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h i g h l i g h t s

� The aim of this study was to develop a knock model for alcohol–gasoline blends.
� A mixing rule for the ignition delay of alcohol–gasoline blends was proposed.
� Knock occurrence was experimentally investigated on a CFR engine.
� The proposed mixing rule and knock integral approach performed satisfactorily.
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a b s t r a c t

As knock is one of the main factors limiting the efficiency of spark-ignition engines, the introduction of
alcohol blends could help to mitigate knock concerns due to the elevated knock resistance of these
blends. A model that can accurately predict their autoignition behavior would be of great value to engine
designers. The current work aims to develop such a model for alcohol–gasoline blends. First, a mixing rule
for the autoignition delay time of alcohol–gasoline blends is proposed. Subsequently, this mixing rule is
used together with an autoignition delay time correlation of gasoline and an autoignition delay time cor-
relation of methanol in a knock integral model that is implemented in a two-zone engine code. The pre-
dictive performance of the resulting model is validated through comparison against experimental
measurements on a CFR engine for a range of gasoline–methanol blends.

The knock limited spark advance, the knock intensity, the knock onset crank angle and the value of the
knock integral at the experimental knock onset have been simulated and compared to the experimental
values derived from in-cylinder pressure measurements.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

There is a renewed interest in methanol as alternative fuel for
internal combustion engines. This has led to fleet trials of both
high- and low-level methanol blends in China, Australia and Israel.
China has declared coal-based methanol as a strategic transporta-
tion fuel to ensure its energy-independence. M85 vehicles have
been around for some years, especially in coal-abundant provinces
but now methanol is also finding its way into the densely popu-
lated coastal regions of China [1]. China’s central government has
launched a demonstration of light- and heavy-duty vehicles run-
ning on M85 (85% methanol and 15% gasoline) and M100 (100%
methanol) in the Shanxi and Shaanxi provinces, as well as in the

city of Shanghai. In Israel and Australia, fleet trials with low-level
methanol blends have also started [1].

Combustion knock is one of the major factors limiting the effi-
ciency of spark ignition engines. It is caused by the autoigniting
pockets of unburned gas [2]. The energy release associated with
knock is usually very fast. This causes high local pressures and
pressure waves across the combustion chamber. These waves can
lead to mechanical and thermal damage to the engine.

As autoignition is a highly temperature and pressure dependent
process, knock is often avoided by retarding spark timing, enrich-
ing the mixture, lowering the compression ratio or limiting the
charge pressure in boosted engines. These classical measures usu-
ally reduce engine performance and efficiency. Alternative solu-
tions may feature a combination of new technologies such as
VVT (variable valve timing) or cooled EGR (exhaust gas recircula-
tion) and fuels with elevated anti-knock resistance. In this respect,
light alcohols, such as methanol and ethanol, are interesting
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candidate fuels [3]. Alcohol fuels have a high knock tolerance for a
variety of reasons. First and foremost methanol and ethanol have
an elevated chemical resistance to autoignition, which is reflected
in their high octane number (ON = 109) [4]. This is due to the sin-
gle-stage autoignition behavior of alcohols. Compared to two-stage
autoignition fuels such as gasoline, they do not exhibit a cool-flame
reaction. This reaction takes place at temperatures below 900 K
and promotes the main autoignition at high temperature. As
autoignition in engines takes place at unburned mixture tempera-
tures of 800–900 K, it is the prime reason for the reduced delay
time of gasoline compared to alcohols [5]. Additionally the high
latent heat of vaporization of light alcohols lowers the temperature
of the unburned gas, further reducing the tendency to knock. In
directly injected E85 engines the knock inhibiting effect of vapori-
zation cooling has been shown to be comparable to the chemical
effect [6]. For PFI (port fuel injected) engines, this effect is more
modest. Finally, the increased (laminar) burning velocity of light
alcohols helps to suppress knock as more end gas is burned before
it can reach autoignition conditions [7,8].

As there is a renewed interest in alcohols as alternative fuel, an
accurate predictive knock model for alcohols fuels would be of
great value to engine designers.

The objective of this work is to develop such a model for
(m)ethanol-gasoline blends using a simple mixing rule for the igni-
tion delay of alcohol–gasoline blends. The model will be calibrated
on pure gasoline (stoichiometric operation) and on pure methanol
(stoichiometric operation) and with these two calibrations, the
capability of the model to predict knock parameters of methanol-
gasoline blends will be investigated.

2. Predictive knock modeling

Models to predict the autoignition of unburned mixture in
spark-ignition engines range from simple empirical expressions
to complex formulations featuring reduced or full chemical kinet-
ics [9]. A widely employed empirical approach is to apply the con-
servation of delay principle proposed by Livengood and Wu [10].
According to this principle the overall ignition delay time can be
found by integrating its instantaneous value during the compres-
sion and combustion stroke. This is analytically expressed by the
knock integral reaching unity:Z tKO

tIVC

dt
sðtÞ ¼ 1 ð1Þ

where tIVC and tKO are the time at intake valve closure and knock
onset respectively and s(t) is the instantaneous autoignition delay
time.

The autoignition delay time s is the time during which a homo-
geneous mixture must be maintained at temperature T and pres-
sure p before it autoignites.

The autoignition delay time s at instantaneous cylinder pres-
sure p, unburned mixture temperature T and composition is typi-
cally given by an Arrhenius expression representing the rate
limiting step of autoignition:

s ¼ Apne
B
T ð2Þ

where A, n and B are parameters depending on the mixture com-
position (fuel, U, residual gas ratio). The most widely used param-
eter set for the ignition delay of spark ignition fuels was
introduced in 1978 by Douaud and Eyzat based on recording the
knock onset in a CFR engine for a range of running conditions
and PRFs (primary reference fuels) with octane numbers between
80 and 100 [11].

Another way of calculating the ignition delay is with chemical
kinetic models. The drawback for fuel blends is that the kinetic

models become very large and complex, with long calculation
times as result, and that in many cases no models exist for blends
of different fuels.

The Livengood–Wu integral gives an indication of when autoig-
nition will occur in a completely homogeneous mixture. Com-
pletely homogeneous mixtures are unlikely in practice and
autoignition will be triggered by ‘hot spots’ [12]. Thermal inhomo-
geneities caused by hot exhaust valves, turbulent transport during
compression and large gradients of viscous stresses in boundary
layers can cause these hot spots [12]. This means that autoignition
can occur before the Livengood–Wu integral attains a value of
unity. As a result, for two-zone thermodynamic engine models,
such as the one used in this work, empirical expressions have been
shown to yield performance no worse than comprehensive chem-
ical kinetics schemes [9]. The inability of these models to repro-
duce local hot gas pockets and cyclic variation introduces
uncertainties that outweigh those incurred by the simplified chem-
ical kinetics. To consider these effects, multi-zone or 3D CFD
approaches are necessary, employing either detailed chemistry or
empirical expressions.

Still, the combination of two-zone modeling and the knock inte-
gral approach has been confirmed as a useful tool to estimate
knock occurrence and intensity, which can be directly linked to
the experimentally measured ratio of knocking to non-knocking
cycles [13].

2.1. Autoignition correlation for gasoline

The combustion of many hydrocarbon species (gasoline
included) exhibits two-stage ignition characteristics. This is
especially true for most paraffinic hydrocarbons.

Autoignition correlations are often based on a simple,
single-stage Arrhenius expression. These correlations lack detail
regarding the cool-flame phenomena.

In the literature, two models were proposed to deal with the
two-stage ignition characteristic, discussed below.

2.1.1. The model of Yates et al
Yates et al. [4,14] proposed an empirical model concept with a

formfitting simplification of the overall ignition delay into four
basic steps. These comprised (a) a pre-cool-flame delay at constant
temperature, (b) an instantaneous cool-flame temperature
increase (which could be zero), (c) a further delay at constant tem-
perature, and (d) the terminal exothermic auto-ignition. It was
assumed that this exothermic reaction sequence could be repre-
sented by a simple Arrhenius reaction formulation representing
the gross, rate-limiting step, i.e.

sh ¼ /bh Ahpnh e
bh
T ð3Þ

where the temperature profile exhibits a distinct step up at the
cool-flame initiation point.

The calculation of the overall ignition delay needs to be under-
taken in two stages by applying the conservation-of-delay princi-
ple proposed by Livengood and Wu, i.e.Z t1

t0

dt
sh;i
þ
Z t2

t1

dt
sh;CF

¼ 1 ð4Þ

where t1 is defined by the appearance of the cool flame and its asso-
ciated temperature rise, and t2 represents the overall ignition delay
time. The autoignition delays, sh,i and sh,CF represent the character-
istic exothermic reaction delay evaluated at the initial and post-
cool-flame conditions respectively.

If the pressure and temperature are approximated as being con-
stant during each stage, (and taking t0 as zero), the integral simpli-
fies to:
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