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h i g h l i g h t s

� Different research gasoline formulations for SI engine have been investigated.
� The fuels tested were characterized by different contents of olefins and oxygen.
� High octane gasolines show different behavior in the cycle combustion variability.
� No significant power increase was found by using fuels with high octane number.
� The MON better characterize the octane requirement at high engine speeds and loads.
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a b s t r a c t

The attempt to achieve higher and higher levels of specific power output and efficiency has increased the
complexity of the design process of both the engine and its management system. Among the different
issues, it is also necessary to take into account the chemical and physical characteristics of the available
fuels. In order to study the behavior of some gasoline formulations characterized by a high octane num-
ber, the authors have carried out an experimental activity to understand how each fuel sample could
improve the performances of a modern naturally aspirated SI (spark ignition) engine for passenger cars.
The new fuel formulations were characterized by different contents of olefins and oxygen, the latter
through the presence of oxygenated compounds like ethyl tert-butyl ether (ETBE) or methyl tert-butyl
ether (MTBE). The experimental campaign consisted in measurements of the maximum brake torque
(MBT) curve up to knock onset and the corresponding knock intensity, at wide open throttle (WOT)
and partial load operating conditions, for each tested gasoline sample. The results of the data analysis
show that the evaluation of the enhanced characteristics of a gasoline cannot be done by considering only
the increase of the knock limit. Although a gasoline is generally labeled only by its RON (Research Octane
Number), it can extend the benefits due to particular chemical formulation from full load up to part load
conditions and, may be, in transient situations, as pointed out in this work. A naturally aspirated SI
engine, under steady operation and fueled by high octane number gasolines, cannot provide a higher
power output at WOT condition only by modifying the spark timing, if this engine has already been cor-
rectly optimized by the manufacturer before introducing it on the market. As a result, to achieve higher
levels of power output it is necessary to modify the compression ratio, the Variable Intake System (VIS)
and Valve Timing (VVT) strategies and so on, in order to exploit the high octane number offered by the
new gasolines tested. Moreover, the analysis of the experimental data has also confirmed that the
Research Octane Number (RON) index is less important than the Motor Octane Number (MON) at high
engine speeds and loads, useful to characterize the octane requirement for modern engines. Furthermore,
a standard deviation analysis has been conducted on the BMF (Burned Mass Fraction) parameter to
understand if the different characteristics of gasolines could give advantages in terms of reduction
of the CCV (Cyclic Combustion Variability). The results of the data analysis showed that the fuel
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formulations with higher content of oxygenated compounds exhibit a better behavior, highlighting a
smaller CV (Coefficient of Variation) especially when reducing the load. This aspect could be considered
one of the possible reasons of an improvement of the vehicle drivability.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The optimal formulation of gasoline fuel for spark ignition en-
gines, to guarantee the best performances and minimal pollutant
emissions, has always been one of the relevant challenges in the
long history of this well established technology. Many successful
steps and milestones in the evolution of I.C. engines were related
to the continuous improvement of the fuel chemical composition
and physical characteristics. Modern engines can reach high per-
formances and comply with stringent emission limits, also thanks
to the high quality of fuels and lubricants. Several studies have
been carried out during the last decades, to understand how differ-
ent compounds (e.g. ethers) or a different percentage of typical
hydrocarbon families (olefins, aromatics, etc.) can improve the
knock resistance [1,2] for SI engine applications. The addition of
oxygenates to gasoline can improve the fuel volatility, enhance
combustion and decrease the carbon monoxide and hydrocarbon
emissions [3].

On the other hand, there is less information about the existing
correlation between the fuel formulation and the occurring cyclic
variability. The optimal ‘‘knock limited’’ spark timing is chosen tak-
ing into account cycle-to-cycle variations [4,5] and the fact that an
excessive level of variability can have a negative impact on the
vehicle drivability, leading to increased levels of fuel consumption
and emissions. Experimental and theoretical studies on cyclic com-
bustion variability were mainly focused on lean mixture operation
and low load conditions [6].

Different strategies are typically implemented in the electronic
control management system to avoid knock [7]. Both experimental
and numerical studies are performed in a design stage, to under-
stand the development of abnormal combustion and prevent it
[8]. The experimental analysis is based on the accelerometer signal,
which is processed by the ECU to recognize the presence of knock
by comparing it with a reference noise, which is considered nor-
mal. In this case the ECU reduces the spark timing until the knock
phenomenon disappears. Also the equivalence ratio can be modi-
fied simultaneously or separately, but the first method is more
effective to eliminate the abnormal combustion, so it is typically
adopted. In general, to achieve a better thermodynamic efficiency
and a higher power output, the engine mechanical and volumetric
efficiency need to be increased. Engineers typically design new
engines taking account not only of these aspects, but also of the
characteristics of the fuel which will be used, depending on the
final market of the vehicle. For this purpose, they experimentally
establish the octane requirement of the engine, checking that it

is compatible with the available octane number of the fuels on
the market.

Moreover, knock limits the performances of turbocharged SI en-
gines much more than those of naturally aspirated units. Engine
manufacturers currently focus their research on the ‘‘downsizing’’
concept, which consists of replacing a naturally aspirated engine
with a turbocharged power-train with less displacement. Hence,
several research centers and oil refiners are carrying out their stud-
ies on fuels considering this aspect [9,10]. Nevertheless, on the
market there are still a lot of four stroke, naturally aspirated en-
gines, having medium–high performances achieved by means of
high values of IMEP (around 1.35 MPa) at medium–high engine
revolution speeds. This good performance demands a series of
characteristics (e.g. variable geometry intake system, variable
valve timing, etc.) which allow reaching the aforementioned IMEP
level.

To understand if this type of engines could have a benefit by
using research oxygenated gasoline with a high octane number,
an extensive experimental activity was carried out in the laborato-
ries of Politecnico di Milano. The aim was to verify if new gasoline
formulations (different from the eurosuper-type/RON95) could
give either a higher power output or other possible advantages in
terms of performances.

The tested research gasolines were mainly characterized by a
high octane number and different content of olefins and oxygen,
due to the presence of oxygenated compounds like ETBE or MTBE,
with respect to the typical commercial gasoline. The available fuels
were classified in five different samples, among which there was
also the commercial fuel (RON95), which was used by the manu-
facturer to optimize the engine before introducing it on the market.
The main characteristics of the tested fuels are reported in Table 1,
in which the commercial fuel was labeled as ‘‘reference fuel’’ E. All
the available samples of fuel (A–E) are characterized by the same
value of both LHV (Lower Heating Value), equal to 42.5 MJ/kg,
and specific mass, close to 750 kg/m3.

One of the goals of this research activity was to understand if
higher levels of power output could be achieved only by modifying
the spark timing, using the tested gasoline samples. A secondary
aspect was to verify, directly on a modern engine, which index bet-
ter characterizes the knock resistance of a gasoline and, as a conse-
quence, its impact on the octane requirement of the engine. Similar
investigations have been conducted in the last years to exploit
these aspects [11,12]. It is well known that the primary index to
quantify this characteristic is the RON, determined in the labora-
tory by using the Cooperative Fuel Research (CFR) engine, under
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