[s]

MedWe]l Research Journal of Applied Sciences 2 (4): 349-356, 2007

nllne

© Medwell Journals, 2007

Study of Combustion Phenomena in Petrol Engine for Proper
Development of Power with less Detonation

'R. Subash Chandra Bose, ‘Monohar and *S. Muthuraman
"Department of Mechanical Engineering, Udhaya School of Engineering, Tamil Nadu, India
‘Department of Mechanical Engineering, University of Sathyabama Deemed, India
‘Department of Mechanical Engineering, No. 76/0-46-b, Melapalla Street, Vadiveeswaram,
Nagercoil-629002, Kanyakumari District, Tamil Nadu, India

Abstract: In the petrol engine cylinder, the air fuel mixture is not at rest, but is in highly turbulent condition.
The turbulence breaks the filament of a flame into a ragged front, thus presenting a far grater area of surface
from which hear 1s being radiated; hence its advance 1s speeded up enormously. The combustion process may
be developed 1 two stages. One the growth and development of a self-propagating nucleus flame and the other
the spread of the flame throughout the combustion chamber. The former is a chemical process depending upon
the nature of the fuel, temperature and pressure, the proportion of the exhaust gas and also upon the
temperature coefficient of the fuel. Durning the combustion, there 13 a rise of temperature and pressure due to
the combustion of the fuel igmted. Both temperature and pressure combime to accelerate the velocity of the
flame front in compressing the unburnt portion of the charge in the knocking zone. Ultimately the temperature
in this zone reaches such a high value feat chemical reaction proceed, at for grater rather than that at which the
flame 18 advancing. Hence we have combustion accompanied by flame, producing a very high rate of pressure
rise resulted in detonation. There 1s much mterest in employing gaseous fuels to power spark ignition engines
whether for stationary or mobile automotive applications because of the many positive economic,
environmental and technical features associated with their usage. However, the incidence of knock remains a
significant barrier to achieving their optimum performance potential. Experimental results are presented of the
knocking behavior of a number of common gaseous fuels that include methane, hydrogen, propane and carbon
monoxide and their mixtures. Comparison with the corresponding performance with liquid fuels is also made.

Guidelines for achieving extended knock free operation with these fuels are to be outlined.
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INTRODUCTION

The term, Alternative Gaseous Fuels relates to a wide
range of fuels that are in the gaseous state at ambient
conditions, whether when used on their own or as
components of mixtures with other fuels. They have
distinct superior merits to those of conventional liquid
fuels m applications whether those for spark igmition or
compression ignition engines. The use of alternative fuels
in transport and industrial power production applications
has been increasing steadily over recent years. There 1s
every indication that they will continue to increase in
importance as an energy resource in the coming years,
especially in locations where gaseous fuel resources are
plentiful. The increase in their usage is prompted not only
by the need to diversify the fuels used, ensure continued
adequate supplies and cut costs but also to utilize

whenever possible locally available fuel resources.
Additionally, most of these fuels can produce more
favorable exhaust emission characteristics that can meet
better the ever increasingly stringent emission regulations
combined with enhanced power production efficiency and
improved engine operational life.

ALTERNATIVE GASEOUS FUELS

The most common of the alternative fuels is natural
gas that 1s usually made available after processing as
pipeline processed natural gas. It 1s supplied for engine
applications normally as Compressed Natural Gas, (CNG),
or occasionally in its cryogenic liquid form (LNG). The
composition of the gas m its natural untreated state varies
widely depending on its source, treatment and local
conditions. However, after its processing when destined
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for transport to its ultimate consumption points its
composition becomes less widely variable and made up
mostly of methane. Accordingly, much of the work and
mformation available relating to natural gas as an engine
fuel consider methane to be an adequate representation of
the whole fuel.

Another common source of gaseous fuels mvolves
the higher molecular weight components of natural gas in
the form of Liquefied Petroleum Gases (LPG), which can
be liquefied under pressure at ambient temperature.
U sually, the main component of these fuel gases
15 n-propane. On this basis, often engine performance
with pure or even commercial propane is considered to be
represented adequately by engine operation with LPG
gas mixtures.

Hydrogen as an engine fuel 1s well recogmzed to
have unique and excellent combustion characteristics
while producing effectively negligible exhaust emissions,
except for Nox. Moreover, the addition of H, to relatively
slow burning fuels such as CH, was shown to accelerate
the flame propagation rates and extend the lean
operational limits (Kido et al., 1994; Shrestha and Karim,
1999a; Bauer and Forest, 2001). There 1s every mdication
that the use of hydrogen whether on its own or n
combination with other fuels will be an attractive stage in
the road towards achieving the hydrogen economy. This
15 perhaps despite the well recognized limitations
associated with its engine application arising from the
need to develop improved methods for its economic
manufacture, ease of availability, storage and transport
while ensuring the safety of its handling.

In practice, much of the gaseous fuels available are
usually mixtures of various fuel and some diluents
constituents that can vary widely in nature and
concentration depending on the type of fuel and its
origin. Commeon examples in addition to those of natural
and liquefied petroleum gases are those associated with
the products of the steam reforming of fossil fuels,
biogases, sewage and land-fill gases and many low
heating value fuel mixtures produced as by product of
various industrial processes such as blast furnace gases.

The very wide diversity in the composition of the
gaseous fuels commonly available and their equally wide
variety of their associated physical, chemical and
combustion characteristics make the prediction and
optimization of their combustion behavior in engines a
more formidable task compared to conventional liquid
fuels. Continued research 1s needed to provide more light
on their suitability as engine fuels and understand better
the roles of the many factors that control their behavior so
as to achieve in practice the many potential superior
benefits associated with their applications as engmne fuels.
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Requirements for engine applications: The operation of
spark 1gmtion engines on fuel lean mixtures rather than
stoichiometric combined with catalytic exhaust gas
treatment 1s highly desirable for achieving low exhaust
emissions, especially those of Nox, combined with high
work output efficiency and improved durability. This 1s in
principle better achieved with gaseous fuels. However,
the continued learming of the intake mixture leads
eventually not only to much reduced power output and
efficiency but eventually also to increased cyclic
irregularity and increased emissions especially those of
unburned fuel and carbon monoxide.

To achieve significant improvements to the efficiency
with increased power output some gaseous fuels,
especially methane and natural gases, are excellently
suited to applications of high compression ratios, well
bevond those values normally employed with common
liquad fuels, such as gasoline. Also, the gaseous nature of
the fuels permits their thorough and homogeneous mixing
with the air, which improves the flame propagation rates
and delays the onset of combustion irregularity while
extending the lean mixture operational himits.

Knock in spark ignition engines, which is normally
attributed to the onset of auto ignition of part of the
unburned fuel-air mixture ahead of the propagating flame,
represents a serious barrier to the increase mn compression
ratio of engines and renders a wide range of fuels
operationally unacceptable. Every effort 1s usually
expended to ensure that the engine design and
operaticnal settings will not lead to knocking. Moreover,
to continue operating an engine while knocking will lead
rapidly not only to substantial losses in engine power and
efficiency, increased heat loss and undesirable emissions
but if persisted also leads to mechanical and material
damage of engine parts. Accordingly, there is a multitude
of factors that those needed to control it. Moreover, there
is still a lack of ability to predict effectively its onset,
especially with fuels of varying composition.

Engines have been set conservatively to operate
under higher de-rated conditions so as to safeguard
against the chance of encountering knocking. There 15 an
urgent need to examine the knock characteristics of most
common gaseous fuels in engines and some of their
mixtures so as to establish reliably the knock free limits of
operation. Thus, it would be possible then to secure high
fuel consumption efficiency, better power output and
torque while maintamning acceptable levels of emissions
that are tailored optimally to the fuel and engine used.
This can be achieved through experimentation combined
with improved predictive methods that would account
better for the chemical kinetic behavior of the fuel under
engme conditions that bring about auto-ignition and

knock.
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Tt engine conversion to alternative fuels applications,
major modifications to engine design are rarely made and
when made they are not optimized. This 1s in contrast to
conventional liquid fired engines that have received over
the years enormous benefits of research and
development. Consequently, the merits of alternative fuels
application often cannot be assessed realistically.

Quasi-dimensional model which mcorporates
experimentally based correlations of the combustion
duration values with changes in fuel composition and
operating conditions together with oxidation reactions of
the fuel mixtures simulated employing suitably detailed
kinetic schemes was used to predict adequately the
performance of SI. engines for a wide range of
performance of S.I. engines for a wide range of fuel
composition and operating conditions (Shrestha and
Karim, 1999b).

EXPERIMENTAL APPROACH

A single cylinder, four stroke, spark ignition, CFR
engine of 82.6 mm bore and 114 mm stroke was used while
operating unthrottled under atmospheric pressure
conditions (about 88 kpa) (Fig. 1). The engine 1s of
variable compression ratio (from 4:1 to 16:1) and spark
timing. The induction system permits the simultanecus
admission of multi-fuels that were supplied separately
from a set of high-pressure cylinders and metered

individually using a series of calibrated choked nozzles.
Fuel mixtures were prepared through metering the flow
rates of the pure fuels and mixmng them with air into the
intake manifold just before entry mto the cylinder. The
temperature of the intake mixture could be varied through
electric heating. The in-cylinder pressure was measured
with a piezoelectric type transducer that was mounted
flush with the pan-shaped cylinder head (ASTM, 1979).

To determine the knock limited equivalence ratio, the
fuel-air mixture composition was varied gradually from
lean towards stoichiometric until the onset of knock was
first encountered, while all other operating parameters
kept constant. Throughout, the spark timing advance was
reduced incrementally with compression ratio as was
employed previously for the knock rating of gaseous fuels
and follows a similar ASTM approach (Karim and Klat,
1966). The onset of knock was established by a
combination of the appearance of the characteristic
oscillations on the cylinder pressure-time trace together
with the detection of the specific level of the occasional
audible noise related to knocking. The knick limit in this
contribution corresponds to borderline knock and it is
defned i terms of the equivalence ratio, (1.e., fuel-air ratio
relative to the stoichiometric value), at a specific
compression ratio and a set of operating conditions. The
combustion duration which is proportional to the inverse
of the mean flame propagation rate, was determined
through analysis of the mstantaneous vamation of the
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apparent polytropic index of the compression, combustion
and expansion processes, as described elsewhere
(Shrestha and Karim, 2001 ).

The commercial CH4 employed was popeline natural
gas that has the following average volumetric
composition: 93.07% CH4, 5.745 C2Hs, 0.16% CO2 and
1.03% N2, The purity of iso-octane, CO and H2 was 99.9.

DETERMINATION OF THE KNOCK
CHARACTERISTICS OF FUELS

When a knocking condition begins to develop the
intensity of the energy release through auto ignition
appears to be relatively small and takes place only in
occasional cycles. Once the condition for borderline
knock is passed then auto ignition takes place in every
cycle and the severity of knocking increases with a larger
mass of the end gas undergoing auto ignition.

In order to compare the tendency of the different
fuels to knock under a sift of operating conditions, a
mumber of different approaches can be employed.
Obviously, the extent of changes in any of the many
influencing operational of engine design variables
required to induce the onset of border line knoclk can be
used in determine the knock characteristics of fuels. As an
example, one of the main engine variables that have been
used to establish the tendency of an engine to knick when
using a certain fuel under a set of operating conditions is
through determining the minimum compression ratio
needed to induce a certain level of knock intensity. On
this basis, the CFR variable compression ratio engine,
used in this investigation, has been especially developed
and widely used to determine the knock limited
compression ratio.

Another convenient indication of the tendency of
an engine to knock is through establishing the leanest
mixture that will bring about the onset of knocking for any
set of operating conditions.

Similarly, since changes in the spark timing of an
engine can bring about knocking, it has been suggested
that the smallest value of spark timing advance needed to
induce knocking can be used as indicating the tendency
of a fuel to knock. The limits for knock can thus be
established in terms of the corresponding limited
equivalence ratio, compression ratio or spark timing.

The onset of knock, such as when the spark timing
was advanced or the compression ratio increased from a
knock free setting could be identifies by the appearance
of high frequency pressure oscillations near the
beginning of the expansion stroke together with the
characteristic knocking sound. Knock would take place
first in only a small proportion of the cycles. Increasing
for example the compression ratio or the spark advance
would increase the proportion of knocking cycles, the
intensity of pressure oscillations and the knocking sound.

In the present research, the onset of knock boundary was
taken when clearly perceptible knocking can be seen in
10 to 20% of the cycles. Once knock was detected the
variations of the pressure with crank angle for
100 consecutive cycles were recorded for performance
analysis.

EXPERTMENTAL RESULTS

The knock free operating mixture range is bounded
by the lean and rich operational ignition limits as shown
in Fig. 2 for unheated intake methane and a1 (Karim and
Klat, 1966). This range is seen to extend to high
compression ratios of up to around 16: 1 before any
knocking 18 encountered first around the stoichiometric
mixture region. However, as shown in Fig. 3. Heating the
intake charge though widens the ignition limits somewhat,
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it widens and extends the knock region very substantially
and well towards low compression ratios. The knock free
region at high compression ratios becomes increasingly
confined to a rapidly narrowing mixture region that will
much reduce the available power output that can be
achieved and indicates reduced flexibility in lean mixture
control. It can be seen also that for yet higher
compression ratios aute ignition of the
homogeneous charge can take place, even in the absence
of electric spark albeit with much intense knocking. This
region and associated phenomenon are the focus of much

whole

recent research to develop a workable Homogeneous
Charge Compression Ignition engine, (HCCT)

Methane is well known to be a highly superior fuel in
resisting the tendency to knocking than virtually all other
common fuels. This feature comes about largely from its
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relatively slow rates of auto ignition reactions which make
it require high temperatures to initiate auto ignition and
knock. Figure 4 shows the knock limited equivalence ratio
variation with compression ratio compared to the
corresponding behavior of hydrogen, a typical gasoline
of 92-octane number, pure
monoxide. It can be seen that hydrogen despite its very
high flame propagation rates i1s the most prone to
knocking permitting only very lean mixtures to be used
under knock-free conditions.

This would seriously reduce the power output of
engines operating on hydrogen. It can be seen also that
the gasoline is much more resistant to knocking than
hydrogen but is significantly less than for methane.
Expectedly, 1so-octane, a liquid fuel with on octance
number of 100 displays a better knock resistance
performance than for the gasoline or a lower octane
number, yet it is still much below that of methane. The
figure also shows that dry carbon moenoxide-air mixtures
appear to display superior knock resisting characteristics
to those of methane. This would indicate that carbon
monoxide is a fuel of outstanding knock resistance
properties. However, the presence of some water vapor in
the form of humidity m the mixture renders it in practice to
be more prone to knocking. Thus, methane remains the
superior fuel.

The presence of small amounts of a ligher
hydrocarbon fuel with methane reduces its excellent
resistance to knocking. Figure 5 shows the extent of the
rapid reduction in the knock limited equivalence ratio
of methane with the addition m tumm of some
1so-octane, gasoline and n-heptane, to methane. It can be
seen that a significant addition of the hydrocarbon fuel to
the methane reduces the behavior of the resulting binary
mixture essentially to that of the hydrocarbon additive
and 1t 1s well below that of methane. Differences can be
noted between the different binary mixtures showing that
n-heptane and gasoline undermines the resistance to
knocking far much more than the mixtures of 1so-ocatane
A similar behaviour can be seen in Fig. 6 and 7 with the
binary fuel mixtures of the lighter hydrocarbons ethane
and propane with methane. Propane the higher molar
weight hydrocation appears more effective than the
lighter ethane m reducing methene's excellent resistance
to knocking. The effect of the presence of such higher
hydrocarbons with methane can be seen in the wide
variation in the tendency to knock with natural gases
depending on their composition.

In contrast to the behavior of Methane-hydrocarbon
mixtures, hydrogen-methane mixtures show virtually a
linear variation in the knock resistance qualities between
those of hydrogen and methane, Fig. 8. Such a relatively

iso-octanie and carbon
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simple behavior prompted the employment of hydrogen-
methane mixtures for the rating of gaseous fuels on the
basis of a methane number (Leiker ef al., 1973). However,
it can be seen that such an approach to the knock rating
of gaseous fuels will not be usable satisfactorily for the
rating of complex fuel mixtures containing higher
hydrocarbons, where no linear behavior 1s found with
changes in the concentrations of the non-methane
components (Attar and Karim, 2003). Moreover, as can be
seenn m Fig. 9, the blending of hydrogen with carbon
monoxide undermines so seriously the knock resistance
qualities of both fuels to produce a behavior that is
inferior to both of the component fuels making up the
binary fuel mixture.

DISCUSSION

Dry carbon monoxide is exceedingly slow to
underge oxidation reactions. However, the presence of
very small concentration of H-bearing species such as H
and OH that greatly accelerate the reaction rates
(Glassman, 1987). Also, the presence of
concentration of a hydrocarbon vapor,as shown in Fig. 10
involving the addition of n-heptane to methane, increases
the reaction rate of the fuel mixture very considerably and
brings about autoignition earlie (Khalil and Karim, 2002).
It 13 evident from such examples that there 1s a need for
yet better methods for the rating of the various gaseous
fuel mixtures. It 1s becoming mcreasingly apparent that
through the development of suitable predictive
approaches to the onset of knock m engines while
considering in detail the chemical kinetics of oxidation
reactions, in time will be possible to anticipate and predict

small
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satisfactorily any such anomalous behavior of fuel
mixtures. As a preliminary example Karim developed a
predictive approach to the onset of knock with fuecl
mixtures that employs detailed chemical Kinetics,
(Karim, 2004). It is shown for example in Fig. 11 that such
a predictive approach can be employed to provide
guidelines to optimize engine performance with a certain
fuel for maximum efficiency or alternatively maximum
power through spark timing control without encountering
knocking (Attar and Karim, 2003). More complex and
elaborate optimization approaches for achieving superior
knock free performance with a wide range of different
fuels are potentially possible but require further research
and development.
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CONCLUSION

*  The onset of knock may be avoided under any set of
operating conditions for all the fuels tested by
reducing the equivalence ratio for lean mixture
operation, lowering the compression ratio and/or
retarding the spark timing.

*  Dry carbon monoxide and methane have superior
knock resistance qualitiss to those of iso-octane,
while hydrogen and fuel mixtures containing
hydrogen are very prone to the onset of knock.

+  The knock-free operating mixture region narrows
significantly with the increase in engine compression
ratio leading to a reduction in power output and
increasingly limited mixture control. When a
sufficiently high compression ratio is used
homogeneous charge compression ignition may be
encountered, even with methane.

»  The blending of fuels may result in much reduced
knock resistance qualities that can be worse than
those for either of the fuel components when
emploved on their own under the same operating
conditions.

»  The presence of small amounts of a liquid fuel such
as gasoline, iso-octane or n-heptane with methane
lowers its knock limits very significantly. This would
indicate that the tendency of natural gas to knock in
engines is very dependent on the concentration and
type of the minor hydrocarbon constituents that may
be present with methane.

*  Dry carbon monoxide has excellent knock resisting
properties that are even superior to those of methane.
The presence of some H-bearing material with the
carbon monoxide and /or the use of non-dry air
undermine very substantially its superior knock
resisting properties.

+ Ttis possible to optimize the knock-free performance
of an engine to produce with a certain fuel and a
given set of operating conditions either maximum
efficiency through implementing optimum changes to
the mixture equivalence ratio, engine compression
ratio and spark timing.

» The detonation can be controlled in following
practical approaches increasing engine rpm, Ignition
delay, reducing pressure in the inlet manifold by
throttling, use of high octane fuels are obtained by
adding additives (such us Hydrocarbons, benzol,
xylene)
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