fuels from low to high temperature. 1 n-Heptane
and iso-Octane, Combust. Sci. Technol. 95, 233-260.

14 Dagaut P., Cathonnet M., Rouan J.P., Foulatier R., Quilgars A.,
Boettner J.C., Gaillard F., James H. (1986) A jet-stirred reactor
for kinetic studies of homogeneous gas-phase reactions at pres-
sures up to ten atmospheres (~1 MPa), J. Phys. E Sci. Instrum.
19, 207-209.

15 Walter B., Gatellier B. (2003) Near zero NO, emissions and high
fuel efficiency diesel engine: the NADI™ concept using dual
mode combustion, Oil & Gas Sci. Technol. — Rev. IFP 58, 1,
101-114.

16 Minetti R., Roubaud A., Therssen E., Ribaucour M., Sochet L.R.
(1999) The chemistry of pre-ignition of n-pentane and 1-pentene,
Combust. Flame 118, 213-220.

17 Leppard W .R. (1989) A comparison of olefin and paraffin
autoignition chemistries: a motored-engine study, SAE paper
892081.

18 Ribaucour M., Minetti R., Sochet L.R., Curran H.J., Pitz W.J.,
Westbrook C.K. (2000) Ignition of isomers of pentane: an exper-
imental and kinetic modeling study, Proceeding of the
Combustion Institute, Vol. 28, pp. 1671-1678.

19 Allinger N.L., Cava M.P., Jonhson C.R., De Jongh D.C., LeBel
N.A_, Stevens C.L. (1980) Chimie organique, Tome I Structure
des molécules, Edition Universitaire.

20 Shibata G., Oyama K., Urushihara T., Nakano T. (2005)
Correlation of low temperature heat release with fuel composi-
tion and HCCI engine combustion, SAE paper 2005-01-0138.

Final manuscript received in February 2008
Published online in July 2008

Copyright © 2008 Institut frangais du pétrole
Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made
or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this
work owned by others than IFP must be honored. Abstracting with credit is permitted. To copy otherwise, to republish, to post on servers, or to redistribute
to lists, requires prior specific permission and/or a fee: Request permission from Documentation, Institut francais du pétrole, fax. +33 1 47 52 70 78,

or revueogst@ifp fr.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /Courier
    /Helvetica
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 240
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.20000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 240
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.20000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 960
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.20000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        8
        8
        8
        8
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines true
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF00410070006C006100740069007300730065006D0065006E0074002000480044>
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


